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Key points summary

Exercise, insulin-infusion, and low-glucose mixed-nutrient meal ingestion increases
muscle microvascular blood flow which in part facilitates glucose delivery and
dis @ contrast, high-glucose ingestion impairs muscle microvascular blood flow
*/W contribute to impaired postprandial metabolism.
o W8e] investigated the effects of prior cycling exercise on postprandial muscle
vaBgular blood flow responses to a high-glucose mixed-nutrient meal ingested
3 au

. Pri@cise enhanced muscle microvascular blood flow and mitigated
microvascular impairments induced by a high-glucose mixed meal ingested 3 h post-
exercise, @nd to a lesser extent 24 h post-exercise.

o Hi se ingestion 3 h post-exercise leads to greater postprandial blood glucose,
no i
th

m

post-exercise.

ied fatty acids, and fat oxidation, and a delay in the insulin response to

mpared to control.
o Ef acute exercise on muscle microvascular blood flow persist well after the

of exercise which may be beneficial for conditions characterized by

mi lar and glycemic dysfunction.

t
C
s Abstract.

Exercise, j fusion, and low-glucose mixed-nutrient meal ingestion lead to increased

muscle mi cular blood flow (MBF), whereas high-glucose ingestion impairs MBF. We

investigat@d whether prior cycling exercise could enhance postprandial muscle MBF and
airments induced by high-glucose mixed-nutrient meal ingestion. In a
cross-over design, eight healthy young men ingested a high-glucose mixed-
nutrient meal (18 g glucose/kg body weight; 45% carbohydrate, 20% protein, and 35% fat)

after an overpight fast (no-exercise control) and 3 h and 24 h after moderate-intensity

(1 hat 70-75% VO2peak)- Skeletal muscle MBF, measured directly by contrast-
enhanced ultrasdund, was lower at 60 min and 120 min postprandial compared to baseline
in all conditions (p<0.05), with a greater decrease occurring from 60 min to 120 min in the

control (no-exercise) condition only (p<0.001). Despite this meal-induced decrease, MBF
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was still markedly higher compared to control in the 3 h post-exercise condition at 0 min
(pre-meal; 74%, p=0.004), 60 min (112%, p=0.002) and 120 min (223%, p<0.001), and in the

24 hp condition at 120 min postprandial (132%, p<0.001). We also report that

!

in the 3 xercise condition postprandial blood glucose, non-esterified fatty acids

M

(NEFA), aff@*fat"oxidation were substantially elevated, and the insulin response to the meal

|
delayed cg@mpared to control. This likely reflects a combination of increased post-exercise
exogenous _ glucose appearance, substrate competition, and NEFA-induced insulin

resistancégWe cghclude that prior cycling exercise elicits long-lasting effects on muscle MBF

¢

and partiafly igates MBF impairments induced by high-glucose mixed-nutrient meal

ingestion.

usS

Dr rker is a NHMRC & National Heart Foundation Early Career Fellow at the Institute
fo sical Activity and Nutrition (IPAN), Deakin University. His current research explores how
vascular dysfunction and oxidative stress contribute to poor cardiometabolic health and reduced
qu e in patients with type 2 diabetes and cardiovascular disease. Dr Parker is also
cugtently eXploring whether interventions, such as antioxidant treatment and home-based exercise
traifing be used to improve cardiac, microvascular and metabolic health and quality of life in
olic disease patients.
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M

Author

Introduction. Cardiac output, large artery and microvascular blood flow in skeletal muscle

increase following the ingestion of a balanced mixed-nutrient meal (Waaler & Eriksen, 1992;
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Russell et al., 2018). This coordinated increase in blood flow plays a critical role in
postprandial metabolism by facilitating the delivery of nutrients and hormones (e.g., insulin
and gluHeripheral tissues including skeletal muscle (Keske et al., 2016). In contrast,
impaired mnction and peripheral blood flow have been linked to impaired
substrate and is observed in states of insulin resistance including acute
hyperglycamia and hyperlipidemia, and chronic cardiometabolic conditions including obesity

and type etes (Clerk et al., 2006; Liu et al., 2009; Loader et al., 2015; Keske et al.,

2016; RusSe ., 2017).

Muscle nwular blood flow plays a key role in postprandial metabolism and is

suggeste unt for up to 40 - 50% of insulin-stimulated glucose disposal in skeletal
muscle when asgessed using the hyperinsulinemic-euglycemic clamp technique (Vincent et

al., 2003; Adi t et al., 2004; Bradley et al., 2013; Keske et al., 2016). In rodents,
physiologi rinsulinemia leads to increased muscle microvascular blood flow and
glucose dj rior to eliciting increases in limb arterial blood flow (Vincent et al., 2002).
We and e ve also reported that muscle microvascular blood flow can be altered
indepe anges in large artery blood flow under various conditions of glycemia and
hyperinsulj (Rattigan et al., 1997; Vincent et al., 2002; Zhang et al., 2004; Eggleston et

al., 2007, Keske et al.,, 2017; Russell et al., 2018). These findings support muscle
microvascSar blood flow as an important precursor, and potential rate-limiting step, for

insulin-m lucose disposal.

Skeletal contraction and exercise are potent stimuli for increasing muscle

microvasc d flow (Vincent et al., 2006; Durham et al., 2010; St-Pierre et al., 2012),
and ar n to enhance insulin sensitivity and glycemic control throughout the 24-h
post—evaery period (Mikines et al., 1988; Brestoff et al., 2009; Ortega et al., 2015;
Parker et ot a; Morrison et al., 2018). Research by Sjoberg et al. (2017) established
that 1 h -legged knee extensor exercise in healthy young adults enhances insulin-
mediat glucose uptake and microvascular blood flow 4 h later during euglycemic
hyperinsuli ic. clamp conditions. Furthermore, the enhancement in insulin action post-
exercise was largely prevented when microvascular blood flow was blunted via the co-

infusion of a nitric oxide (NO) synthase inhibitor (Sjoberg et al., 2017). These findings

demonstrate that enhanced insulin-mediated microvascular blood flow contributes to the

This article is protected by copyright. All rights reserved.



insulin sensitizing effects of acute exercise, at least during hyperinsulinemic euglycemic

clamp conditions. Whether prior exercise can enhance postprandial (meal-related)

microvaHod flow and metabolism have yet to be determined. This is important, as

the exoge&ndogenous glycemic and hormonal responses elicited by orally ingested

nutrients nous insulin and glucose infusion are markedly different (Mingrone et
N ) ) o

al., 2020)aTherefore, the microvascular responses likely vary when comparing intravenous

infusions and orally ingested nutrients (Roberts-Thomson et al., 2020).

Microvasc sfunction can be induced via stimuli such as hyperglycemia and

hyperlipid ich is linked to insulin resistance and cardiometabolic diseases including
type 2 diabétes"(Liu et al., 2009; Keske et al., 2016; Russell et al., 2017). Compared to lean

humans, muscls microvascular blood flow is impaired in obese adults following a
euglycemic-EfEfjnsuIinemic clamp or ingestion of a mixed-nutrient meal (Clerk et al., 2006;
Keske et 2009), reflecting similar reports from rodent models of insulin resistance (Wallis
et al., Zom et al., 2007; St-Pierre et al., 2010). Even in healthy individuals acute

hyperglycami airs muscle microvascular blood flow (Russell et al., 2018; Parker et al.,
2020). e, the ingestion of a low-glucose mixed-nutrient meal (41 g carbohydrate,
25.1 gé) in healthy adults increases microvascular blood flow, whereas an oral
glucos (50 g of glucose) matched for postprandial plasma insulin levels impairs
postprandial muscle microvascular blood flow (Russell et al., 2018). Furthermore, our team
also repohhealthy males that the ingestion of protein (~39 g) and lipids (~30 g)
anngsideIucose load (1.1 g/kg bodyweight of glucose) leads to a similar decrease in
muscle micré¥asScular blood flow which persists for up to 2 h postprandial (Parker et al.,
2020). In Both studies greater glycemic excursions were correlated with a greater decrease

in muscle scular blood flow (Russell et al., 2018; Parker et al., 2020), supporting the

-hyperglycemia can transiently impair muscle microvascular perfusion in

healthy adults.

