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ABSTRACT

Exertional-heat stress has the potential to disturb intestinal
integrity, leading to enhanced permeability of enteric patho-
genic micro-organisms and associated clinical manifesta-
tions. The study aimed to determine the circulatory endotoxin
concentration and cytokine profile of ultra-endurance runners
(UER, n=19) and a control group (CON, n=12) during a five
stage 230km ultra-marathon (mean + SD: 27h38min +
3h55min) conducted in hot and dry environmental conditions
(30°C to 40°C and 31% to 40% relative humidity). Body mass
and tympanic temperature were measured, and venous blood
samples were taken before (pre-stage) and immediately after
(post-stage) each stage of the ultra-marathon for the analysis
of gram-negative bacterial endotoxin, C-reactive protein,
cytokine profile (IL-6, IL-1f, TNF-a, IFN-y, IL-10, and IL-
Ira), and plasma osmolality. Gastrointestinal symptoms and
perceptive thermal tolerance rating were also monitored
throughout competition. Mean exercise-induced body mass
loss over the five stages ranged 1.0% to 2.5%. Pre- and post-
stage plasma osmolality in UER ranged277 to 282mOsmol/kg
and 286 to 297 mOsmol/kg, respectively. Pre-stage concentra-
tions of endotoxin (peak: 21% at Stage 5), C-reactive protein
(889% at Stage 3), IL-6 (152% at Stage 2), IL-1f (95% at
Stage 5), TNF-a (168% at Stage 5), IFN-y (102% at Stage
5)IL-10 (1271% at Stage 3), and IL-1ra (106% at Stage 5)
increased as the ultra-marathon progressed in UER; while no
changes in CON were observed (except for IL-1B, 71% at
Stage 5). Pre- to post-stage increases were observed for endo-
toxin (peak: 22% at Stage 3), C-reactive protein (25% at
Stage 1), IL-6 (238% at Stage 1), IL-1f (64% at Stage 1),
TNF-o. (101% at Stage 1), IFN-y (39% at Stage 1), IL-10
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(1100% at Stage 1), and IL-1ra(207% at Stage 1) concentra-
tions in UER. Multi-stage ultra-marathon competition in the
heat resulted in a modest circulatory endotoxaemia accompa-
nied by a pronounced pro-inflammatory cytokinaemia by
post-Stage 1, both of which were sustained throughout compe-
tition at rest (pre-stage) and after stage completion. Compen-
satory anti-inflammatory responses and other external factors
(i.e., training status, cooling strategies, heat acclimatization,
nutrition and hydration) may have contributed towards limit-
ing the extent of pro-inflammatory responses in the current
scenario.

Keywords: endurance, running, heat, inflammation, gastroin-
testinal.

INTRODUCTION

The epithelial lining along the gastrointestinal tract acts as a
protective barrier between the internal and external environ-
ment, playing a significant role in preventing the penetration
of enteric pathogenic microorganisms into portal and systemic
circulation (23). Prolonged physical exertion, particularly run-
ning exercise, appears to impact upon intestinal epithelial
integrity through redistributing blood flow to the working
muscles and peripheral circulation (i.e., aiding thermoregula-
tion), inevitably leading to splanchnic hypoperfusion and
hypoxia (53, 58). Additionally, alterations to intestinal motili-
ty and mechanical trauma (i.e., repetitive jarring associated
with running) can further promote intestinal mucosa and
epithelial damage and (or) dysfunction(41).

When acute bouts of prolonged strenuous exercise are per-
formed in hot (>30°C) environmental conditions, enhanced
thermoregulatory strain, increased body water losses and
accompanying hypovolaemia are commonly observed (62),
and have the potential to further promote splanchnic hypoper-
fusion and disruption to intestinal epithelial integrity (24, 57).
Such perturbations have been linked to increased intestinal
permeability of localised gram-negative bacteria (e.g.,termi-
nal ileum colonized lipopolysaccharide), primarily due to
deterioration of the protective mucosal lining and widening of
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epithelial tight junction spaces. Subsequently, this leads to
endotoxaemia and a responsive cytokinaemia (5, 6). Endotox-
in induced cytokinaemia has previously been implicated in the
actiology of heat stroke and septic shock (26, 34); whereas its
potential link to autoimmune disease, gastrointestinal disease,
and chronic fatigue in high risk individuals (i.e., genotype
predisposition) is of current research interest (7, 29, 43). In
extreme cases, where by systemic endotoxin proliferation is
evident, over-exaggerated immune activation (i.e., innate
immune cell proliferation and function, and cytokine respons-
es) and increased pro-coagulant factors results in tissue
hypoperfusion, intravascular coagulation, endothelial injury,
and the end-point being refractory shock (19).

