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Pugh JN, Wagenmakers AJM, Doran DA, Fleming SC, Field-
ing BA, Morton JP, Close GL. Probiotic supplementation increases
carbohydrate metabolism in trained male cyclists: a randomized,
double-blind, placebo-controlled crossover trial. Am J Physiol Endo-
crinol Metab 318: ES04-E513, 2020. First published February 18,
2020; doi:10.1152/ajpendo.00452.2019.—We hypothesized that pro-
biotic supplementation (PRO) increases the absorption and oxidation
of orally ingested maltodextrin during 2 h endurance cycling, thereby
sparing muscle glycogen for a subsequent time trial (simulating a road
race). Measurements were made of lipid and carbohydrate oxidation,
plasma metabolites and insulin, gastrointestinal (GI) permeability, and
subjective symptoms of discomfort. Seven male cyclists were ran-
domized to PRO (bacterial composition given in METHODS) or placebo
for 4 wk, separated by a 14-day washout period. After each period,
cyclists consumed a 10% maltodextrin solution (initial 8 mL/kg bolus
and 2 mL/kg every 15 min) while exercising for 2 h at 55% maximal
aerobic power output, followed by a 100-kJ time trial. PRO resulted
in small increases in peak oxidation rates of the ingested maltodextrin
(0.84 £0.10 vs. 0.77 = 0.09 g/min; P = 0.016) and mean total
carbohydrate oxidation (2.20 = 0.25 vs. 1.87 £0.39 g/min; P =
0.038), whereas fat oxidation was reduced (0.40 = 0.11 vs. 0.55 =
0.10 g/min; P = 0.021). During PRO, small but significant increases
were seen in glucose absorption, plasma glucose, and insulin concen-
tration and decreases in nonesterified fatty acid and glycerol. Differ-
ences between markers of GI damage and permeability and time-trial
performance were not significant (P > 0.05). In contrast to the
hypothesis, PRO led to minimal increases in absorption and oxidation
of the ingested maltodextrin and small reductions in fat oxidation,
whereas having no effect on subsequent time-trial performance.

exercise metabolism; exogenous carbohydrates; probiotics

INTRODUCTION

Adequate carbohydrate (CHO) availability, as the main fuel
for skeletal muscle and the central nervous system during
endurance exercise lasting 1-2 h, and the maintenance of high
CHO oxidation rates are critical components for optimal per-
formance. Liver and muscle glycogen stores are limited, and
oral ingestion of CHO before and during exercise has been
reported to improve performance (11) and delay fatigue during
cycling and running (9, 51). This performance benefit has since
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been reported in numerous publications, with exogenous car-
bohydrate ingestion showing ergogenic effects for endurance
performance in most of these studies (39, 49). However,
oxidation rates of orally ingested glucose and maltodextrin
(glucose polymer) solutions appear to plateau around 1 g/min
(or 60 g/h) (53), even with ingestion rates as high as 2.6 g/min
(26), a finding that has been shown many times (12). The
capacity of the sodium-glucose transporter 1 in the small
intestine is generally regarded as the limiting factor for glucose
absorption and the oxidation rate of glucose and maltodextrin
ingested during endurance exercise (21). Whereas there ap-
pears to be a mean maximal rate of exogenous glucose oxida-
tion of 1 g/min, there appears to be variation among individuals
in one study (53) and also among studies (23). Environmental
factors can also reduce the maximal oxidation of consumed
carbohydrates. Reductions in exogenous carbohydrate oxida-
tion have been seen at increased environmental temperatures
(20). This has been related to reductions in splanchnic blood
flow and compromised intestinal absorption (47). Strategies
that may increase the maximal oxidation rate of orally ingested
carbohydrates, either above the previously established 1 g/min
or above an individual’s own maximal oxidation rate under
normal or compromised environmental conditions, could be of
benefit to endurance athletes.

One such method, proposed to increase the oxidation of
ingested CHO during exercise, is supplementation with probi-
otic bacteria. In vitro research has shown that coincubation of
Caco-2 cells (enterocyte model) with as-yet unidentified, heat-
labile metabolites from bacterial strains from the Lactobacilli
species increases glucose uptake (46). Probiotics, which are
shown to increase both the abundance and activity of sodium-
glucose transporter 1 (50), as well as to increase insulin
secretion following CHO ingestion (28), can also modulate
luminal short-chain fatty acid production (44). The latter of
these could have wider implications on total CHO oxidation,
given that insulin suppresses lipolysis and lipid oxidation
during exercise (19). There are then potential mechanisms by
which probiotics could increase absorption and thus the sub-
sequent oxidation of consumed glucose, as well as alter total
carbohydrate oxidation, and these findings could have practical
and relevant implications for athletes if replicable during en-
durance exercise.

As well as the potential to increase CHO absorption and
oxidation, probiotics have also been proposed to be beneficial
to performance via positive effects on gastrointestinal (GI)
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permeability and damage. It has been shown that probiotic
supplementation or inoculation with the metabolites of probi-
otic bacteria can prevent epithelial apoptosis (57), increase
mucin secretion (6), inhibit attachment of pathogenic bacteria
(3), as well as increase expression of tight-junction proteins
and decrease secretion of proinflammatory cytokines (33).
Given that endurance exercise has been shown to increase
markers of GI permeability [e.g., serum lactulose/rhamnose
(LR) ratio] and damage [e.g., intestinal-fatty acid binding
protein (I-FABP)] (52), probiotic supplementation could atten-
uate such changes in GI physiology. Whereas there is some
evidence that probiotic supplementation can attenuate exercise-
induced increases in GI permeability and circulatory endotoxin
concentrations (45), we have previously shown there to be no
effect (43). However, it is difficult to draw definitive conclu-
sions from such field-based studies. Laboratory-controlled in-
vestigations should hopefully provide more insight into the
effects of probiotics on exercise-induced GI damage.

The aim of the current study was to investigate whether
probiotic supplementation (PRO) increases the oxidation of an
ingested maltodextrin drink and total CHO oxidation during 2
h of cycling exercise at 55% maximal aerobic power output
(Wmax)- It is hypothesized that 4 wk of probiotic supplemen-
tation would increase the intestinal digestion and absorption
rate of the maltodextrin drink, the percent contribution of the
drink to carbohydrate oxidation rates, and total carbohydrate
oxidation rates. It is also hypothesized that the ingestion of the
probiotic supplement would significantly reduce the LR ratio
and intestinal damage (I-FABP) and improve performance
during the 2 h of cycling exercise. These hypotheses have been
tested using a double-blind placebo (PLC)-controlled crossover
design.

METHODS

Participants. Seven trained cyclists participated in this study
[means * SD; age 23 * 4 yr, body mass 73.4 = 7.1 kg, peak oxygen
consumption (VOzpear) 64.0 = 2.2 mL-kg™'-min~']. None of the
participants used medication (e.g., NSAIDs, antidepressants, or di-
uretics) or nutritional supplements or reported a history of Gl-related
medical issues (e.g., irritable bowel disease or abdominal surgery).
After an explanation of the nature and risks of the experimental
procedures to the subjects, their informed, written consent was ob-
tained. The study was approved by the Institutional Ethics Committee
of Liverpool John Moores University and conformed to the standards
set by the Declaration of Helsinki.