Previous show that acute aerobic exercise has the potential to mitigate and prevent
vascular ction, including impaired forearm cutaneous microvascular blood flow,
caused by high-carbohydrate and high-fat meal ingestion (Zhu et al., 2007; Tyldum et al.,
2009; Varsamis et al., 2018). However, the effect of prior aerobic exercise on microvascular

blood flow in skeletal muscle following high-glucose ingestion is unknown. Furthermore,
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research has reported a dynamic and complex relationship between prior exercise and
postprandial carbohydrate and lipid metabolism, both of which may be influenced by
factors Heal composition, the post-exercise fasting period, and the intensity and

duration (Krzentowski et al., 1982; Bielinski et al., 1985; Folch et al., 2001;

Marion-La¥are aFY, 2003). For example, fat oxidation is elevated whereas carbohydrate
oxidation js lowered in response to meal ingestion and a euglycemic hyperinsulinemic clamp
in the hour owing aerobic exercise (Krzentowski et al., 1982; Bogardus et al., 1983;
Bielinski al., A985). To our knowledge research has yet to explore the effects of prior
exercise S rate metabolism following high-glucose mixed-nutrient meal ingested 3 h

and 24 h rcise.

The primary aimi;f this study was to use contrast enhanced ultrasound to investigate the

effects of pri ercise on muscle microvascular blood flow following high-glucose, mixed-
nutrient rgal in:estion 3 h and 24 h post-exercise. A secondary aim was to measure

postprandi rate metabolism of the meal ingested 3 and 24 h post-exercise.

It was hy ed that compared to control, prior exercise would increase postprandial
muscl rovascular blood flow and prevent high glucose, mixed meal-induced
microvas ood flow impairments 3 h and 24 h post-exercise. It was also hypothesized

that prior exercise would lead to greater postprandial fat oxidation and lower carbohydrate

oxidation gmpared to control when the high-glucose mixed nutrient meal was ingested 3 h
and 24 h post-exercise.

Methods.

Participas anz screening. This study was approved by the Deakin University Human
Resea ommittee and conformed to the standards set by the Declaration of
Helsinki, *cep* !or registration in a database.. Eight healthy young males completed the

current study after providing written informed consent. Screening included a medical

history and healith questionnaire, the International Physical Activity Questionnaire (IPAQ)

short-f q,ﬂ d measurements of height, weight and resting blood pressure. IPAQ scores

for participants™Were calculated in accordance with the current 2005 scoring protocol and
are expressed as either low, moderate, or high-levels of weekly physical activity
(www.ipag.ki.se). Participants were excluded if they had a previous history of

cardiometabolic disease or smoking, were taking medications or vitamins that may have
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affected vascular or glucoregulatory measures, or had musculoskeletal or other conditions
that prevented daily activity. Males were recruited to minimize potential confounding
effectsH hormones on glucose metabolism and hemodynamics. Participant
characterimhown in Table 1. The data that support the findings of this study are
available rresponding author upon reasonable request.

H
Eligible pﬁicipants were invited to undergo a graded cycling exercise test, and three

experimewitions designed to explore the effects of prior exercise on glucoregulatory

and macr

The mealmgested at rest after an overnight fast with no prior exercise (control

condition), and '©n separate occasions at 3 h and 24 h after a single bout of aerobic cycling

icrovascular responses to ingestion of a high-glucose mixed-nutrient meal.

exercise (3 h aiﬁ 24 h post-exercise conditions). The order of the control and exercise
conditions randomly allocated by block randomization with a minimum 1-week

washout Weriod (Figure 1). Participants refrained from moderate to vigorous physical

activity ( ior), alcohol (24 h prior), and caffeine (12 h) prior to undergoing the
experimengal ng sessions. Participants completed a 24-h diet diary on the day prior to
their fi hich they then replicated for their subsequent testing conditions. Macro
and microva blood flow responses to the meal at rest (control trial; n = 10) were
previo ed (Parker et al., 2020). Data from the eight participants who completed

all experimental conditions (i.e., the control trial, and the 3 h and 24 h post-exercise trial)

are reporths study.
Graded Exercise Test. Prior to commencement of the experimental trials,
participant ded the research laboratory and underwent a graded exercise test to

q

volitional haustion to determine their maximal aerobic capacity (VOg2peak) and power

output e test was performed on a cycle ergometer (Lode Excalibur Sport, Lode,

{

Groninge therlands) beginning at 50 Watts which was increased by 25 Watts every

U

3 min fo st three increments, and then increased every 1 min until volitional
exhaustio rt rate (Polar, USA) and indirect calorimetry (Quark RMR Gas Analyzer,

Cosmed, as measured during the exercise test.

A

Control condition. Participants arrived in the research laboratory after an overnight fast, a
cannula was inserted into an antecubital fossa vein, and a resting venous blood sample was

taken (Figure 1). After a 30 min rest period, indirect calorimetry was measured via a silicon
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face mask interfaced to a metabolic cart (Quark RMR Gas Analyzer, Cosmed, Italy) for 20
min to determine resting respiratory exchange ratio (RER), energy expenditure (EE) and
substraHn. After completing indirect calorimetry measures, resting femoral artery
and muscmscular blood flow were assessed. Participants then underwent a 2-h
mixed me e which involved the ingestion of a high-glucose mixed-nutrient meal
o — ) .
(10 kcal.ks ; 45% carbohydrate, 20% protein, and 35% fat) consisting of eggs, cheese and
C

1.1 g glucose. ody weight™ (87.6 + 9.7 g [mean + SD]) dissolved in 200 ml of water as the
‘j:dra)

only carb source in the meal. The drink was consumed within 1 min followed by the
meal whi onsumed within 5 min. Indirect calorimetry and macro and microvascular
blood flo regfmeasured at 60 and 120 min postprandial, and venous blood samples taken

every 15 min Eyghout the 120 min postprandial period (Figure 1).
4

3 hand 2 -exercise condition. On a separate day, participants arrived fasted in the
research oratory and a venous blood sample was taken prior to undergoing 60 min of

cycling emon a cycle ergometer (Lode Excalibur Sport, Lode, Groningen, The

Netherlan red gas was measured at 10-min intervals and the workload was adjusted
to achi get intensity of 70 - 75% VOgpeak (73.3 + 5.0 % VOypeak). A 3-min warm-up
and cool-do 50% VO3peak Was performed before and after the 60-min cycling session.
After t n, participants rested on a bed for 3 h and then underwent the 2-h mixed

meal challenge as described above. Venous blood samples were taken immediately after the
exercise s Mat 1, 2 and 3 h post-exercise, and throughout the 2-h postprandial period.

post-exercise), and 60 and 120 min postprandial. Venous blood samples were
taken bef!e meal ingestion, and every 15 min throughout the 120 min postprandial period.

On them day, 24 h after the 60 min cycling exercise session, participants again
arrived fs the research laboratory and underwent the same 2-h mixed meal

and macro and microvascular blood flow were measured before meal

challenge samples, indirect calorimetry, and macro and microvascular blood flow

were me s described above.
Postprandi jrect calorimetry. Energy expenditure and substrate utilization were

measured via indirect calorimetry using a face mask interfaced to an 18 mm turbine and
metabolic cart designed for measuring resting metabolic rate (Quark RMR system; Cosmed,

Albano Laziale, Rome, Italy). The face mask was placed on the participant for a 20-min
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period before meal ingestion, and at 40 and 100 min postprandial. The average of the final
10 min sampling period, corresponding to approximately 60 and 120 min postprandial, was
used tcHe EE and RER. Substrate oxidation rates were calculated using the non-
protein ruotient where CHO oxidation rate = 4.585*VCO, — 3.226*VO,; Fat
oxidation FatE=""695*vV0, — 1.701*VCO,, with VO, and VCO, expressed in liters per minute
(L/min) ar! oxidation rates in grams per minute (g/min) (Peronnet & Massicotte, 1991).