It is well established that moderate levels of exercise elicit
favourable changes in cytokine profile; such as suppression of
low-grade inflammation and enhanced anti-inflammatory
cytokine responses (37, 59). Indeed, the classical cytokine
response to moderate exercise in thermoneutral conditions
(body temperature increase <1°C) results in raised circulatory
interleukin (IL)-1 receptor antagonist (ra), IL-10, and muscle
derived IL-6 concentrations; while pro-inflammatory cytokine
IL-1B and tumour necrosis factor (TNF)-a responses are gen-
erally minimal (59). For example, 2 hours of running at 75%
of maximum oxygen uptake (VO,,.) in 20°C ambient tem-
perature resulted in an approximate 150%, 570%, and 1490%
increase in IL-1ra, IL-10, and IL-6, respectively; while no
changes in IL-1P and TNF-o were observed (11).

On the contrary, excessive strenuous exercise (e.g., long
distance running), especially in hot ambient conditions (body
temperature increase >1°C), results in enhanced enteric endo-
toxin translocation and a cytokine-mediated systemic inflam-
matory response similar to the cytokine profile of an acute
infectious episode (e.g., sepsis, trauma, fever) (3, 15, 22, 47).
Previous laboratory controlled studies have observed elevated
pro- (e.g., TNF-a) and anti-inflammatory (e.g., IL-10)
cytokine production after prolonged exercise in hot (32°C to
40°C) compared with thermoneutral (15°C to 22°C) environ-
mental conditions (9, 42, 47, 49) indicating ambient tempera-
ture plays a crucial role in the degree of cytokinaemia
observed after physical exertion. Such systemic endotoxin and
cytokine responses have also been associated with sympto-
matic manifestations of gastrointestinal symptoms; a common-
ly observed feature in individuals exposed to prolonged peri-
ods of exertional-heat stress (22, 23, 33, 36, 56).Taking into
account that previous research has predominantly focused on
single bouts of exertional-heat stress, to date, it is still unclear
the extent to which consecutive days of exertional-heat stress
may impact on circulatory endotoxin and cytokine responses
along the duration of exposure. Moreover, despite differences
in sex and training status influencing such responses to acute
exertional-heat stress through hormonal and adaptive factors
(3, 47, 59, 61), it is unknown whether these sub-groups
respond differently to consecutive repetitive exposure.

During exertional-heat stress, endotoxin induced systemic
cytokinaemia appears to be a key feature in the aetiology of
exertional-heat illnesses (i.e., exertional-heat stroke) (26) with
fatalities being acknowledged as resulting from systemic
inflammatory response syndrome (SIRS), a condition known
as a whole body inflammatory state (39). For example, fatal
incidence of heat stroke in military personnel during infantry
training in hot ambient conditions were reported to be due to
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septic shock, in which SIRS was a key feature (32, 39). From
a practical perspective, given the substantial growth of ultra-
endurance sports worldwide over the past decade and the
environmental extremes of these events, competing in multi-
stage ultra-endurance competition exposes ultra-endurance
athletes to consecutive days of exertional-heat stress. This
population may thus be predisposed to sub-clinical (e.g., gas-
trointestinal symptoms) and clinical (e.g., exertional-heat ill-
nesses, sepsis, autoimmune diseases, gastrointestinal diseases,
chronic fatigue) manifestations potentially originating from
intestinal mucosa and epithelial damage and dysfunction.
Indeed, mild circulatory endotoxaemia, cytokinaemia, and
gastrointestinal symptoms have been reported after marathon
(6) and Ironman triathlon (22) events, which were also associ-
ated with decrements in overall performance (38).

To date, exercise immunology research in ultra-endurance
sports is limited (30), with no research exploring and tracking
intestinal permeability of endotoxins and cytokine profile dur-
ing multi-stage ultra-marathon. Besides the consecutive days
of exertional-heat stress, such events are also accompanied by
additional stressors that have previously been acknowledged
as predisposing factors in the aetiology of fatal incidence of
heat stroke and SIRS (2, 32, 39, 60). These include inadequate
recovery opportunities, sleep deprivation, and acute periods of
compromised hydration and (or) nutritional status (12, 13).
Moreover, the predominant characteristics of ultra-endurance
runners generally observed (e.g., recreationally active popula-
tion, not acclimatised to environmental conditions, training
status suboptimal for degree of physical exertion required,
high body fat, high motivation, and situation of compromised
immune status) are also reported to be aetiological predispos-
ing factors (60).