Pre-testing. At least 7 days before the first experimental trial,
subjects completed preliminary testing. VOapeax and maximal aerobic
power output (Wmax) were determined on an electronically braked
cycle ergometer (Lode Excalibur Sport, Groningen, The Netherlands)
during an incremental exhaustive exercise test. Work rate commenced
at 95 W for 3 min, followed by incremental steps of 35 W every 3 min
until volitional exhaustion. Oxygen uptake (VO,) was measured
continuously during exercise using an online gas analysis system
(Moxus modular metabolic system; AEI Technologies Inc., PA).
VOopeak Was determined from the highest recorded VO, value from
10-s averages. Wmax Was calculated from the last completed work
rate, plus the fraction of time spent in the final, noncompleted work
rate, multiplied by the work-rate increment (22). After a rest period of
30-60 min, participants then completed 1 h of cycling exercise at
55% Wmax following the prescribed drinking protocol and followed
by a time trial to familiarize themselves to the real testing procedures
described in the following paragraphs.
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Treatment allocation. In a randomized, double-blind, placebo-
controlled crossover design, each subject completed two, 28-day
periods of supplementation, as well as consumption of an additional
supplement capsule on the morning of the trials at the end of each
intervention period, 1 h before commencing exercise. This 28-day
supplement period is in line with our previous work showing lower GI
symptoms during exercise (43). Each supplement period was sepa-
rated by a 14-day washout period. This washout period was based on
unpublished data showing that the probiotic strains used are undetect-
able from stool samples after this time. It also has been shown that this
period allows for a number of complete epithelial cell turnovers
within the small intestine (2). Participants were randomized to con-
sume either a capsule of a commercially available probiotic (PRO) or
a visually identical placebo, daily for 28 days. The PRO supplement
contained the active strains Lactobacillus acidophilus (CUL60), Lac-
tobacillus acidophilus (CUL21), Bifidobacterium bifidum (CUL20),
and Bifidobacterium animalis subsp. lactis (CUL34; Proven Probiot-
ics, Port Talbot, UK). The minimum concentration was 25 billion
colony-forming units. This probiotic supplement has previously been
shown to survive the GI tract during consumption (31) and to have
beneficial effects for endurance athletes (43, 45). During the supple-
mentation period, participants were informed to avoid consumption of
probiotic foods, such as fermented foods and yogurts. The PLC
capsules were visually identical and consisted of starch only (Proven
Probiotics, Port Talbot, UK). Subjects were instructed to swallow the
capsule daily after their first meal. The randomization code was held
by a third party (Cultech Ltd.) and unlocked for statistical analyses by
the authors upon sample analysis completion.

Experimental trials. Each subject underwent four experimental
trials—one before and at the end of each supplementation period.
Trials consisted of 120 min of cycling at 55% Wmax, in line with
previous work examining exogenous oxidation during cycling exer-
cise (55, 58). This was followed by a time trial amounting to 100 kJ
of work, simulating the final sprint in a competitive, long-distance
road race. Subjects were instructed not to perform any strenuous
exercise 24 h before testing and to avoid caffeine, alcohol, and any
spicy food. Subjects also recorded their food intake in the 24 h before
the first trial and repeated this for each subsequent visit.

Subjects reported to the laboratory at the same time (~7:30 AM) for
each trial after an overnight fast of at least 12 h. A cannula (Safety
Lock 22G; BD Biosciences, West Sussex UK) was inserted into the
antecubital vein, and a baseline blood sample was taken. Resting
breath samples were collected over a 5-min period (Moxus modular
metabolic system; AEI Technologies Inc., PA), and Exetainer tubes
were filled directly from the mixing chamber to determine the '*C/'*C
ratio in expired CO,. Subjects then began cycling at 55% Wax for
120 min. Heart rate (Polar FT1 heart rate monitor; Polar Electro,
Kempele, Finland) and ratings of perceived exertion (4) were recorded
every 15 min. Immediately following the 120 min of steady-state
cycling, simulated cycling time trials were undertaken with the er-
gometer set in a cadence-dependent power output (linear) mode for
subjects to complete 100 kJ of work. Power output was therefore a
function of cadence, and a fixed factor (alpha value) was used, as
described in the following equation: power (W)= L X rpm?, in
which the rpm is the pedaling rate, and L is a linear factor. This factor
was chosen in a way that would evoke 100% peak aerobic power
output at a pedaling rate of 90 rpm.

Maltodextrin drink. During exercise, subjects consumed a 10%
CHO drink enriched with the stable isotope [U-'*C]glucose (CK
Isotopes, Ibstock, UK). Maltodextrin (176.4 g; Myprotein Inc., North-
wich, UK) and 3.6 g [U-'3C]glucose were dissolved in water and
made up to a total volume of 1,800 mL. For the two participants in
which the oxidation rate of the ingested maltodextrin was not mea-
sured, the drink consisted of 10% maltodextrin only. Total drink
volume was prescribed according to participant body weight, with an
8-mL/kg body weight bolus in the first 3 min of exercise, followed by
2 mL/kg body weight each subsequent 15 min during 120-min cycling
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exercise (24). Total fluid volume and carbohydrate intakes prescribed
were 1,790 = 152 mL and 179 * 15.2 g, respectively. An elemental
analyzer-isotope ratio mass spectrometer (Europa Scientific 20-20;
Iso-Analytical Ltd., Crewe, UK) was used to measure accurately the
13C enrichment of freeze-dried samples of the maltodextrin/[U-'3C]g-
lucose drinks and the natural '*C background enrichment of the
maltodextrin powder, expressed as 8'3C %o versus Pee Dee belemnite
(PDB). The '3C enrichment of the consumed drinks was very high at
1,681 %o versus PDB. The drinks also contained 35 mM of sodium
chloride, as sodium in the 30- to 50-mM range leads to better fluid
delivery and retention in endurance-trained individuals (32).

13C/12C analysis of breath CO,. Breath samples were analyzed
using an isotope ratio mass spectrometer (Delta XP, coupled to a Gas
Bench II and GC Pal autosampler; Thermo Electron, Bremen, Ger-
many). The breath tubes were held in a heated sample tray at 26°C.
The breath sample was continuously transferred through a Valco
sampling port in a flow of helium. Carbon dioxide was separated from
the presence of other gases by using a capillary column (PoraPLOTQ;
Agilent JW columns) with dimensions of 27.5 m X 0.32 mm X 10
pm. The oven temperature was kept constant at 68°C. Nafion water
traps removed H,O from the sample. Multiple analysis of each sample
was achieved by switching the contents of the sample loop to the GC
column every 50 s. Each switch corresponded to starting the GC
separation of the sample coming from the loop. Ions mass-to-charge
ratio (m/z) 44 and 45 were monitored for CO> and '*CO,, respec-
tively. The '3C enrichment results from breath samples expressed as
313C %o versus PDB. The 8'3C %o versus PDB results of the malto-
dextrin powder, the maltodextrin/[U-'3C]glucose drinks, and breath
samples were converted to the tracer-to-tracee ratio (TTR) by using
the following equation (14):

TTR(C: *C) = [(8"C %0 /1,000) + 1] x 0.0112372.