Femoral ry;blood flow. A commercial ultrasound machine and high frequency L12-5
probe (iums, Bothell, WA, USA) was used to measure diameter and blood velocity,
and to cawmod flow of the superficial femoral artery. Diameter measurements were
conducted USing 2D ultrasound and recorded at the peak of the QRS complex using a 3-lead
eIectrocardiogra; system. Time-averaged mean arterial blood velocity was assessed by 2D
Doppler ul d. Arterial diameter and velocity were recorded in triplicate. Femoral
artery blo8d flow (mL/min) was calculated as Mr? x mean velocity x 60 min, where radius (r)

is cm anmvelocity is cm/s. The probe location and all ultrasound settings were

recorded cated for each subsequent ultrasound measure.

Muscl ovascular blood flow. Microvascular blood flow was measured via real-time

contrast d ultrasound, as previously described (Parker et al., 2020). In brief, 1 ml of

DEFINITY® (Lantheus Medical Imaging, Tullamarine, VIC, Australia) contrast agent was added
to 19 ml qf saline solution (0.9% NaCl) and intravenously infused at a constant rate of 0.68
ml/min. After 5 min of infusion to allow for whole-body contrast agent equilibrium, an L9-3
linear ultf@ transducer was placed in a cross-section over the superficial femoral
artery and -s video captures were recorded to measure microsphere concentration
within the§femoral artery. The ultrasound probe was then relocated to directly over the
Vastus wuscle in a cross-section and the infusion rate was increased to a constant
rate of 2:in to measure muscle microvascular perfusion. After 4 min of infusion for

whole-bo illbrium, four consecutive 45-s video captures were recorded. Each capture

was prec a high mechanical index flash to disrupt all contrast agent microspheres
within t e line-of-sight to measure microsphere re-appearance kinetics. Settings for
mechanical index (0.11 for continuous and 1.30 for flash) and gain (75-76%) were previously

optimized in our lab in humans and kept identical for all participants. Ultrasound depth and

focus were adjusted on an individual basis in the first trial to ensure that an optimal region
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of interest was acquired for muscle microvascular analysis. Probe location and all ultrasound

settings were recorded and kept constant within and between conditions for each

participﬂ

Digital imanalyzed using Qlab software (QLAB, Philips Healthcare, Andover, MA,
USA). The raw acoustic intensity was background subtracted (0.5 second frame) to eliminate
N
signal fros larger vessels and tissue artefacts, as previously done (Russell et al., 2018;
Parker et 2020). The background subtracted acoustic intensity acquired from the Vastus
Lateralis i interest was then plotted over time and curve fitted using the equationy
= A(1—e'B‘ ) ere “y” is acoustic intensity, “t” is time, “tb” is the background time, “A” is
the plateau of dacoustic intensity (a measure of microvascular blood volume), and “B” is the

rate constant (a fheasure of microvascular capillary refilling rate). Microvascular blood flow

was calcujaﬁA x B.
Microvas ood Flow Normadalization. Minor variations in the contrast agent

concentram occur and be influenced by factors such as total body blood volume and
body comp@s . As such, the microsphere concentration within the superficial femoral
artery easured and used to normalize microvascular blood flow data within and
between ants, as previously done (Parker et al., 2020). In brief, the acoustic intensity
from a region of interest inside the superficial femoral artery was measured and averaged

over a 3-§cond period for all time-points. The plateau acoustic intensity (A value) within

and between participants was then expressed and normalized to individual fold changes

from the | @ (0 min) value in the control condition.
Blood saEd analysis. Whole blood was analyzed immediately for blood glucose and
lactate automated analysis system (ABL800 FLEX®; Radiometer Medical,

Copenhwmark). Venous blood was collected from an antecubital vein and collection
tubes com ethylenediaminetetraacetic acid. Blood samples were separated into
plasma b ugation (10 min at 1800 Relative Centrifugal Force, 4°C) and immediately
aliquot stored at -80°C until analyzed. Plasma insulin was measured via ELISA assay
(ALPCO Dia ics, Windham, NH, USA) and plasma non-esterified fatty acids (NEFA) were
measured via colorimetric assay (NEFA C Wako; Oxoid, Dardilly, France), in duplicate as per

the manufacturer’s instructions. Area under the time curve (AUC) was calculated using the
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trapezoidal rule. AUC is expressed as the total 2 h AUC (0-2 h), and additionally broken

down into the 1°t (0-1 h) and 2" (1-2 h) hours of the measured postprandial period.

Statisticalanalysis. Data was checked for normality and analyzed using GraphPad Prism

(v8.4.2). @m | analysis involved either a one-factor or two-factor repeated measures

analysis of variance (ANOVA) with “time” and “condition” as the within-subjects factors.
I

Significan!interaction and main effects were explored post-hoc using Fisher's Least

Significa nmnce test. Statistical analysis was conducted at the 95% level of significance

(p £ 0.05). e expressed as mean * SD or median with interquartile range as indicated.

Line grapmsented as mean = SEM.

Results.

Exercise :exercise recovery responses. Main effects of time were detected for heart
rate (p < ﬂblood lactate (p = 0.002), blood glucose (p = 0.003), plasma insulin (p =

0.008) an
)

and plasma insulin levels were lowered by exercise.

(p < 0.001; Table 2). Heart rate, blood lactate, and plasma NEFA were

elevated put the 3-h post-exercise recovery period compared to baseline, whereas

blood glucose

Microsphere sion concentration and normalization of muscle blood flow data. No
conditi =40%768), time (p = 0.705), or interaction effects (p = 0.832) were detected for
femoral aiery microsphere concentration at the infusion rate of 0.68 ml/min (Figure 2A),

indicating ntrast agent infusion and microsphere concentration in the total blood

pool we@ar within and between participants and experimental conditions.
Normalizin cle microvascular blood flow to the arterial concentration pool resulted in
the samesutcomes as non-normalized data (data not shown but available from authors on
request). gAs sugh, normalized data have been presented throughout. The no-exercise

control copditi ostprandial responses (glucose, insulin, femoral artery and microvascular

blood flow) r ent a subset of the data previously published (Parker et al., 2020).

Muscle ascular blood flow. Main effects of time (p < 0.001) and condition (p = 0.003)
were detec muscle microvascular blood volume (Figure 2B). Compared to O min (pre-
meal), muscle microvascular blood volume decreased by ~21% at 60 min and by ~27% at
120 min postprandial irrespective of the condition (p = 0.002 and p < 0.001, respectively).

Compared to the control condition, microvascular blood volume was elevated by ~54% in
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the 3 h post-exercise condition and elevated by ~25% in the 24 h post-exercise condition (p
< 0.001 and p = 0.063, respectively). Microvascular blood volume was elevated by ~23% in

the 3 thise condition compared to the 24 h post-exercise condition (p = 0.041).

There wation effect (p = 0.060).