The aims of the current study were to: 1) determine circula-
tory endotoxin concentration and cytokine profile of ultra-
endurance runners throughout a five days (five stages) multi-
stage ultra-marathon competition conducted in hot and dry
environmental conditions; 2) determine the relationship
between these responses with gastrointestinal symptoms and
perceptive thermal tolerance rating; and 3) determine if sex
and training status influence responses. Taking into account
the consecutive days of exertional-heat stress, limited recov-
ery time in-between stages, and acute periods of compromised
hydration and (or) nutritional status throughout a multi-stage
ultra-marathon competition, it was hypothesised that endotox-
aemia would be seen by post-Stage 1 and progressively
increase (both pre- and post-stage) along the ultra-marathon,
which would be mirrored by a cytokinaemic response. It was
also hypothesised that a correlation between circulatory
responses with severe gastrointestinal symptoms (positive)
and perceptive thermal tolerance rating (negative) would be
seen. Additionally, it was hypothesised that no difference in
responses would be seen between the sexes, and that faster
runners with higher training status would show lower respons-
es.

METHODS

Setting
The study was conducted during the 2011 Al Andalus Ulti-
mate Trail (www.alandalus-ut.com), held during the 11t to
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15t of July, in the region of Loja, Spain (Table 1). The multi-
stage ultra-marathon was conducted over five stages (five
consecutive days) totalling a distance of 230 km over a variety
of terrains; predominantly off-road trails and paths, but also
included steep and narrow mountain passes, and occasional
road. Running intensity averaged 8.0, 8.1, 7.1, 7.0, and 7.5
metabolic equivalents (METs) (SenseWear 7.0, BodyMedia
Inc., Pittsburgh, PA, USA) from Stages 1 to 5, respectively.
Sleeping arrangements along the course included a combina-
tion of outdoor tent and village sports hall accommodation
[sleep duration (mean =+ SD) 8hl10min+t0h43min,
7h50min+0h36min, 8h32min+0h51min, 8h18min+tlh05min;
and sleep quality (rating scale, 1= very poor to 10= very good)
6+2,3+2,5+2,3+ 1,from Stages 1 to 4, respectively].

resided in countries with cold or thermo-neutral environmen-
tal conditions (<20°C). No participant reported any incidence
of illness and/or infection in the 12 weeks leading up to the
ultra-marathon.

Oral anti-inflammatory agents

The use of non-steroidal anti-inflammatory drugs (NSAIDs)
and other anti-inflammatory agents amongst UER included:
paracetamol (500-1000mg), ibuprofen (400mg), cocodamol
(500-1000mg), Celebrex (200mg), and fish oils (1-2g omega
3 fatty acids). Anti-inflammatory agent usage by UER was n=
2, n=5, n=3, n=4, and n= 6 from Stage 1 to 5, respectively.
No form of oral anti-inflammatory agents were used by n= 13
UER and CON (n= 12) throughout the ultra-marathon.

Table 1: Multi-stage ultra-marathon characteristics, including stage times and average speed of ultra-endurance runners.

Distance Altitude Ambient Ambient Relative Running Time Predominant Course Terrain
(km) (m) Temperature Humidity (hours:minutes)
(9] (%) and Speed (km/h)

Stage 1 37 503 to 1443 30 to 32 31to 32 4:41 £ 0:37 Off-road trails and paths, steep and narrow
79+1.1 mountain passes.

Stage 2 48 830 to 1338 30 to 34 32to0 33 6:56 + 1:03 Off-road trails and paths, steep and narrow
69+x1.1 mountain passes, and occasional road.

Stage 3 38 689 to 1302 32to 38 35to 37 4:51 £0:42 Off-road trails and occasional road.
7.8+1.2

Stage 4 69 671 to 1152 32to 40 31to033 7:11 £ 1:12 Off-road trails and road.
9.6+1.7

Stage 5 38 473 to 1065 36 to 40 37 to 40 4:42 +0:43 Off-road trails and road.
81+12

Mean = SD or range (n= 19).