Analysis of plasma [U-"3CJglucose enrichment. Plasma glucose
isotope enrichment was measured as the tracer/tracee ratio (TTR) by
gas chromatography-mass spectroscopy using a trimethyl silyl-O-
methyloxime derivative, according to methods previously described
(48). The peak areas of the ions m/z 319.2 and m/z 323.2 for natural
glucose and [U-"3C]glucose, respectively, were measured by GC-MS
on an Agilent 5975C Inert XL EC/CI MSD (Agilent Technologies,
Wokingham, Berks, UK).

The concentration of [U-'3C]glucose in the plasma ([U-'*C]Gluy,)
was calculated as follows:

[U - "C]Glu, = Glu, X TTR,

where Glu,, is the plasma glucose concentration in millimoles per liter
and TTR of [U-"3C]glucose in the plasma.

At any given time point, the concentration of unlabeled glucose
(['*C]Glu,, millimoles per liter) in the plasma that had originated from
the maltodextrin drink was derived from the known enrichment of the
glucose in the drink as follows:

["*C]Glu, = (JU - *C]Glu,/3.1) x (100-3.1),

where 3.1 is the percent isotopic enrichment of the test drink.
The total concentration of glucose in plasma that originated from
the maltodextrin drink (Glu,,) was calculated as:

Glu,, = [ '*CIGlu, +[U — C]Glu,,

and the difference between this value and total plasma glucose
concentration was assumed to have been derived endogenously. This
calculation distinguishes between ['>C]Glu produced endogenously
and ['2C]Glu in the test drink.

Indirect calorimetry and calculations. Respiratory gas exchange
variables were measured using a mixing chamber (Moxus modular
metabolic system; AEI Technologies Inc, PA), with oxygen uptake
(V0o), carbon dioxide output (Vco,), and respiratory exchange ratio
measured during a 4-min interval and sample frequency of 15 s after
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every 15 min during the 2 h of cycling exercise. Breath samples were
collected in duplicate directly from the mixing chamber of the Moxus
system into sealed Vacutainer collection tubes again every 15 min.
Total CHO and fat oxidation rates were calculated from indirect
calorimetry data assuming negligible protein oxidation (27):

Glucose oxidation = 4.55 X Vco, — 3.21 X Vo,.
Fat oxidation = 1.67 X Voz —1.67 X Vcoz.
Exogenous glucose oxidation was calculated using the formula (35):
:Vcoz X (SExp - 8Eprkg)/(81ng — 8Eprkg)/k,

in which 3Exp is the '3C enrichment of expired air during exercise at
different time points, dIng is the [U-'*CJenrichment of the ingested
maltodextrin drink, dExpbkg is the '*C enrichment of expired air
before exercise (background), and k is the amount of CO- in liters
(L CO») produced by the oxidation of 1 g of glucose (k = 0.7467 L
CO»/g glucose).

Plasma glucose oxidation was calculated using the formula:

=Vco, X (3Exp - dExpbkgd/8PG — 3PGbkg) /k,

in which, 3PG is the plasma [U-'*C]glucose enrichment during
exercise, and S3PGbkg is the plasma [U-'3C]glucose enrichment before
ingestion of the maltodextrin/[U-'3C]glucose drink and the start of
exercise (background sample). In the above calculations, the '*C
enrichments were all expressed as tracer-to-tracee ratio (TTR) for all
analyzed samples (breath, enriched maltodextrin drinks, unenriched
maltodextrin powder, plasma glucose).

Because plasma glucose oxidation represents the oxidation of both
glucose coming from the gut (exogenous glucose) and the contribu-
tion of the liver (glycogenolysis and gluconeogenesis), liver-derived
glucose oxidation and muscle glycogen oxidation could be calculated
by the following formulas:

Liver-derived glucose oxidation = plasma glucose oxidation
— exogenous glucose oxidation.

Muscle glycogen oxidation = total CHO oxidation
— plasma glucose oxidation.

Blood parameter analysis. Plasma glucose, lactate, nonesterified
fatty acids (NEFAs), and glycerol were analyzed using a Randox
Daytona spectrophotometer and commercially available kits (Randox
Laboratories, Ireland). Analysis for lactulose and rhamnose ratio (LR)
as a marker of GI permeability and intestinal-fatty acid binding
protein (I-FABP) was performed as previously described (42). Cyto-
kine concentrations were measured using cytometric bead array (BD
Biosciences, San Diego, CA) for the cytokines IL-1c, IL-6, IL-8, and
IL-10, using the manufacturer’s instructions with four bead popula-
tions with distinct fluorescence intensities coated with capture anti-
bodies specific for IL-1a, IL-6, IL-8, and IL-10 proteins. Following
acquisition of sample data using the flow cytometer, the sample results
were generated in graphical and tabular format using BD cytometric
bead array analysis software. Postexercise and 1-h postexercise sam-
ple concentrations were corrected for plasma volume changes, as
described by Dill and Costill (13).

Assessment of gastrointestinal damage and symptoms. Intestinal
permeability was assessed by analyzing serum samples using a pre-
viously published protocol (15), with the modification of using rham-
nose instead of mannitol as the monosaccharide probe. Briefly, im-
mediately after the 100-kJ time trial, a 50-mL sugar-probe solution (5
g lactulose, 2 g rhamnose) was consumed, and the ratio of the sugars
was measured from serum samples 60 min after ingestion. Concen-
trations of intestinal-fatty acid binding protein (I-FABP) were mea-
sured pre-, post-, and 1 h postexercise from EDTA plasma using an
ELISA (Hycult Biotechnology, Uden, The Netherlands; detection
window 47-5,000 pg/mL), according to the manufacturer’s instruc-
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Table 1. CHO and fat metabolism during 0—60 and 60—120 min

0-60 min 60-120 min
PLC PRO P Value PLC PRO P Value
RER 0.89 = 0.03 0.92 = 0.03* 0.037 0.86 = 0.03 0.90 = 0.02* 0.005
CHO oxidation, g/min 2.11 =045 2.38 = 0.32 0.087 1.87 £ 0.39 2.20 = 0.25* 0.038
Fat oxidation, g/min 0.46 = 0.11 0.34 = 0.08* 0.041 0.55 = 0.10 0.40 = 0.11* 0.021

Data are means = SD. CHO, carbohydrate; PLC, placebo; PRO, probiotic supplementation; RER, respiratory exchange ratio. *Significantly different from PLC

(P < 0.05).

tions. Specific GI symptoms were recorded every 30 min during
exercise, whereby a visual analog scale was used to assess specific
symptoms, such as bloating, nausea, urge to vomit, and urge to
defecate. GI symptoms were scored on a 10-point scale (0 = no
symptoms, and 9 = very severe symptoms), with a score of >4
regarded as moderate. To ensure understanding, specific symptoms
were explained and described to participants.