Main effestismefmtime (p = 0.001) and condition (p = 0.002) were detected for muscle

E

microvasc od velocity (Figure 2C). Compared to O min (pre-meal), muscle
microvachod velocity decreased by ~27% at 60 min and by ~33% at 120 min
postprandi pective of the condition (p = 0.003 and p < 0.001, respectively). Compared

to contro rdvascular blood velocity was elevated by ~50% in the 3 h post-exercise

LS

condition 01), but not in the 24 h post-exercise condition (p = 0.349). Microvascular

blood velocity was elevated by ~35% in the 3 h post-exercise condition compared to the 24

h post-ex ndition (p = 0.005). There was no interaction effect (p = 0.458).

n

An interaction effect (p = 0.005) was detected for muscle microvascular blood flow (Figure

2D). Compar 0 min (pre-meal), microvascular blood flow was lower at 60 min and at

d

120 min postprandial in the control (p = 0.012 and p < 0.001, respectively), 3 h post-exercise

(p=0.01 = 0.002, respectively), and 24 h post-exercise conditions (p = 0.005 and p =

0.024, y). Microvascular blood flow decreased further from 60 min to 120 min

Vi

postprandial in the control condition only (p < 0.001). Compared to the control condition,

1

microvas r blood flow was elevated in the 3 h post-exercise condition by ~74% at 0 min

(pre-meal; .004), by ~112% at 60 min (p = 0.002), and by ~223% at 120 min

O

postprand 0.001); and elevated by ~132% at 120 min postprandial in the 24 h post-

exercise *001). Microvascular blood flow was elevated in the 3 h post-exercise

N

conditi d to the 24 h post-exercise condition by ~“61% at 0 min and by ~77% at 60

{

min po (p = 0.025 and p = 0.007, respectively). Representative images of muscle
microvascular pasfusion assessed by contrast-enhanced ultrasound are presented in Figure

3.

Ll

To det he extent of the microvascular impairment with the meal and the impact of

A

prior exercise on this impairment, the data was also expressed as percent change from
baseline (Table 3). An interaction effect (p = 0.026) was detected for muscle microvascular

blood flow when expressed as a percent change from baseline (Table 3). Microvascular
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blood flow decreased further from 60 min to 120 min postprandial in the control condition
only (p = 0.002). As such, compared to the control condition impairments in muscle
microvaHod flow at 120 min postprandial occurred to a lesser extent in both the 3 h
(p = 0.00 post-exercise conditions (p = 0.001). No effects of time, condition, or
interactios™ W detected for muscle microvascular blood volume (p = 0.163, p = 0.210,

N . ;
and p = ogz, respectively) and velocity (p = 0.137, p = 0.213, and p = 0.085, respectively).

Heart ratmmoral artery diameter, blood velocity and flow. Main effects of time (p <
0.001) an tion (p < 0.001) were detected for heart rate (Figure 4A). Compared to
baseline, wte increased at 60 min and 120 min postprandial irrespective of the
condition ﬂon. Heart rate was elevated in the 3 h post-exercise condition compared

to the control an@ 24 h post-exercise conditions (p < 0.001). Heart rate was similar between

control an post-exercise conditions (p = 0.516). There was no interaction effect for
heart rate fgssa0:232)
A main effe time (p < 0.001) was detected for femoral artery diameter (Figure 4B).

Compared to baseline, the femoral artery diameter increased at 60 min and 120 min
postprandi pective of the condition (p = 0.004 and p < 0.001, respectively). There
were n ition (p = 0.326) or interaction effects (p = 0.786).

Analysis of femoral artery blood velocity and flow revealed main effects of time (both p <

0.001) an ion (p = 0.008 and p =0.006, respectively) (Figure 4C-D). Compared to

baseline, artery blood velocity and flow increased at 60 min and 120 min
i

postprandial ifrespective of the condition (all p < 0.001). Femoral artery blood velocity and
flow wer£|evated by ~21 - 29% in the 3 h post-exercise condition compared to the control
(velocitxi ' = 0.93; flow, p = 0.002) and 24 h post-exercise conditions (velocity, p = 0.012;

flow, p = here were no interaction effects for femoral blood velocity (p = 0.368) and
flow (p =

Glucosegi , NEFA and lactate. An interaction effect (p < 0.001) was detected for blood
glucose (Fig ). Blood glucose was elevated above baseline at 15 - 60 min postprandial
in all conditions (all p < 0.05), remained elevated above baseline throughout the entire 120

min postprandial period in the 3 h post-exercise condition (all p < 0.05), and decreased

below baseline at 105 and 120 min postprandial in the 24 h post-exercise condition (all p <
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0.05). Postprandial blood glucose was greater in the 3 h post-exercise condition at 45 - 120
min postprandial compared to the same time-points in the control and 24 h post-exercise
conditic“ 0.05); and lower in the 3 h post-exercise condition at 15 min postprandial
compared h post-exercise condition (p = 0.066). Main condition effects were
detected fOPBINEBSE AUC for the total 2-h (p = 0.045) and 2" postprandial hour (p = 0.021;
) N nd . .
Figure SB!GIucose AUC for both the total 2-h and 2™ postprandial hour were greater in the

3 h post-exercise condition compared to the control (p = 0.022 and p = 0.013, respectively)
and 24 h @rcise condition (p = 0.043 and p = 0.015, respectively).

was eleva

An interactioffeffiect (p = 0.008) was detected for plasma insulin (Figure 5C). Plasma insulin
ve baseline at 15 min postprandial and remained elevated throughout the

entire 120 min tprandial period in all conditions (all p < 0.001). Plasma insulin was lower
in the 3 Exercise condition prior to meal ingestion (0 min), and at 15 and 30 min
d

postpran

conditionM< 0.05); and lower in the 24 h post-exercise condition at 120 min

pared to the same time-points in the control and 24 h post-exercise

postprand ared to control (p = 0.085) and 3 h post-exercise conditions (p = 0.074).
An eff tion was detected for insulin AUC for the 1°* postprandial hour (p = 0.018),
whereas i iPAUC for the total 2-hour (p = 0.637) and 2" postprandial hour (p = 0.794)

were similar petween conditions (Figure 5D). Insulin AUC for the 1°' postprandial hour was
lower in the 3 h post-exercise condition compared to the control (p = 0.018) and 24 h post-

exercise c s (p = 0.007).

An interacOect (p < 0.001) was detected for plasma NEFA (Figure 6A). Plasma NEFA
was grea e 3 h post-exercise condition compared to the control and 24 h post-
exercisﬂs at 0 min (pre-meal), and 15 - 75 min postprandial (all p < 0.05). Plasma
NEFA Meater in the 24 h post-exercise condition compared to the control condition
at 15, 30,? 120 min postprandial (all p < 0.05). Plasma NEFA decreased below pre-
meal levels (0 min) at 15 min postprandial in the control (p < 0.001) and 24 h post-exercise
conditi¢)68), and at 30 min in the 3 h post-exercise condition (p < 0.05), and then
remained su sed throughout the 120 min postprandial period in all conditions (all p <
0.001). Main condition effects were detected for NEFA AUC for the total 2-hour (p = 0.005)

and 1°' postprandial hour (p = 0.006; Figure 6B). NEFA AUC for both the total 2-hour and 1°

postprandial hour was greater in the 3 h post-exercise condition compared to control (p =
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0.002 and p = 0.010, respectively) and 24 h post-exercise conditions (p = 0.009 and p =
0.007, respectively). NEFA AUC for the 1°' postprandial hour was elevated in the 24 h post-

exercisw compared to the control condition (p = 0.090).

An intera (p < 0.001) was detected for blood lactate (Figure 6C). Compared to

baseling, bi@eddactate decreased at 15 min postprandial in the control and 3 h post-exercise

E

condition .001 and p = 0.035, respectively), and then increased and remained

elevated ®ut the 120 min postprandial period in all conditions (all p < 0.01). Blood

lactate wa r at baseline in the 24 h post-exercise condition compared to the control

and 3 h p@st#€xefcise conditions (p < 0.001); higher at 15 min postprandial in the 3 h post-
exercise % compared to the control and 24 h post-exercise conditions (p < 0.001 and

p = 0.002, respegtively); higher at 30 min in the 3 h post-exercise condition compared to the

24 h pos’E condition (p = 0.069); and lower at 60 min postprandial (p = 0.049) and

75 min p ial (p = 0.058) in the 3 h post-exercise condition compared to control. No

condition were detected for blood lactate for total 2-hour (p = 0.831), 1%
postprand (p = 0.465), and 2" postprandial hour AUC measures (p = 0.376; Figure
6D).