Participants

After ethical approval from Coventry University Ethics Com-
mittee that conforms with the 2008 Helsinki declaration for
human research ethics, 19 out of the total 69 ultra-endurance
runners (UER) who entered this ultra-marathon competition
volunteered to participate in the study [males n=13: age 41 +
8y, height 1.77 + 0.05 m, body mass 76 + 7 kg, body fat mass
14 + 5%; females n= 6: age 49 + 4 y, height 1.65 + 0.05 m,
body mass 62 + 6 kg, body fat mass 21 + 3%]. For compara-
tive purposes, 12 individuals who accompanied the ultra-run-
ners (on-location for pre- and post-stage measurements and
sampling, slept at the ultra-marathon location with the compe-
tition participants, but drove around the course spectating the
event) along the ultra-marathon course, but did not compete
(absence of exertional stress), volunteered to participate in the
study as part of the control (CON) group [males n= 5: age 41
+ 10y, height 1.76 £ 0.10 m, body mass 76 + 14 kg, body fat
mass 18 = 5%; females n=7: age 31 = 13 y, height 1.60 + 0.04
m, body mass 62 + 13 kg, body fat mass 25 + 7%]. All partic-
ipants arrived at location <48 hours prior to the start of Stage
1. Only n= 2 participants resided in countries with hot ambi-
ent conditions similar to those of the race location (>30°C
T,.,) at the time of competition; the remaining participants
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Study design and data collection

Following participant recruitment and informed consent, a
preliminary session was completed to determine baseline
body mass, height, and body fat mass. Height was measured
by a wall-mounted stadiometer. Baseline body mass was
determined using calibrated electronic scales (BF510, Omron
Healthcare, Ukyo-ku, Kyoto, Japan) placed on a hard levelled
surface. Waist and hip circumferences were measured using a
standard clinical tape measure by trained researchers, in
accordance with ISAK international standards for anthropo-
metric assessment. Body mass and circumference measures
were used when conducting multifrequency bioelectrical
impedance analysis (MBIA; Quadscan 4000, Bodystat, Dou-
glas, Isle of Man, UK) to estimate body composition. The cur-
rent ultra-marathon was semi self-sufficient, whereby partici-
pants (including CON) planned and provided their own foods
and fluids (except plain water) along the five days of competi-
tion. Participants’ equipment and sustenance was transported
to each stage section by the race organisation. Ad libitum
water was provided by the race organisers during the rest
phase throughout competition. Additionally, aid stations along
the running route were situated approximately 10 km apart,
and only provided plain water, fruit (oranges and watermel-
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on), and electrolyte supplementation that was used by n= 9
UER as per manufacturer’s instruction (2.46 ml/896 ml fluid;
Elete electrolyte add-in, Mineral Resources International,
South Ogden, Utah, US). Participants were advised to adhere
to their programmed habitual dietary practices throughout the
entire competition.

Each day, for five consecutive days, running stages com-
menced at either 08:00 or 09:00. Within the hour prior to the
start of each running stage, body mass measurement was
determined using calibrated electronic scales placed on a hard
levelled surface. Participants were then required to sit in an
upright position for 10 minutes before tympanic temperature
(Tyymps Braun Thermoscan, Kronberg, Germany) was deter-
mined and whole blood collected. To determine T, , partici-
pants were asked to position their head in the Frankfort plane
and avoid head movement until T, measurement was com-
pleted. A disposable thermometer tip cover was placed on the
sensor; the right auricle was then gently pulled up and back
before the sensor was insertion into the right external auditory
canal for five seconds, without touching the tympanic mem-
brane. All measurement techniques and samples were consis-
tently conducted and collected in a large partitioned research
field tent (four sections, 3 m x 3 m) or sports hall facility.
Body mass was re-measured in those participants who needed
to urinate prior to the stage start.

Immediately post-stage and before any foods or fluids
could be consumed, body mass and T,  were measured, fol-
lowed by whole blood collection. For consistency, the order,
positioning and technique of measurements and sampling
were similar pre- and post-stage for all stages, and were taken
by the same trained researcher throughout. At the end of each
competition day (20:00 to 22:00) on Stages 1 to 4, researchers
explored severe gastrointestinal symptoms (38) and percep-
tive thermal tolerance rating (20) through a rating scale (gas-
trointestinal symptoms: “no symptoms” to “extremely bad
symptoms” and thermal tolerance rating: “cool” to “unbear-
able hot”). Exertional-heat illness symptoms were verified by
a qualified Sports Physician.