Statistical analysis. ANOVA for repeated measures was used to
compare differences in substrate utilization and in blood-related
parameters over time between the trials. A Tukey’s post hoc test was
applied in the event of a significant F-ratio. Where appropriate, the
comparison of variables between the two conditions was conducted by
using a Student’s 7 test for paired samples. For plasma metabolites,
area under the curve (AUC) calculation was completed, and differ-
ences between conditions were compared using a Student’s ¢ test for
paired samples. To detect a meaningful increase in exogenous CHO
oxidation of 0.1 g/min with a standard deviation (SD) of 0.05 g/min
(58) at 80% power, a minimum of five participants would be required.
All values are expressed as means * SD. Statistical significance was
set at P < 0.05.
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Fig. 1. A: plasma glucose tracer/tracee ratio (TTR) and (B) breath '3CO,
enrichment during exercise. Values are means = SD. PDB, Pee Dee belemnite;
PLC, placebo; PRO, probiotic supplementation.

RESULTS

Physiological response to exercise. Participants cycled for 2
h at 180 = 20 W across trials corresponding to 55% of their
Whax. There were no significant differences among mean heart
rate (149 = 18 vs. 146 £ 16 beats/min), Vo, (34.5 = 3.9 vs.
342 = 3.4 mL-kg ' min~!), or rating of perceived exertion
(12 = 1 vs. 12 = 1) for PLC and PRO, respectively. CHO and
fat oxidation during each hour is presented in Table 1. CHO
oxidation was lower during the second hour in both trials. CHO
oxidation was higher (P = 0.019) in the second hour in PRO
compared with PLC. Fat oxidation was lower in PRO during
both the first (P = 0.026) and the second (P = 0.004) hour
compared with PLC. Energy expenditure did not differ be-
tween PLC (6,292 + 644 kJ) and PRO (6,232 = 493 kJ; P =
0.662).

Substrate utilization during the 60- to 120-min exercise
period. Plasma [U-'3C]glucose/!>C glucose ratios increased as
a result of maltodextrin/ [U-13C]glucose drink and were stable
during the 60- to 120-min period (Fig. 1A). Baseline '*C
enrichments from resting breath samples were comparable
between PLC (—25.2 = 3.6 %o vs. PDB) and PRO (—25.0 =
1.8 %o vs. PDB; P > 0.05). Changes in enrichment after
ingestion of the drink at the start of 2 h of endurance exercise
at 55% W max are shown in Fig. 1B. *CO, enrichments leveled
off from 45 min during both trials, and there were no signifi-
cant differences at any time point between PLC and PRO.

Mean CHO substrate oxidation during 60—120 min is sum-
marized in Table 2. Mean oxidation of the ingested maltodex-
trin/[U-'3C]glucose drink was higher in PRO compared with
PLC (Table 2), as was the maximal oxidation observed
(0.84 = 0.10 vs. 0.77 = 0.09 g/min; P = 0.016), which was
achieved at 120 min during both trials (Supplemental Fig. S1;
see https://doi.org/10.24377/LIMU.d.00000050). There was no
difference in mean liver-derived glucose oxidation, and muscle
glycogen oxidation tended to be higher in PRO but did not
reach statistical significance.

Blood metabolites. At the start of exercise, plasma glucose,
lactate, NEFA, and glycerol concentrations were all similar in
both trials (Fig. 2). Plasma glucose increased during the first 30

Table 2. Mean CHO utilization calculated during 60—120
min

PLC PRO P Value
Ingested maltodextrin 0.75 = 0.09 0.79 = 0.10* 0.024
Liver-derived glucose 0.21 = 0.08 0.19 £ 0.04 0.323
Muscle glycogen 0.99 = 0.41 1.24 = 0.28 0.087

Data are means = SD in g/min. CHO, carbohydrate; PLC, placebo; PRO,
probiotic supplementation. *Significantly different from placebo (P < 0.05).
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min of exercise, before decreasing at 45 min, and remained drink, there were significant and concomitant increases and
stable for the rest of the exercise bout. When expressed as decreases in exogenously derived and endogenous plasma
AUC, there was a significant difference between PRO and PLC  glucose concentrations, respectively (P < 0.05; Fig. 3). Plasma
(P = 0.013; Fig. 2A). After the ingestion of the maltodextrin  glucose concentrations derived from exogenous glucose were
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Fig. 3. Plasma glucose concentration with
(A) glucose derived from ingested maltodex-
trin and (B) endogenously derived glucose
sources. *Significant difference between
probiotic supplementation (PRO) and pla-
cebo (PLC) at the corresponding time point
(P < 0.05).
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significantly greater at 15 min in PRO compared with PLC
(P = 0.01; Fig. 3A). Plasma lactate increased in response to
exercise to ~2 mM and then gradually declined during the
course of the exercise bout (Fig. 2B). Insulin concentrations
were higher at 30, 45, and 75 min in PRO compared with PLC
(P < 0.05), with a significant difference between AUC data
(P = 0.04). NEFA concentrations reduced at the onset of
exercise and subsequently increased from 60 min in both trials,
with a significant difference between trials by 120 min (P =
0.043; Fig. 2D). Plasma glycerol increased during exercise in
both trials, with significantly lower concentrations at 1,200 min
during PRO compared with PLC (P > 0.001; Fig. 2E).

Markers of GI permeability, damage, and cytokines. Indi-
vidual data points for LR during PRO and PLC are presented
in Fig. 4A. There was no significant difference in LR between
PRO (0.045 = 0.02) and PLC (0.052 = 0.03; P = 0.436). For
I-FABP, there was no significant difference between PRO and
PLC pre (P = 0.364)-, post (P = 0.374)-, or 1 h postexercise
(P = 0.393) for PRO and PLC, whereas there was also no
effect of exercise (Fig. 4B). Plasma cytokine concentrations for
pre- and postexercise are presented in Table 3. For pre-exercise
measures, IL-1a and IL-6 concentrations were lower in PRO,
whereas IL-6 was also lower postexercise in PRO.

GI symptoms and time-trial performance. During exercise
trials, individual GI symptoms assessed were low (<4 on the
scale of 0—-10), even when using maximum values from each
trial. During the 100-kJ time trial, there was no significant
difference in the time to complete between placebo (308 =
69 s) and probiotic (301 £ 74 s; P = 0.714).

DISCUSSION

The main aims of this study were to investigate the potential
of 4 wk of probiotics supplementation (PRO) compared with

45 60 75 90 105 120
Time (min)

placebo (PLC) to alter exercise metabolism and improve per-
formance in trained athletes during 2 h of cycling exercise at
moderate intensities. One of our hypotheses was that PRO
would exert this effect via positive effects on GI permeability
and prevention of GI damage. This was difficult to ascertain,
given that there were no increases in exercise-induced damage/
permeability, most likely relating to the exercise intensity. The
other hypothesis was that PRO would increase the maximal
rate of the oxidation of maltodextrins to a value higher than the
maximal value of 1 g/min, which we observed in a previous
study (53). To the authors’ knowledge, this is the first study to
investigate whether PRO, compared with PLC, has the poten-
tial to increase the oxidation rate of both total carbohydrates
and orally ingested maltodextrins during endurance exercise.
The use of stable isotope tracer methodologies, in combination
with indirect calorimetry, has enabled us to quantitate total
CHO and total fat oxidation and the gradual change in the
fraction of plasma glucose originating from the ingestion of the
maltodextrin drink and estimate muscle glycogen and liver
glucose utilization over the 120-min exercise period (Fig. 3).