Indirec imetry. Main effects of time (p < 0.001) and condition (p < 0.001) were

detected for postprandial RER (Figure 7A). Compared to 0 min (pre-meal), RER was elevated

3

at 60 min@nd 120 min postprandial irrespective of the condition (p < 0.001). Values for RER

were low e 3 h post-exercise condition compared to the control and 24 h post-
exercise mns (p < 0.001), and were lower in the 24 h post-exercise condition
compared ontrol condition (p = 0.032). No interaction effect was detected for RER (p
=0.38

{

An intera ct (p = 0.036) was detected for postprandial EE (Figure 7B). Compared to

the contr on, EE was elevated at 0 min (pre-meal) in the 3 h post-exercise and 24 h

U

post-exercis itions (p = 0.002 and p = 0.058, respectively). Compared to 0 min (pre-

meal), elevated at 60 min and 120 min postprandial in the control and 24 h post-

A

exercise conditions (all p < 0.001).

An interaction effect (p = 0.002) was detected for postprandial carbohydrate (CHO)

oxidation (Figure 7C). Compared to 0 min (pre-meal), CHO oxidation was elevated at 60 min
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and 120 min postprandial in all conditions (all p < 0.001). A further increase in CHO
oxidation was observed from 60 min to 120 min postprandial in the 3 h post-exercise
conditicHz 0.057). CHO oxidation was lower in the 3 h post-exercise condition at all
timepointto both control and 24 h post-exercise conditions (all p <0.001). CHO
oxidation Was®alsé™ower in the 24 h post-exercise condition at 0 min (p = 0.041) and 120

. H
min postpgandial (p = 0.041) compared to control.

Main effeg#s o e (p = 0.008) and condition (p < 0.001) were detected for postprandial fat
oxidation 7D). Compared to 0 min (pre-meal), fat oxidation was lower at 60 min (p =

0.008) and'1 n (p = 0.005) postprandial irrespective of the condition. Fat oxidation was

SG

elevated i h (p < 0.001) and 24 h post-exercise conditions (p = 0.008) compared to

9.

control, and wagygreater in the 3 h post-exercise condition compared to the 24 h post-

exercise i@n (p < 0.001). No interaction effect was detected for fat oxidation (p =
0.092).
Discussiomrovide novel evidence that prior cycling exercise in healthy young men

increases skeletal muscle microvascular blood flow and femoral arterial blood flow for up to
at least 3 -exercise. Despite a high-glucose meal-induced decrease in all conditions,

muscl ular blood flow remained almost 2-fold higher above control-meal levels

M

throughout the 2-h postprandial period when the meal was ingested 3 h post-exercise,

3

supporting§, _our hypothesis. Furthermore, the meal-induced impairments in muscle
microvasc od flow observed at 120 min postprandial in the control condition

occurred

9

er extent in the 3 h and 24 h post-exercise conditions. Postprandial blood

glucose rified fatty acids (NEFA), and fat oxidation were substantially elevated,

n

where -course of the insulin response to the meal was delayed in the 3 h post-

[

exercis . We conclude that prior exercise acutely enhances muscle microvascular

blood flow, whil@ elevating postprandial glucose, fat oxidation, and NEFA levels following

U

high-glucose mixed meal ingestion.

Previo rch has reported elevated muscle and limb arterial blood flow in the hours
following treadmill and one-legged knee-extensor exercise (Durham et al., 2010; Sjoberg et
al., 2017). In support, we provide new evidence that 1 h of cycling exercise at ~75% VO zpeak

leads to elevated muscle microvascular blood flow (~74% increase above basal resting
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levels) and femoral arterial blood flow for up to at least 3 h post-exercise. Skeletal muscle
microvascular blood flow is also reported to increase in response to insulin-infusion and
foIIowil’Mn of a balanced (low-moderate glucose load) mixed-nutrient meal (Vincent

etal., 2000/., 2009; Liu et al., 2009; Sjoberg et al., 2017; Russell et al., 2018). This

coordinaté® in microvascular hemodynamics facilitates substrate metabolism via
N
the delivegy of nutrients and hormones to, and eventual uptake by, target cells such as the
myocyte (Keske et al., 2016). Here we show for the first time that compared to a no-exercise
control m@cle microvascular blood flow is elevated at 0 min (pre-meal), and 60 and
120 min pmial when a high-glucose mixed nutrient meal is ingested 3 h post-exercise,
a

and eleva 20 min postprandial when the meal is ingested 24 h post-exercise. These

findings mant as the insulin sensitizing effects of acute exercise are well-known to
be obse up to 24 - 48 h post-exercise (Mikines et al., 1988; Brestoff et al., 2009;
Ortega efal., 2015; Parker et al., 2016a; Parker et al., 2017; Morrison et al., 2018). In
addition to the well-characterized increase in distal insulin signaling in skeletal muscle after
exercise (Rar t al., 2016b; Sjoberg et al., 2017; Parker et al., 2019), research by Sjoberg

et al. blished the importance of muscle microvascular blood flow for enhancing

post-exercis ulin-mediated glucose disposal when measured by euglycemic

hyperi clamp. Similar to the current findings, muscle microvascular blood flow

was elevated 4 h after one-legged knee exercise, and remained elevated during euglycemic

[

hyperinsu conditions compared to the rest-control leg (Sjoberg et al., 2017).
Importantmusion of the nitric oxide synthase (NOS) inhibitor (L-NMMA) substantially

blunted i rial and muscle microvascular blood flow alongside the suppression of

glucosﬂhe exercised leg. In contrast, distal insulin signaling in skeletal muscle was
largely by L-NMMA infusion, suggesting that both muscle microvascular blood
flow arwsignaling are required for the post-exercise increase in glucose disposal
(Sjoberg et al., 2817). These findings, combined with rodent research (Vincent et al., 2003;

Vincent et al., 4), support that microvascular hemodynamics in muscle play a critical role

in ins ulated glucose disposal and occur at least in part via an NO dependent

pathway. Futu search will be required to confirm this in the current high-glucose mixed-

nutrient meal human model.
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In addition to elevated postprandial muscle microvascular blood flow 3 h post-exercise, we

report that postprandial blood glucose was elevated and the early time-course postprandial

L

insulin as delayed. These findings support previous reports from studies that
have exp st-exercise glucoregulatory responses to a meal or glucose ingestion

(Krzentow a1=8 1982; Rose et al., 2001; Knudsen et al.,, 2014; Lin & Borer, 2016;

[ |
Varsamis gt al., 2018). For example, postprandial plasma glucose is greater in men with

normal glucose tolerance, and similar in men with impaired glucose tolerance or type 2

C

diabetes When @n oral glucose tolerance test is performed immediately after cycling

exercise (dgh 0% Wpeak) (Knudsen et al., 2014). Likewise, Rose et al. (2001) reported

S

greater p ial glucose excursions in healthy trained men when glucose (75 g) was

ingested mifgafter cycling exercise (~¥55 min at 70% VO peak). Increased postprandial

U

glucose e ns after exercise are suggested to occur through increased appearance of

exogenou§! glucose in an effort to replenish muscle glycogen stores (Maehlum et al., 1978;

&l

Rose et al., 2001; Knudsen et al., 2014). In support, high-glucose ingestion (100 g) 15
minutes afite ustive exercise leads to a 50 - 300% increase in splanchnic glucose output
(Maehl 1978), whereas the contribution of endogenous glucose in the post-
exercise po dial period is suggested to be minimal (Rose et al., 2001; Knudsen et al.,

2014).