Dietary analysis and hydration status

At the end of each competition day on Stages 1 to 4, trained
dietetic researchers conducted a standardised structured inter-
view (dietary recall interview technique) on participants to
ascertain total daily food and fluid ingestion. Energy and
water intake through foods and fluids were analysed on Diet-
plan 6 dietary analysis software (v6.60, Forestfield Software,
Horsham, West Sussex, UK). A comprehensive description of
the dictary assessment and analysis technique used can be
viewed in Costa et al. (12, 13). Pre- and post-stage body mass
values were used to determine exercise-induced body mass
change. Pre- and post-stage plasma osmolality (P,.,) was
determined from 50 pl lithium heparin plasma in duplicate by
freezepointosmometry (Osmomat 030, Gonotec, Berlin, Ger-
many). The coefficient of variation for P, was 3.5%.

Blood sample collection and analysis

Whole blood samples were collected by venepuncture without
venostasis from an antecubital vein using a 21G butterfly
syringe into one lithium heparin (6 ml, 1.5 IU/ml heparin;
Becton Dickinson, Oxford, UK) and one K,.EDTA (6 ml, 1.6
mg/ml of K3EDTA; Becton Dickinson, Oxford, UK) vacutain-
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er tube. Blood samples were immediately centrifuged and
plasma aliquoted into Eppendorf tubes and stored frozen ini-
tially at -20°C during the ultra-marathon competition, prior to
transferring to -80°C storage after completion of the experi-
mental procedure. Whole blood haemoglobin concentration
and haematocrit were used to estimate changes in plasma vol-
ume (P,) relative to pre-Stage 1. Haemoglobin concentration
and hematocrit content of K;EDTA blood samples (100pl)
were determined using an automated cell counter (Coulter
ACT Diff, Beckham Coulter, USA) immediately after sample
collection. All blood parameters were corrected for changes in
Py (14).

Circulatory concentrations of C-reactive protein (CRP)
(eBioscience, Hatfield, UK), IL-6, TNF-a, IL-1p, IFN-y, IL-
10, and IL-1ra (Invitrogen, Carlsbad, US) were determined by
ELISA using K,EDTA plasma as per manufacturer’s instruc-
tions. Gram-negative bacterial endotoxin concentration was
determined by limulus amebocyte lysate (LAL) chromogenic
endpoint assay using K,EDTA plasma (HIT302, Hycult
Biotech, Uden, Netherlands) as per manufacturer’s instruc-
tions. In short, 20 ul of sample was diluted in 380 ul of endo-
toxin-free water, and then incubated at 75°C for 10 minutes.
Once at room temperature, 50 ul of standards, blank, positive
control, and samples were added to plate wells in duplicate.
To enhance assay validity, background plate reading without
LAL reagent was performed at OD 405nm. 50 pl LAL reagent
was then added. Plate was covered and incubated at 22°C for
30 minutes, followed by reading at OD 405nm. Concentration
was calculated by plotting the absorbance against standards in
a linear regression curve and eliminating background error.
The assay was performed using endotoxin-free and depryo-
genated consumables in a sterile laboratory. Each plasma vari-
able was analysed on the same day, with standards and con-
trols on each plate, and each participant assayed on the same
plate. The intra-assay coefficient of variation for plasma vari-
ables analysed was <5.5%. In CON, blood-borne indices were
determined on pre-Stages 1, 3 and 5 only.

Data analysis

Data in text and tables are presented as mean + standard devi-
ation (SD). Due to commonly large individual variation in
immunological responses to exercise (59), data in figures (%
change) are presented as individual participant responses.
Prior to data analysis, outlying values for all variables were
detected through box-plot analysis (SPSS v.20, Illinois, US).
Participants that presented consistent outlying values through-
out the ultra-marathon were removed. The data were exam-
ined using a two-way (stage x time) repeated-measures
ANOVA (Friedman for gastrointestinal symptoms and percep-
tive thermal tolerance rating) (SPSS v.20, Illinois, US); except
for energy, macronutrient, and water intake that was examined
using a one-way ANOVA. Assumptions of homogeneity and
sphericity were checked, and then appropriate adjustments to
the degrees of freedom were made using the Greenhouse—
Geisser correction method. Significant main effects were
analysed using a post hoc Tukey’s HSD test. For comparative
purposes, a two-way ANOVA was also applied to sub-group
analysis [UER vs CON, sexes (total and body mass corrected
values), oral anti-inflammatory agent administration, and run-
ning speed (slow runners (SR, n= 11), who completed the
entire distance of the ultra-marathon using a mixture of walk-
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ing and running (overall mean speed <8 km/h) and fast runners
(FR, n= 8), who completed the majority of the ultra-marathon
distance running (overall mean speed >8 km/h)]. Pearson’s
coefficient correlation analysis was used to assess the associa-
tions between endotoxin with C-reactive protein and cytokine
profile. Spearman’s rank correlation analysis was used to
assess the associations between blood-borne variables with
self-reported gastrointestinal symptoms and perceptive thermal
tolerance rating. The pro- to anti-inflammatory balance was
determined by calculating the IL-1B:IL-10 and TNF-o:IL-10
ratios. The acceptance level of significance was set at P < 0.05.