We have shown for the first time that PRO leads to a small
but significant increase in total carbohydrate oxidation in the
60- to 120-min exercise period (Table 1) by increasing both the
oxidation of the ingested maltodextrins (P = 0.024) and
muscle glycogen (not significant) compared with placebo (Ta-
ble 2). The increase in total CHO oxidation coincided with a
decrease in total fat oxidation (Table 1). It is well established
that the ingestion of multiple transporter carbohydrates (i.e.,
glucose and fructose) can improve the oxidation of exogenous
CHO well above the values reported here (~1.5 g/min vs.
0.8-0.9 g/min) (11, 25). However, the proof of principle
shown here—that PRO may alter substrate utilization and
increase the oxidation of glucose derived from ingested malto-
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Table 3. Pre- and postexercise cytokine concentrations for PLC and PRO

Pre-exercise 120 min
PLC PRO P Value PLC PRO P Value
IL-1a 1.39 £ 0.82 0.63 = 0.64 0.031%* 1.84 = 1.23 1.78 = 1.40 0.450
IL-6 232+ 1.22 1.22 = 0.90 0.037* 3.69 = 2.02 227 *+1.19 0.049%*
IL-8 249 = 1.18 2.53 = 1.38 0.481 4.70 = 1.57 4.49 2283 0.409
IL-10 1.95 = 1.37 1.14 = 0.90 0.093 3.13 = 2.05 3.25 = 3.09 0.433

Data are means = SD in pg/mL. PLC, placebo; PRO, probiotic supplementation. *Significantly different from placebo (P < 0.05).

dextrins—warrants further investigation to both replicate this
finding and observe if this apparent difference is observed
when both glucose and fructose are consumed during exercise.
If the results here are replicated, then this would, at the very
least, be of interest to those exercising for 1-2.5 h, for which
current CHO-intake recommendations are 30—60 g per hour
during exercise ().

We, in this and previous studies (53), have chosen to orally
administer a 10% maltodextrin solution, as maltodextrins are
rapidly hydrolyzed into free glucose and absorbed into the vena
porta. The rapid hydrolysis of maltodextrins in the human GI
tract is an important reason for their frequent use in commer-
cial sports drinks (18). In the previous study (53), we used
maltodextrins naturally enriched with '3C. In the current study,
we mixed the maltodextrin solution with a [U-13C]glucose
tracer to thus achieve a high plasma glucose TTR. This was
required in this study to facilitate accurate estimates of the rates
of the oxidation of the ingested maltodextrins and the estima-
tion of the production and oxidation of glucose by the liver
(sum of liver glycogen breakdown and gluconeogenesis). Pilot
data in the first two participants revealed that the plasma
[U-'3C]glucose enrichment reached a plateau in the 30- to
120-min period, therefore excluding a difference in appearance
kinetics between the maltodextrin solution and the [U-'3C]-
glucose tracer. The profile of the '*C enrichment curves of the
breath gas samples was similar to the profiles seen in a
previous study in which we used naturally enriched maltodex-
trins (53). For breath gas samples, a plateau was reached
toward the end of the second hour in both studies. However,
the variation between individuals in plateau enrichment was
lower here than with naturally enriched maltodextrin consump-
tion (53). Such variations in plateau enrichments have been
shown to be the consequence of variations in the natural '*C
enrichment of individuals’ endogenous carbohydrate stores
(54). In the current study, the [U-'*C]glucose enrichment was
>100-fold higher than seen in Wagenmakers et al. (53), and
the variation among the seven participants for the plasma
[U-'3C]glucose TTR and breath '*CO, enrichment (3 per mil
vs. PDB) was minimal (Fig. 1, A and B). We believe that the
current study is therefore the first to validate the use of a
mixture of naturally enriched maltodextrins with a [U-13C]-
glucose tracer to estimate the oxidation of the maltodextrin
solution during prolonged exercise.

It is clear in the present study that there are small but
significant differences in fuel selection between PRO and PLC.
The AUC data for plasma glucose and plasma insulin concen-
trations were higher for PRO than for PLC (Fig. 2), suggesting
that the intestinal absorption of glucose, particularly in the first
30 min of exercise, was higher for PRO than for PLC. This is
supported by the higher plasma glucose concentration origi-

nating from the ingested maltodextrins after 15 min of exercise
during PRO compared with PLC (Fig. 3A). Higher duodenal
glucose absorption rates are known to stimulate insulin pro-
duction by the pancreatic B-cells (40). Higher systemic insulin
concentrations, as are seen during PRO compared with PLC
(Fig. 2C), have previously been shown to suppress lipolysis in
subcutaneous adipose tissue (7). It has been shown that oral
ingestion of glucose, before and during exercise, reduced
lipolysis both in subcutaneous adipose tissue stores and lipol-
ysis of the intramuscular triglyceride (IMTG) stores in skeletal
muscle (10). This led to a substantial reduction in the oxidation
rate of plasma fatty acid, IMTG, and total fat during exercise
(10). These mechanisms contribute to the lower plasma NEFA
and glycerol levels (Fig. 2, D and E, respectively) and the
reduction in total fat oxidation in PRO compared with PLC
(Table 1). However, the small difference in intestinal absorp-
tion suggested here does not likely fully explain the differences
in plasma insulin and glycerol. Other Gl-related factors, such
as the intestinal incretin response, have been shown to affect
the insulin response to an oral glucose load (16). It may then be
plausible that differences in other Gl-related factors that follow
PRO supplementation explain some of the differences in
plasma insulin and glycerol observed here.

During the 2 h of exercise, there is a gradual increase in the
fraction of plasma glucose originating from the oral ingestion
of the maltodextrin drink (Fig. 3A), whereas at the same time,
there is a reduction in the fraction of glucose produced by the
liver (sum of liver glycogen breakdown and gluconeogenesis;
Fig. 3B). The plasma glucose concentration (sum of the two
fractions) remains constant. These data collectively support the
concept that the liver acts as a “glucostat” (8, 38, 56). The data
in Fig. 3, A and B, and in previous work (10, 26) clearly show
that oral ingestion of carbohydrates reduces endogenous glu-
cose production in proportion to the intestinal absorption rate
of glucose and oxidation rate of glucose in the exercising
muscles. This role of the liver as a glucostat, keeping the blood
glucose concentration during exercise constant, explains the
data we obtained in the current study.