N

y, research using stable isotopic tracers have shown that whole-body

glucose disposal is still enhanced with prior exercise despite elevated blood glucose levels

E

(Rose et ; Knudsen et al., 2014). It is therefore possible, and even likely that whole-

body gluc osal in the current study was also increased with prior exercise. However,

O

future stu ng tracers to directly link postprandial glucose flux to postprandial muscle

microvas d flow after exercise will be required to address this.

N

Acute W‘nia and hyperlipidemia can lead to a transient impairment in vascular
endotheli*on and/or blood flow (Beckman et al., 2001; Tripathy et al., 2003; Liu et
al., 2009; Tyldum et al., 2009; Loader et al., 2017). We and others have previously reported
that ingestj high-glucose load (~50 - 85 g of glucose) in healthy young adults leads to
impaire le microvascular blood flow despite increased limb arterial blood flow
(Russell et al., 2018; Parker et al., 2020). We provide new evidence that this divergent
response between limb arterial and muscle microvascular blood flow persists even when

high-glucose is ingested 3 h and 24 h post-exercise. The divergent femoral arterial and
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muscle microvascular blood flow responses to the meal are unclear, but may reflect
redistribution of blood flow from the muscle microvasculature to the skin, adipose tissue,
tendonwe tissue, and/or bone (Clark et al., 2000; Clark, 2008; Russell et al., 2017).
In additioproximate two-fold elevation in basal and postprandial microvascular
blood floW ours® after exercise compared to control, our findings indicate that prior
exercisg ?Ilymitigates the magnitude of impairment in muscle microvascular blood flow
induced FIhl—glucose mixed-nutrient meal ingestion. These findings reflect similar
reports t?‘@ cycling exercise (30 min at 75% HRyeak) can partially prevent impaired
forearm c s microvascular blood flow, as estimated by laser speckle contrast imaging
and post—me reactive hyperemia, when a high-carbohydrate drink (1 g/kg bodyweight
sucrose) med immediately after exercise (Varsamis et al., 2018). Furthermore, we
a

observed r attenuation in the impairment of microvascular blood flow in the 24 h

post-exerﬁdition at the 120 min postprandial timepoint. These findings suggest that
the effects of acute exercise on muscle microvascular blood flow persist well after the
cessationmise. This may prove to be important for ageing populations (Hildebrandt et
al., 20 jseases characterized by microvascular dysfunction including type 2 diabetes
(Sacre et al., ), heart failure (Dhakal et al., 2015; Upadhya et al., 2015), and peripheral
arteria undi et al., 2017). Regular exercise training has been shown to increase
skeletal muscle capillary density and eNOS signaling in obese individuals alongside improved
glycemic m (Cocks et al., 2016; Scott et al.,, 2019), and increases postprandial

microvasc@od flow responses to an oral glucose challenge (50 g glucose) in T2D

patients ( et al., 2017), health benefits likely occurring through a combination of both

acute MC exercise-induced vascular adaptations. Future research investigating
wheth exercise modes, intensities and/or volume can provide even greater
protectm acute hyperglycemia-induced vascular dysfunction is warranted.

In suppoaypothesis we report that postprandial NEFA levels and fat oxidation were
greater, a ohydrate oxidation lower, in the 3 h post-exercise condition when
compar e control condition. This observation also occurred in the 24 h post-exercise
condition, albeit to a lesser extent. These findings support previous reports of elevated post-

exercise NEFA, increased postprandial glucose excursions, a delayed postprandial insulin

response, and increased fat oxidation when glucose (100 g of *3C-glucose) was ingested
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after prolonged exercise in healthy adults (3 h treadmill exercise at 50% VOj;max)

(Krzentowski et al., 1982). Although elevated post-exercise NEFA levels are a common

L

observ towski et al., 1982; Delmas-Beauvieux et al., 1999; Rose et al., 2001; Long

etal., 20 Borer, 2016), NEFA levels are generally suppressed to control levels within
30 min o stion and therefore suggested to play only a minor role in elevating

[ |
post-exergise postprandial glycemia (Krzentowski et al., 1982; Rose et al., 2001; Long et al.,

2008). Nev ess, in the current study there was a progressive increase in NEFA levels

C

throughou@, the 3¥h post-exercise recovery period which remained elevated for at least 75

min througdo e postprandial period. This may be a potential effect of the prolonged 3 h

S

post-exer fadting period in the current study versus glucose ingested immediately or 30

min post-exerc in other studies (Krzentowski et al., 1982; Rose et al., 2001). We also

U

detected rom carbohydrate oxidation towards greater fat oxidation during the post-

exercise rg@covery period which, like others have reported (Bielinski et al., 1985; Folch et al.,

f

2001; Marion-Latard et al., 2003), persisted throughout the post-exercise postprandial

period. Elgva ost-exercise lipid oxidation is a well-documented phenomena reflecting

d

substr jtion, likely through the Randle “glucose-fatty acid cycle” (Randle, 1998),

which can to reduced post-exercise exogenous and total glucose oxidation

i

(Krzen ., 1982; Bielinski et al., 1985; Randle, 1998; Folch et al., 2001). Combined

with reports of increased glucose appearance and the favoring of splanchnic glucose release

1

for post- muscle glycogen replenishment (Maehlum et al., 1978; Hamilton et al.,

1996; Ros 2001; Knudsen et al., 2014), it is likely that a combination of substrate

O

competiti ormonal factors are responsible for the observed increase in post-exercise

glycemia.

N

Postpr glucose and insulin were similar between the 24 h post-exercise and no-

{

exercise nditions. This contradicts previous reports of improved insulin sensitivity

U

in the da ing acute exercise in healthy individuals (Mikines et al., 1988; Brestoff et
al., 2009; et al., 2015; Morrison et al., 2018). However, Bogardus et al. (1983)

reporte ilar finding where the insulin-sensitizing effects the day after exercise are

A

absent when participants are fed 100 g of glucose 3 h post-exercise. In light of previous
findings (Bogardus et al., 1983), the high-glucose ingested 3 h post-exercise in the current

study may have led to faster and more complete glycogen replenishment compared to other
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studies where habitual meal regimes are resumed after exercise (Morrison et al., 2018).
Additionally, and in contrast to others (Ortega et al., 2015; Morrison et al., 2018), we also
obsew#tion in postprandial NEFA and fat oxidation 24 h post-exercise, a possible

result of g 3 h post-exercise trial which may have also precluded improvements

in 24 h po lucose and insulin.
N

LimitatioMtudy recruited males to avoid the potential confounding effects of sex on

hemodynwd postprandial glycemic control (Huxley & Kemp, 2018; Yardley et al.,
2018). As u

of the cumdy is the use of a high-glucose mixed nutrient meal to investigate how
prior exerﬁuences postprandial microvascular blood flow. Our findings provide new

evidence that tprandial microvascular blood flow is influenced by prior exercise, and

supports Eing consensus that glucoregulatory function is dynamically altered in
i

response

ture research is required to confirm these findings in females. A strength

se and oral macronutrient ingestion (Rose et al., 2001; Knudsen et al.,

2014; Lin r, 2016; Varsamis et al., 2018). However, in the absence of tracers to
directly postprandial glucose flux we are unable to directly draw conclusions
betwe -exercise muscle hemodynamics and glucose disposal. Future research using
stable iso cers will be required to confirm the physiological role that increased post-

exercise muscle microvascular blood flow has on postprandial glucose flux. The participants
in the cuggent study were self-reported to be untrained but recreationally active, ranging
from Iow% levels of weekly physical activity. Training status has been reported to
influence @ dhdial microvascular blood flow responses to high-glucose ingestion in T2D
patients (Russell et al., 2017). However, the influence of training status in healthy individuals
is unkno&. Future research will be required to investigate and compare postprandial
muscIerar responses in well-trained, recreationally active, and sedentary healthy

individual

Finally, our test meal involved both liquid (glucose solution) and solid phase components

(eggs se), and the calorie content was created relative to body weight (10 kcal.kg™;

average of cal [3326 kj]). In contrast, other studies exploring postprandial muscle
microvascular perfusion have used liquid test meals (both glucose and mixed-nutrient
meals) with a much lower set calorie content (200 - 480 kcal [837 — 2008 kj] (Vincent et al.,

2006; Keske et al., 2009; Liu et al., 2009; Russell et al., 2017; Russell et al., 2018)). It is
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possible that differences in meal phase (liquid versus solid) and calorie content (low versus
high) could affect postprandial muscle microvascular responses, as these factors are

reporteane postprandial heart rate, cardiac output, total limb blood flow, and

findings at muscle microvascular impairments to a high-glucose solid-liquid

mixed-nutgient meal lead to similar impairments to that of high-glucose liquid only ingestion

solid), th

(Russell et _al., 2018). Further research exploring and comparing the phase (liquid versus
e@content, and the composition of the meal, and the subsequent magnitude

and time—mffects on muscle microvascular perfusion are warranted.