RESULTS

Energy, macronutrient, and water ingestion

A difference in total daily energy intake was seen between
stages in UER and CON (P < 0.001; Table 2). Total daily pro-
tein and carbohydrate intakes were higher (P < 0.001) in UER
compared with CON at various stages of the ultra-marathon.
Rate of carbohydrate intake during running did not differ
between stages in UER. No difference in total daily water
intake through foods and fluids was seen between stages in
UER and CON (Table 2). Total daily water intake through
foods and fluids was higher in UER on all stages compared
with CON (P < 0.001). Rate of water intake through foods and
fluids during running did not differ between stages in UER.

Body mass, plasma osmolality and volume change

Pre-and post-stage body mass did not significantly alter
throughout competition in UER (pre-Stage 1: 71.7 £9.5 kg to
pre-Stage 5: 71.2 £ 9.2 kg; and post-Stage 1: 69.8 + 8.9 kg to
post-Stage 5: 69.6 = 9.5 kg) and CON (pre-Stage 1: 67.4 +
15.0 kg to pre-Stage 5: 67.0 £ 14.8 kg. Stage 1 (2.5%) result-
ed in a greater exercise-induced body mass loss compared
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with Stages 2 to 5 in UER (2.0%, 1.0%, 2.2%, and 2.2%,
respectively; P < 0.001). Pre-stage(range: 277 to 282
mOsmol/kg) and post-stage (range: 286 to 297 mOsmol/kg)
Pounot did not differ between stages in UER. Pre-stage P,
did not differ from CON throughout the ultra-marathon. Pre-
to post-stage increases in P, (P < 0.001) were observed on
all stages in UER. Relative to pre-Stage 1, resting pre-stage
P, increased significantly (P <0.001) by Stage 2 (7.0 = 1.4%)
and peaked at Stage 5 (22.7 +2.0%) in UER; while no signif-
icant change in P, was observed in CON. UER presented
greater P,, change at pre-Stages 3 and 5 compared with CON
(P<0.001).

Tympanic temperature

Tympanic temperature (T, ) was within normal range pre-
(overall mean: 36.3 + 0.4°C) and post-stage (overall mean
37.0 £ 0.3°C) in UER. Pre-stage T, gradually decreased (P
=0.003) in UER as the ultra-marathon progressed (pre-Stage
1: 36.5°C and pre-Stage 5: 36.0°C). No change in pre-stage
Tiymp (36.7 £ 0.5°C) was observed for CON throughout the
ultra-marathon. Pre- to post-stage increase (0.7°C; P < 0.001)

in T, was also observed in UER throughout the ultra-
marathon. No difference in T, was observed for sub-group
comparisons.

Circulatory gram-negative bacterial endotoxin concentration
Pre-stage circulatory endotoxin concentration gradually
increased (P < 0.001) in UER as the ultra-marathon pro-
gressed (Table 3, Figure 1A), peaking at Stage 5 (21%). No
change in pre-stage circulatory endotoxin concentration was
observed between Stages 1, 3, and 5 for CON. Pre- to post-
stage increase (P = 0.001) in circulatory endotoxin concentra-
tion was also observed in UER throughout the ultra-marathon
(Table 3, Figure 1B). No difference in circulatory endotoxin
concentration was observed for sub-group comparisons.

Table 2: Energy, macronutrient, and water intake (through foods and fluids) of a control group and ultra-endurance runners participating in
a 230 km multi-stage ultra-marathon competition conducted in a hot ambient environment.