Whereas we have presented data that demonstrate differ-
ences in exercise metabolism following PRO, we did not
observe any difference in the 100-kJ time-trial performance
between supplement groups. It was hypothesized that had PRO
resulted in greater consumed CHO absorption and had oxida-
tion been substantially increased, then this would have resulted
in larger muscle and/or liver glycogen stores. This would then
be of benefit during a higher intensity exercise performance
test, following an initial endurance exercise, as has been seen
previously with exogenous CHO feeding studies (17, 34). A
time trial lasting ~240-360 s was chosen, as this has been
shown to be a reliable performance indicator in trained cyclists
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(30) and suggested to be at the higher end of duration of
sustained power-output increases during successful break-
aways during professional road cycling (1). The failure to
observe an effect of PRO on performance is most likely related
to the small increase in the oxidation of exogenous CHO
during the preceding exercise. Greater increases in exogenous
CHO oxidation following PRO would have likely reduced
muscle and/or liver glycogen oxidation and thus would have
been spared for use during the higher intensity exercise during
the time trial. However, it should also be highlighted that a
limitation of the time-trial performance measure here was the
potential lack of statistical power. Whereas the primary out-
come and thus power calculation performed to ensure sufficient
sample size was to detect differences in exercise metabolism,
this may have been under powered for a number of secondary
measures, including the time-trial performance and GI mea-
sures.

The presented GI permeability and damage data did not
show an increase in measures for I-FABP or GI symptoms
during 120 min of cycling, whereas GI permeability was not
different between PRO and PLC, and many values were similar
to resting values previously reported in our laboratory (41, 42).
GI permeability has previously been reported only to increase
significantly compared with resting values at exercise intensity
of =80% maximal Vo, at ambient temperatures (37), whereas
increases in plasma I-FABP have also not always been shown
during moderate-intensity exercise, particularly when subjects
maintain euhydration and consume CHO (29). In the present
trial, exercise intensity was 55% Wyax (~55 VOzpear). This
exercise intensity, in line with previous investigations (55, 58),
was chosen, as it mimics exercise intensities experienced by
professional road cyclists during competition (36) and the
intensity at which they are most likely to consume CHO during
exercise. In regard to GI symptoms, these were generally low,
again, most likely due to the chosen exercise modality (cycling
instead of running), duration, and intensity, which do not
appear to have led to a sustained, functional challenge to the GI
system. To investigate better the effects of probiotics on
exercise-induced GI permeability, damage, and symptoms,
particularly in the presence of carbohydrate ingestion, exercise
of a greater intensity and duration should be considered.

We conclude that the presented stable isotope tracer data
demonstrate for the first time in humans in vivo that after 4 wk
of PRO during 2 h of cycling exercise at 55% Wnax, a small
but significant increase in the oxidation rate of glucose, orig-
inating from an orally ingested maltodextrin solution, was
observed. We also show significant increases in the plasma
glucose and insulin concentration, with significant increases
occurring in the 2-h area under the curve (AUC) both for
plasma glucose and plasma insulin (Fig. 2) following PRO.
The higher plasma insulin concentrations during exercise re-
duce total fat oxidation (Table 2) via inhibition of lipolysis of
subcutaneous adipose tissue and IMTG lipolysis, as we have
shown previously (10). Although these data show that PRO
does lead to small but measurable changes in fuel selection and
oxidation during exercise, they do not confirm our prior hy-
pothesis that PRO could lead to larger increases in the absorp-
tion and oxidation rate of the ingested maltodextrins or that the
maximal maltodextrin oxidation rates reached a plateau to
values higher than 1 g/min.

E511

ACKNOWLEDGMENTS

The authors thank the technical assistance of Dean Morrey, George Savage,
and Gemma Miller for help with laboratory testing, as well as Paul Smith-
Johnson, Gemma Sampson, and Kyle Crowley for assistance with data col-
lection. Finally, the authors express gratitude to all of the participants.

GRANTS

The study received funding from Aliment Nutrition Ltd.

DISCLOSURES

The results of this study are presented clearly, honestly, and without
fabrication, falsification, or inappropriate data manipulation. Aliment Nutrition
supplied the probiotic supplements and provided partial financial support for
the studies of J. N. Pugh. The funding sponsors had no role in the design of the
study; collection, analyses, or interpretation of data; writing of the manuscript;
and decision to publish the results.

AUTHOR CONTRIBUTIONS

IN.P., AJM.W., D.AD., J.P.M., and G.L.C. conceived and designed
research; J.N.P. and G.L.C. performed experiments; J.N.P., D.A.D., S.C.F.,
B.AF., J.P.M., and G.L.C. analyzed data; J.N.P., AJM.W., D.AD., S.CF.,
B.AF., JP.M., and G.L.C. interpreted results of experiments; J.N.P., D.A.D.,
S.C.F., JP.M., and G.L.C. prepared figures; AJM.W., B.AF., J.P.M., and
G.L.C. drafted manuscript; J.N.P., AJM.W., BAAF., JP.M.,, and G.L.C.
edited and revised manuscript; JN.P., AJM.W., D.AD., SCF, BAF,
J.P.M., and G.L.C. approved final version of manuscript.

REFERENCES

1. Abbiss CR, Menaspa P, Villerius V, Martin DT. Distribution of power
output when establishing a breakaway in cycling. Int J Sports Physiol
Perform 8: 452-455, 2013. doi:10.1123/ijspp.8.4.452.

2. Barker N. Adult intestinal stem cells: critical drivers of epithelial homeo-
stasis and regeneration. Nat Rev Mol Cell Biol 15: 19-33, 2014. doi:10.
1038/nrm3721.

3. Bernet MF, Brassart D, Neeser JR, Servin AL. Lactobacillus acidophi-
lus LA 1 binds to cultured human intestinal cell lines and inhibits cell
attachment and cell invasion by enterovirulent bacteria. Gut 35: 483-489,
1994. doi:10.1136/gut.35.4.483.

4. Borg G. Physical training. 3. Perceived exertion in physical work [in
Swedish]. Lakartidningen 67: 45484557, 1970.

5. Burke LM, Jeukendrup AE, Jones AM, Mooses M. Contemporary
nutrition strategies to optimize performance in distance runners and race
walkers. Int J Sport Nutr Exerc Metab 29: 117-129, 2019. doi:10.1123/
ijsnem.2019-0004.

6. Caballero-Franco C, Keller K, De Simone C, Chadee K. The VSL#3
probiotic formula induces mucin gene expression and secretion in colonic
epithelial cells. Am J Physiol Gastrointest Liver Physiol 292: G315-G322,
2007. doi:10.1152/ajpgi.00265.2006.

7. Campbell PJ, Carlson MG, Hill JO, Nurjhan N. Regulation of free fatty
acid metabolism by insulin in humans: role of lipolysis and reesterifica-
tion. Am J Physiol Endocrinol Metab 263: E1063—-E1069, 1992. doi:10.
1152/ajpendo.1992.263.6.E1063.

8. Coker RH, Kjaer M. Glucoregulation during exercise: the role of the
neuroendocrine system. Sports Med 35: 575-583, 2005. doi:10.2165/
00007256-200535070-00003.

9. Coyle EF, Hagberg JM, Hurley BF, Martin WH, Ehsani AA, Holloszy
JO. Carbohydrate feeding during prolonged strenuous exercise can delay
fatigue. J Appl Physiol 55: 230-235, 1983. doi:10.1152/jappl.1983.55.1.
230.