Conclusiorﬁ)rovide novel evidence that postprandial muscle microvascular blood flow

is elevated whefi moderate-intensity aerobic cycling exercise is performed 3 h prior to

ingestion igh-glucose mixed meal. This occurs despite a meal-induced decrease in
muscle m ular blood flow being observed in all conditions. Furthermore, the high-
glucose i mpairment in muscle microvascular blood flow at 120 min postprandial
was parti ated when the meal was ingested 3 h and 24 h post-exercise. We also
providﬁ that postprandial glucose excursions, NEFA and fat oxidation are
substantia ated, and the time-course of the insulin response to the meal delayed,
when a high-glucose mixed meal is ingested 3 h post-exercise. The effects of acute exercise

on muscleemicrovascular blood flow persist well after the cessation of exercise which may

be benefi onditions characterized by microvascular and glycemic dysfunction.

! Translational Perspective

Microv.

important postprandial metabolism by facilitating the delivery of nutrients and

od flow along with cardiac output and large artery blood flow play an

hormones (e.g., Binsulin and glucose) to peripheral tissues including skeletal muscle.

Populatio racterized by insulin resistance commonly exhibit vascular dysfunction
includin red skeletal muscle microvascular blood flow responses to meal ingestion.
Howev icrovascular impairment in skeletal muscle is also observed in healthy adults

after the consumption of a high-glucose meal which persists throughout the 2-hour
postprandial period. Our findings show that a single session of exercise in healthy adults
almost doubles skeletal muscle microvascular blood flow several hours after exercise which

persists throughout the postprandial period following high-glucose ingestion. Furthermore,
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some of the impairments in skeletal muscle microvascular blood flow elicited by high-
glucose ingestion are mitigated when the meal is ingested 3 and 24 hours after exercise.
These observatiqins suggest that a single session of exercise has lasting effects on muscle
microvaMd flow which may prove to be beneficial during conditions that elevate
blood glug @ pls or cause microvascular dysfunction.
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Tables

Table 1. Participant characteristics.

{

Mean +SD

Median (IQR)

Age (yr
|

Height'(cm

Gl

Wei

S

)

Body Mass Index (kg/m”)

C
(O

Self-
(IPA

Weekly Physical Activity Level

aInsulin (uU/mL)

Fast

Glucose (mmol/L)

Oor

Restin ic Blood Pressure (mmHg)

n

t

olic Blood Pressure (mmHg)

VOZpeak( /mln)

Au

VOZpeak (ml/mln)
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28+ 4
28 (25, 30)
180.1 +7.7
180.0 (175.8, 184.0)
79.5+9.1
79.3 (70.8, 87.5)
245+15
24.3 (23.6, 25.5)
Low (n=2)
Moderate (n =2)
High (n =4)
49+1.9
4.4 (3.8,6.1)
4.7 +0.2
4.7 (4.5,4.9)
121 +6
121 (117, 126)
76+ 4
76 (72, 79)
35.6£8.0
37.9 (25.9, 43.3)
2807 * 650

2992 (2166, 3363)



Winox (Watts) 272 +57
288 (206, 319)

183 £11

Dt

186 (174, 192)

Data afé &%pressed as means = SD, and the median (interquartile range). n = 8 participants.
VOjpeak @ « are the maximal calculated workload and peak oxygen consumption

obtained Ugraded exercise test. BPM, beats per minute. IPAQ, international physical

F

activity qugstionpaire.
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Table 2. Post-exercise heart rate and blood responses to aerobic cycling

exercise.
. 1h 2h 3h One-
I ' Immediately way
Baseline
t- t- t-
Q post-exercise post post post ANOVA
exercise exercise exercise
* * * *

Heart Rge_ 56+ 8 145 +22 72 +11 68 + 12 59+ 10 p<
(BPM) 0.001
us (50, 64) 143 (130, 73(60,82)  68(56,81) 56 (52, 69)

167)
p < 0.001 p <0.001 p =0.045
O p < 0.001
Lactate w.69 +0.08 3.56+161* 1.00+0.15 0.88+0.17 0.86 +0.18 p=
(mmol/L) * * * 0.002
.70 (0.60, 3.70 (2.10,
0.78) 4.75) 1.05 (0.83, 0.85 (0.73, 0.85 (0.70,
1.10) 0.98) 0.98)
p =0.001
! p < 0.001 p = 0.004 p = 0.009
Glucose 4.9+0.4 44+05* 45104 * 47+0.6* 4.7+0.6* p=
(mmol/L) 0.003
49(4.7, 4.4(4.1,46) 4.6(4.4,48) 4.8(4.4,48) 4.8(4.6,4.8)
5.1)
p < 0.001 p = 0.002 p = 0.034 p =0.034
Insulin (g 499+194 278+236* 3.66+2.03 435+212 4.11+233 p=
* 0.008
4.78 (3.20,  2.49 (1.66, 3.95(2.96, 3.17(2.30,
s 6.18) 3.43) 3.13(1.89, 6.44) 6.05)
5.15)
p <0.001 p=0.271 p=0.130
p =0.026
NEFA (mm .15+0.06 0.16 +0.05 0.21+0.09 0.27£0.10 0.28 £0.13 p<
* * * 0.001
.13(0.11,  0.15(0.11,
H 0.21) 0.22) 0.21(0.13,  0.24(0.20,  0.25(0.19,
0.25) 0.29) 0.35)
p = 0.661
p =0.047 p < 0.001 p < 0.001

a are expressed as means * SD, and the median (interquartile

A

e). n = 8 participants. Data were analyzed using a one-way (time)

repeated measures ANOVA. Significant main effects were explored

using Fishers LSD test. * Bolded values highlight significant differences

compared

to baseline.