Stage 1 Stage 2 Stage 3 Stage 4

UER CON UER CON UER CON UER CON
Total daily intake
Energy (MJ/day) 163+44"  104+14 146£42° 126=+1.17 137407 121%17 152+54% 126+ 19
Protein (g/day) 123 + 42° 54+8 109 + 33" 77 +28 92 +31™ 68 £ 6 106 + 40™ 81+27
Carbohydrate (g/day) 590 + 189* 400 + 58 527 + 190 487 + 37 516 + 145 469 + 47 534+ 184 484 + 45
Fat (g/day) 116 51 75+ 12 106 + 39 85+ 10 93 +45 82+27 120 + 47 84 +23
Water (L/day) 75+1.5% 28+03 6.8+29% 34+02 6.6+ 1.6 33406 6.5+2.8" 37+07
During running
Total carbohydrate (g) 12172} 146 + 60* 137 £ 61* 195 +91
Carbohydrate intake rate (g/h) 27+16 23+ 10 29+13 28+ 14
Total water (L) 37£1.0° 43+19 3.6+15° 4417
Water intake rate (ml/h) 819 +277 693 + 269 797 + 331 721 £256

Mean + SD: ultra-endurance runners (UER, n=19) and control group (CON, n= 12). "P<0.05vs Stage 1
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Table 3: Circulatory endotoxin, C-reactive protein concentrations, and plasma cytokine profile of a control group and ultra-endurance
runners participating in a 230 km multi-stage ultra-marathon competition conducted in a hot ambient environment.
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5
Pre Post Pre Post Pre Post Pre Post Pre Post
Gram-negative endotoxin (EU/ml)
UER 28+0.3 32+08° 30+04 3.1+05 29+04 35+08" 3305 3.6+0.6 3405 3.6+09
CON 30+02 30+04 3105
C-reactive protein (xg/ml)
UER 11+1.7 1.6+24 74+53" 88+54 10057 96+59 92+59' 100+6.7" 8856 11.0+64"
CON 1407 13+08 1308
IL-6 (pg/ml)
UER 82+45 279+234" 208+185 207+148 207+1687 2532437  192x14.17  21.7£1267 182+116™ 2341317
CON 7525 55+7.1 65+5.7
IL-1p (pg/ml)
UER 0.6+0.3 1003 1.1+04" 1104 12+04" 12+04 1.1£03™ 1404 12047 1404
CON 0.7+0.2 12+02° 1305
TNF-a (pg/ml)
UER 31+29 63+50" 6.1 45" 6.6+3.7 69+44™  61+38" 65+42'" 8.1+43" 7.1+387  83+50
CON 1304 1807 23+07
IFN-y (IU/ml)
UER 93+55 129+607 152+6.8 169+57 16767 15252 162+72" 199+837 188100 227+99"
CON 168+55 14320 168 5.1
IL-10 (pg/ml)
UER 0.7+0.6 791017 70108 7.9x9.1 90+102™  80+94 9.0+122"  93x10.1 82+112"  109+150"
CON 0.6+0.1 1403 1407
IL-1ra (pg/ml)
UER 22.9+80 703+28.17 398+124"  610+3987 455+206 539+190°  379+147" 563+304" 471224 632+281"
CON 234+73 364+92 33.1+93

Mean + SD: ultra-endurance runners (UER, n= 19) and control group (CON, n= 12). P <001and TP <0.05vs pre-Stage 1, “P<00land “P<
0.05 vs respective pre-stage, $P=0.058 vs respective pre-stage,* P < 0.01 vs CON.

Plasma C-reactive protein concentration

Pre-stage plasma CRP concentration increased (P < 0.001) by
Stage 2 in UER, and remained elevated thereafter (Table 3,
Figure 2A), peaking at Stage 3 (889%). No change in pre-
stage plasma CRP concentration was observed between
Stages 1, 3, and 5 for CON, and levels were lower than UER
pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage increase (P
= 0.014) in plasma CRP concentration was also observed in
UER throughout the ultra-marathon (Table 3, Figure 2B).Plas-
ma CRP concentration was observed to be higher (P < 0.001)
in males (pre-stage: 8.9 + 3.6 pg/ml, post-stage: 10.1 £ 4.0
pg/ml) compared with females (pre-stage: 4.2 + 2.6 pg/ml,
post-stage: 4.3 = 2.5 pg/ml) throughout the ultra-marathon.
This difference was also observed when corrected for body
mass (P < 0.001). No differences in other sub-group compar-
isons were observed.