10. Coyle EF, Jeukendrup AE, Wagenmakers AJ, Saris WH. Fatty acid
oxidation is directly regulated by carbohydrate metabolism during exer-
cise. Am J Physiol Endocrinol Metab 273: E268-E275, 1997. doi:10.
1152/ajpendo.1997.273.2.E268.

11. Currell K, Jeukendrup AE. Superior endurance performance with in-
gestion of multiple transportable carbohydrates. Med Sci Sports Exerc 40:
275-281, 2008. doi:10.1249/mss.0b013e31815adf19.

12. de Oliveira EP, Burini RC, Jeukendrup A. Gastrointestinal complaints
during exercise: prevalence, etiology, and nutritional recommendations.
Sports Med 44, Suppl 1: 79-85, 2014. doi:10.1007/s40279-014-0153-2.

13. Dill DB, Costill DL. Calculation of percentage changes in volumes of
blood, plasma, and red cells in dehydration. J Appl Physiol 37: 247-248,
1974. doi:10.1152/jappl.1974.37.2.247.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00452.2019 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (031.151.108.084) on May 1, 2020.



E512

14.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Donmoyer CM, Ejiofor J, Lacy DB, Chen SS, McGuinness OP.
Fructose augments infection-impaired net hepatic glucose uptake during
TPN administration. Am J Physiol Endocrinol Metab 280: E703-E711,
2001. doi:10.1152/ajpendo.2001.280.5.E703.

. Fleming SC, Duncan A, Russell RI, Laker MF. Measurement of sugar

probes in serum: an alternative to urine measurement in intestinal perme-
ability testing. Clin Chem 42: 445-448, 1996. doi:10.1093/clinchem/42.
3.445.

. Gérard C, Vidal H. Impact of gut microbiota on host glycemic control.

Front Endocrinol (Lausanne) 10: 29, 2019. doi:10.3389/fendo.2019.
00029.

. Hargreaves M, Costill DL, Coggan A, Fink W], Nishibata I. Effect of

carbohydrate feedings on muscle glycogen utilization and exercise perfor-
mance. Med Sci Sports Exerc 16: 219-222, 1984. doi:10.1249/00005768-
198406000-00004.

. Hofman DL, van Buul VJ, Brouns FJ. Nutrition, health, and regulatory

aspects of digestible maltodextrins. Crit Rev Food Sci Nutr 56: 2091—
2100, 2016. doi:10.1080/10408398.2014.940415.

. Horowitz JF, Mora-Rodriguez R, Byerley LO, Coyle EF. Lipolytic

suppression following carbohydrate ingestion limits fat oxidation during
exercise. Am J Physiol 273: E768—E775, 1997. doi:10.1152/ajpendo.1997.
273.4.E768.

Jentjens RL, Wagenmakers AJ, Jeukendrup AE. Heat stress increases
muscle glycogen use but reduces the oxidation of ingested carbohydrates
during exercise. J Appl Physiol (1985) 92: 1562-1572, 2002. doi:10.1152/
japplphysiol.00482.2001.

Jeukendrup A. A step towards personalized sports nutrition: carbohy-
drate intake during exercise. Sports Med 44, Suppl 1: 25-33, 2014.
doi:10.1007/s40279-014-0148-z.

Jeukendrup AE, Borghouts LB, Saris WH, Wagenmakers AJ. Re-
duced oxidation rates of ingested glucose during prolonged exercise with
low endogenous CHO availability. J Appl Physiol (1985) 81: 1952-1957,
1996. doi:10.1152/jappl.1996.81.5.1952.

Jeukendrup AE, Jentjens R. Oxidation of carbohydrate feedings
during prolonged exercise: current thoughts, guidelines and directions
for future research. Sports Med 29: 407-424, 2000. doi:10.2165/
00007256-200029060-00004.

Jeukendrup AE, Mensink M, Saris WH, Wagenmakers AJ. Exoge-
nous glucose oxidation during exercise in endurance-trained and untrained
subjects. J Appl Physiol (1985) 82: 835-840, 1997. doi:10.1152/jappl.
1997.82.3.835.

Jeukendrup AE, Moseley L. Multiple transportable carbohydrates en-
hance gastric emptying and fluid delivery. Scand J Med Sci Sports 20:
112-121, 2010. doi:10.1111/j.1600-0838.2008.00862.x.

Jeukendrup AE, Wagenmakers AJ, Stegen JH, Gijsen AP, Brouns F,
Saris WH. Carbohydrate ingestion can completely suppress endogenous
glucose production during exercise. Am J Physiol Endocrinol Metab 276:
E672-E683, 1999. doi:10.1152/ajpendo.1999.276.4.E672.

Jeukendrup AE, Wallis GA. Measurement of substrate oxidation during
exercise by means of gas exchange measurements. Int J Sports Med 26,
Suppl 1: S28-S37, 2005. doi:10.1055/5-2004-830512.

Kim YA, Keogh JB, Clifton PM. Probiotics, prebiotics, synbiotics
and insulin sensitivity. Nutr Res Rev 31: 35-51, 2018. doi:10.1017/
5095442241700018X.

Lambert GP, Lang J, Bull A, Pfeifer PC, Eckerson J, Moore G,
Lanspa S, O’Brien J. Fluid restriction during running increases GI
permeability. Int J Sports Med 29: 194-198, 2008. doi:10.1055/s-2007-
965163.

Maclnnis MJ, Thomas AC, Phillips SM. The reliability of 4-min and
20-min time trials and their relationships to functional threshold power in
trained cyclists. Int J Sports Physiol Perform 14: 38—45, 2018. doi:10.
1123/ijspp.2018-0100.

Mabhenthiralingam E, Marchbank A, Drevinek P, Garaiova I, Plum-
mer S. Use of colony-based bacterial strain typing for tracking the fate of
Lactobacillus strains during human consumption. BMC Microbiol 9: 251,
2009. doi:10.1186/1471-2180-9-251.

Maughan RJ, Watson P, Cordery PA, Walsh NP, Oliver SJ, Dolci A,
Rodriguez-Sanchez N, Galloway SD. Sucrose and sodium but not caf-
feine content influence the retention of beverages in humans under
euhydrated conditions. Int J Sport Nutr Exerc Metab 29: 51-60, 2018.
doi:10.1123/ijsnem.2018-0047.

Mennigen R, Bruewer M. Effect of probiotics on intestinal barrier
function. Ann N Y Acad Sci 1165: 183-189, 2009. doi:10.1111/j.1749-
6632.2009.04059.x.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

PROBIOTICS AND EXERCISE METABOLISM

Mitchell JB, Costill DL, Houmard JA, Fink W], Pascoe DD, Pearson
DR. Influence of carbohydrate dosage on exercise performance and
glycogen metabolism. J Appl Physiol (1985) 67: 1843—1849, 1989. doi:
10.1152/jappl.1989.67.5.1843.