The p-values

comparisons to baseline.
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Table 3. Percent change from baseline in muscle microvascular blood flow following high-glucose

mixed-nutrient meal ingestion on a rest-control day, and 3 and 24 h post-exercise.

ot

Microva Seu | Srpiooe™

volume

cr

w
>

[TUS

exercise

N
N

exercise

60 min Postprandial

(% change from

120 min postprandial

(% change from

Two-way ANOVA

baseline) baseline)
Time
Condition Interaction
- =0.210 =0.062
0163 P P
-22.5%+256 -36.8 £28.2
-23.5(-50.0, 2.5) -37.8 (-60.1, -31.0)
N/A

-18.5+19.2

-13.3 (-39.7,-0.3)

-33.2+226

-34.7 (-47.9, -17.8)

(no post-hoc comparisons

Microvascul@k b

5

velocity

y

3 ost-

exercise

or

exercise

h

Microva
flow

ut

Control

A

3 h post-

exercise

conducted)
-14.7 £28.5 -4.7+259
-17.9 (-33.9,0.8) -13.0 (-26.5, 24.3)
Time . .
Condition Interaction
P= p=0.213 p = 0.085
0.137 ' ’
-20.8+24.9 -53.0+27.7
-23.0 (-44.6, 5.0) -54.0 (-81.7,-25.7)
N/A
-20.7 £34.8 -18.0+30.6
(no post-hoc comparisons
-28.3 (-48.0, 18.6) -17.3 (-48.7, 14.4)
conducted)
-29.2+30.8 -30.8+23.9
-30.0 (-51.8,-9.47) -33.3 (-46.9,-23.7)
Time . .
Condition Interaction
P= p=0.062 p=0.026
0.042 ' ’
-38.2+31.1 -70.7+ 216 * 60 minvs 120 60 min:
min:
-46.4 (-60.1, -18.7) -76.1 (-91.3,-47.8) Convs3h,p=
Con, p=0.002 0.912
-37.1+27.4 -44.4+ 266t
3h,p=0.544 Convs 24 h,p=
-42.1 (-53.2,-24.8) -42.7 (-63.8,-30.7)
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24 h post- -44.1+22.4 -36.2+216 %t 24 h,p=0.654 0.863

exercise
-55.8 (-58.9, -22.4) -46.4 (-53.9, -15.3) 3hvs24h,p=

0.778

120 min:

Convs3h,p=
0.006

Convs 24 h,p=
0.001

3hvs24h,p=
0.441

script

Data are expressedfas means * SD, and the median (interquartile range). n = 8 participants. Data
was analyze g a two-way ANOVA with “time” (postprandial timepoint) and “condition”
(Control, 3 h -exercise, and 24 h post-exercise) as the within-subjects factors. Significant main
effects were

l

using Fishers LSD test. *p < 0.05 compared to 60 min postprandial. T =p <
0.05 compar: same timepoint in the control condition. Bolded values highlight significant

differences.

all
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Screening, familiarisation, graded cycling exercise test

)

N=28
Block randomisation, cross-over, repeated measures design

Figure 1.

a

Control trial 24 h post-
[0 exarcise) 3 h post-exercise trial exercise trial
1h
2 h MmC lsertas 3 h recovery 2 h Mmc +2ﬂ,h 2 h Mmc
W s s s ....).
2h MMC . .
| | MMC: High-glucose Mixed Meal Challenge
£ () &5 (o) £ ()
sy = o & Venous Blood Sample
<N
& ik & & & & & &k & (% Ultrasound Blood Flow Measurements
0 15 30 45 60 75 %0 105120 | =¥ |ndirect Calorimetry
Pastprandial time [min) CosMED

w of the randomized crossover study design. Eight young healthy males

ingested a high-glucose mixed nutrient meal at rest, and on a separate occasion at 3 h and

24 h afte f moderate-intensity cycling exercise. Metabolic and vascular responses to

the me € measured throughout the postprandial period.

M

Author
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Figure 2. Femoral arterial microsphere concentration (A), and the effects of prior exercise

on postprandi uscle microvascular blood volume (B), velocity (C) and flow (D). Data was
analyzed w two-way ANOVA with “time” (postprandial timepoint) and “condition”
(Control, 3" H¥g8St-exercise, and 24 h post-exercise) as the within-subjects factors. Bar graphs

are presanted as Box and Whisker plots. The Box represents the interquartile range

alongsi ei e miiian (line) and mean (plus symbol). The Whiskers represent the minimum
and maximum range of the data. n = 8 participants. * = p < 0.05 compared to 0 min (pre-

meal) within thall condition. T = p < 0.05 compared to the same timepoint in the control

trial. # = p < compared to the same timepoint in the 24 h post-exercise trial. & = p <
0.05b he indicated timepoints. Symbols in parenthesis represent p < 0.10.
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0 min (pre-meal) 120 min postprandial

TSSO MIaiiL Ti20g WwantL

Control

TISOE MILAL TELE MIERL
LI-IWAK LIRE L,

3 h post-ex.

TRAD Wi L
LIRE R

24 h post-ex.

Figure 3. §

perfusion ngle participant following high-glucose mixed meal ingestion at rest
(control), antd and 24 h post-exercise. The rectangle indicates the region of interest that
was used ure the acoustic intensity elicited by circulating microspheres within the
muscleﬂsnetwork of the Vastus Lateralis muscle in cross-section. The white

opacificatipn regresents the echogenic microspheres circulating within the muscle
microvaMStatic images provide only a visual representation of microvascular blood
volume o recruitment, but not flow dynamics such as velocity or total blood flow.
The number of dnicrospheres within the muscle microvascular network can be seen to
decrease at in postprandial in the control trial following high-glucose mixed-nutrient
i8R This decrease at 120 min postprandial is attenuated in the 3 h and 24 h post-
. Furthermore, the number of microspheres in the control and 24 h post-
exercise tria similar at 0 min (pre-meal), but elevated in the 3 h post-exercise trial,
indicating the prolonged effects of the prior bout of exercise on muscle capillary
recruitment.
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Figure 4.gThe effects of prior exercise on postprandial heart rate (A), femoral artery

diameter (A), blood velocity (C) and blood flow (D). Data was analyzed using a two-way

ANOVA e” (postprandial timepoint) and “condition” (Control, 3 h post-exercise,

and 24 h past-exercise) as the within-subjects factors. Bar graphs are presented as Box and
Whisker g:s The Box represents the interquartile range alongside the median (line) and
mean (MI). The Whiskers represent the minimum and maximum range of the data.
n=28pa . * = p <£0.05 compared to 0 min (pre-meal) within that condition. ¥ =p <
0.05 cothhe same timepoint in the control trial. # = p < 0.05 compared to the same

timepoint j 4 h post-exercise trial.
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Figure 5. Mects of prior exercise on postprandial blood glucose (A) and glucose AUC

(B), and p sulin (C) and insulin AUC (D). Data was analyzed using a two-way ANOVA
with “tim prandial timepoint) and “condition” (Control, 3 h post-exercise, and 24 h
post-eﬂhe within-subjects factors. For visual clarity, line graphs are expressed as
mean # - graphs are presented as Box and Whisker plots. The Box represents the
interqua ge alongside the median (line) and mean (plus symbol). The Whiskers

represent the miimum and maximum range of the data. n = 8 participants. * = p < 0.05
to

compared in (pre-meal) within that condition. ¥ = p < 0.05 compared to the same

e control trial. # = p < 0.05 compared to the same timepoint in the 24 h post-

exercise trial.
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Figure 6. iH e#ects of prior exercise on postprandial plasma NEFA (A) and NEFA AUC (B),

@ (C) and lactate AUC (D). Data was analyzed using a two-way ANOVA with

ial timepoint) and “condition” (Control, 3 h post-exercise, and 24 h post-

and blood

“time” (po

exercise the within-subjects factors. For visual clarity, line graphs are expressed as mean

+ SEMMhs are presented as Box and Whisker plots. The Box represents the

interquartje alongside the median (line) and mean (plus symbol). The Whiskers
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Figure 7. The effects of prior exercise on postprandial respiratory exchange ratio (A), energy
expendituh:HO oxidation (C), and fat oxidation (D). Data was analyzed using a two-
way AN “time” (postprandial timepoint) and “condition” (Control, 3 h post-
exercise, a post-exercise) as the within-subjects factors. Bar graphs are presented as
Box and Whisker plots. The Box represents the interquartile range alongside the median
(line) and mean gplus symbol). The Whiskers represent the minimum and maximum range of
the data. n = rticipants. * = p < 0.05 compared to 0 min (pre-meal) within that condition.
T = p £ 0.05 comipared to the same timepoint in the control trial. # = p < 0.05 compared to
the same ti nt in the 24 h post-exercise trial. & = p < 0.05 between the indicated

timepo bols in parenthesis represent p < 0.10.
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