Mosora F, Lefebvre P, Pirnay F, Lacroix M, Luyckx A, Duchesne J.
Quantitative evaluation of the oxidation of an exogenous glucose load
using naturally labeled '*C-glucose. Metabolism 25: 1575-1582, 1976.
doi:10.1016/0026-0495(76)90110-4.

Padilla S, Mujika I, Orbaifianos J, Santisteban J, Angulo F, José
Goiriena J. Exercise intensity and load during mass-start stage races in
professional road cycling. Med Sci Sports Exerc 33: 796-802, 2001.
doi:10.1097/00005768-200105000-00019.

Pals KL, Chang RT, Ryan AJ, Gisolfi CV. Effect of running intensity on
intestinal permeability. J Appl Physiol (1985) 82: 571-576, 1997. doi:10.
1152/jappl.1997.82.2.571.

Petersen MC, Vatner DF, Shulman GI. Regulation of hepatic glucose
metabolism in health and disease. Nat Rev Endocrinol 13: 572-587, 2017.
doi:10.1038/nrendo.2017.80.

Pochmiiller M, Schwingshackl L, Colombani PC, Hoffmann G. A
systematic review and meta-analysis of carbohydrate benefits associated
with randomized controlled competition-based performance trials. J Int
Soc Sports Nutr 13: 27, 2016. doi:10.1186/s12970-016-0139-6.

Prentki M, Tornheim K, Corkey BE. Signal transduction mechanisms in
nutrient-induced insulin secretion. Diabetologia 40, Suppl 2: S32-S41,
1997. doi:10.1007/s001250051395.

Pugh JN, Impey SG, Doran DA, Fleming SC, Morton JP, Close GL.
Acute high-intensity interval running increases markers of gastrointestinal
damage and permeability but not gastrointestinal symptoms. Appl Physiol
Nutr Metab 42: 941-947, 2017a. doi:10.1139/apnm-2016-0646.

Pugh JN, Sage S, Hutson M, Doran DA, Fleming SC, Highton J,
Morton JP, Close GL. Glutamine supplementation reduces markers of
intestinal permeability during running in the heat in a dose-dependent
manner. Eur J Appl Physiol 117: 2569-2577, 2017b. doi:10.1007/s00421-
017-3744-4.

Pugh JN, Sparks AS, Doran DA, Fleming SC, Langan-Evans C, Kirk
B, Fearn R, Morton JP, Close GL. Four weeks of probiotic supplemen-
tation reduces GI symptoms during a marathon race. Eur J Appl Physiol
119: 1491-1501, 2019. doi:10.1007/s00421-019-04136-3.

Rios-Covian D, Ruas-Madiedo P, Margolles A, Gueimonde M, de Los
Reyes-Gavilan CG, Salazar N. Intestinal short chain fatty acids and their
link with diet and human health. Front Microbiol 7: 185, 2016. doi:10.
3389/fmicb.2016.00185.

Roberts JD, Suckling CA, Peedle GY, Murphy JA, Dawkins TG,
Roberts MG. An exploratory investigation of endotoxin levels in novice
long distance triathletes, and the effects of a multi-strain probiotic/
prebiotic, antioxidant intervention. Nutrients 8: 733, 2016. doi:10.3390/
nu8110733.

Rooj AK, Kimura Y, Buddington RK. Metabolites produced by probi-
otic Lactobacilli rapidly increase glucose uptake by Caco-2 cells. BMC
Microbiol 10: 16, 2010. doi:10.1186/1471-2180-10-16.

Rowell LB, Brengelmann GL, Blackmon JR, Twiss RD, Kusumi F.
Splanchnic blood flow and metabolism in heat-stressed man. J Appl
Physiol 24: 475-484, 1968. doi:10.1152/jappl.1968.24.4.475.
Shojaee-Moradie F, Jackson NC, Jones RH, Mallet AI, Hovorka R,
Umpleby AM. Quantitative measurement of 3-O-methyl-D-glucose by
gas chromatography-mass spectrometry as a measure of glucose transport
in vivo. J Mass Spectrom 31: 961-966, 1996. doi:10.1002/(SICI)1096-
9888(199609)31:9<<961:AID-JIMS359>3.0.CO;2-H.

Stellingwerff T, Cox GR. Systematic review: carbohydrate supplemen-
tation on exercise performance or capacity of varying durations. Appl
Physiol Nutr Metab 39: 998-1011, 2014. doi:10.1139/apnm-2014-0027.
Tappenden KA, Thomson AB, Wild GE, McBurney MI. Short-chain
fatty acid-supplemented total parenteral nutrition enhances functional
adaptation to intestinal resection in rats. Gastroenterology 112: 792-802,
1997. doi:10.1053/gast.1997.v112.pm9041241.

Tsintzas OK, Williams C, Boobis L, Greenhaff P. Carbohydrate inges-
tion and single muscle fiber glycogen metabolism during prolonged
running in men. J Appl Physiol (1985) 81: 801-809, 1996. doi:10.1152/
jappl.1996.81.2.801.

van Wijck K, Lenaerts K, van Loon LJ, Peters WH, Buurman WA,
Dejong CH. Exercise-induced splanchnic hypoperfusion results in gut
dysfunction in healthy men. PLoS One 6: €22366, 2011. doi:10.1371/
journal.pone.0022366.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00452.2019 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (031.151.108.084) on May 1, 2020.



53.

54.

55.

PROBIOTICS AND EXERCISE METABOLISM

Wagenmakers AJ, Brouns F, Saris WH, Halliday D. Oxidation rates
of orally ingested carbohydrates during prolonged exercise in men. J
Appl Physiol (1985) 75: 2774-2780, 1993a. doi:10.1152/jappl.1993.
75.6.2774.

Wagenmakers AJ, Rehrer NJ, Brouns F, Saris WH, Halliday D.
Breath 13CO2 background enrichment during exercise: diet-related dif-
ferences between Europe and America. J Appl Physiol (1985) 74: 2353—
2357, 1993b. doi:10.1152/jappl.1993.74.5.2353.

Wallis GA, Rowlands DS, Shaw C, Jentjens RL, Jeukendrup AE.
Oxidation of combined ingestion of maltodextrins and fructose during

56.

57.

58.

E513

exercise. Med Sci Sports Exerc 37: 426432, 2005. doi:10.1249/01.MSS.
0000155399.23358.82.

Wasserman DH. Four grams of glucose. Am J Physiol Endocrinol Metab
296: E11-E21, 2009. doi:10.1152/ajpendo.90563.2008.

Yan F, Polk DB. Probiotic bacterium prevents cytokine-induced apoptosis
in intestinal epithelial cells. J Biol Chem 277: 50959-50965, 2002.
doi:10.1074/jbc.M207050200.

Yeo SE, Jentjens RL, Wallis GA, Jeukendrup AE. Caffeine increases
exogenous carbohydrate oxidation during exercise. J Appl Physiol (1985)
99: 844-850, 2005. doi:10.1152/japplphysiol.00170.2005.

AJP-Endocrinol Metab « doi:10.1152/ajpendo.00452.2019 - www.ajpendo.org
Downloaded from journals.physiology.org/journal/ajpendo (031.151.108.084) on May 1, 2020.