Plasma interleukin-6 concentration

Pre-stage plasma IL-6 concentration increased (P = 0.006) by
Stage 2 (152%) in UER and remained elevated thereafter (Table 3,
Figure 3A). No change in pre-stage plasma IL-6 concentration was
observed between Stages 1, 3, and 5 for CON, and levels were
lower than UER pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage
increase (P < 0.001) in plasma IL-6 concentration was also
observed in UER (Table 3, Figure 3B). Post-stage plasma IL-6
concentration was observed to be higher (P = 0.054) in males (26.7
+20.5 pg/ml) compared with females (17.6 + 5.7 pg/ml) through-
out the ultra-marathon. However, when corrected for body mass no
substantial difference was observed. There was also a tendency for
higher (P = 0.094) pre-stage plasma IL-6 concentration in SR (20.4
+ 15.2 pg/ml) compared with FR (13.3 + 5.4 pg/ml) throughout the
ultra-marathon. No difference in plasma IL-6 concentration was
observed for oral anti-inflammatory administration.
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Figure 1. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) circulatory gram-negative endotoxin concentration of ultra-
endurance runners participating in a 230 km multi-stage ultra-
marathon competition conducted in a hot ambient environment. Indi-
vidual ultra-endurance runner responses (®; n=19).
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Figure 2. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma C-reacitve protein concentration of ultra-endurance
runner participating in a 230 km mulit-stage ultra-marathon competi-
tion conducted in a hot ambient environment. Individual ultra-
endurance runner responses (¢; n=19). Additional individual respons-
es outside the figure range for pre- to post-stage changes: Stage 1,
n=1 at 1827%; Stage 2, n=1 at 429% and n=1 at 620%; and Stage 4,
n=1at 1192%
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Figure 3. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-6 concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual-endurance runner
responses (¢; n=19). Additional individual responses outside the figure
range for pre- to post-stage changes; Stage 1, n=1 at 605%, n=1 at
704%, and n=1 at 1205%
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Figure 4. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-1pB concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (¢; n=19).
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Figure 5. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma TNF-a concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (®; n=19).
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Figure 6. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IFN-y concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual-endurance runner
responses (¢; n=19). Additional individual responses outside the figure
range for pre- to post-stage changes: Stage 2, n=1 at 533%; and
Stage 5, n=1at 511%
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Plasma interleukin- 1§ concentration

Pre-stage plasma IL-1p concentration increased (P < 0.001)
by Stage 2 in UER (Table 3, Figure 4A) and remained elevat-
ed thereafter, peaking at Stage 5 (95%). While an unexpected
increase was also observed for CON (P < 0.001), whereby
plasma IL-1B concentration increased by Stage 3 and
remained elevated there after. Pre- to post-stage increase (P <
0.001) in plasma IL-1B concentration was also observed in
UER (Table 3, Figure 4B). Pre- and post-stage plasma IL-
1Bconcentration was observed to be lower (P = 0.014) in
males (pre-stage: 1.0 = 0.2 pg/ml, post-stage: 1.1 + 0.2 pg/ml)
compared with females (pre-stage: 1.2 + 0.4 pg/ml, post-
stage: 1.3 = 0.4 pg/ml) throughout the ultra-marathon. How-
ever, when corrected for body mass no substantial difference
was observed. There was a tendency for higher (P = 0.054)
pre-stage plasma IL-1f concentration in SR (1.1 + 0.2 pg/ml)
compared with FR (0.9 £ 0.5 pg/ml) throughout the ultra-
marathon. No difference in plasma IL-1p concentration was
observed for oral anti-inflammatory administration.

Plasma tumour necrosis factor-o. concentration

Pre-stage plasma TNF-a concentration increased (P < 0.001)
at Stage 2 in UER (Table 3, Figure 5A) and remained elevated
thereafter, peaking at Stage 5 (168%). No change in pre-stage
plasma TNF-a concentration was observed between Stages 1,
3,and 5 for CON, and levels were lower than UER pre-Stages
3 and 5 (P <0.001). Pre- to post-stage increase (P < 0.001) in
plasma TNF-a concentration was also observed in UER
(Table 3, Figure 5B). Pre- and post-stage plasma TNF-a con-
centration was observed to be lower (P <0.001) in males (pre-
stage: 4.8 = 1.8 pg/ml, post-stage: 6.1 + 2.8 pg/ml) compared
with females (pre-stage: 8.4 = 6.1 pg/ml, post-stage: 9.3 £ 6.1
pg/ml) throughout the ultra-marathon. This difference was
also observed when corrected for body mass (pre-stage: P <
0.001, post-stage: P = 0.001). Pre-stage plasma TNF-a con-
centration was observed to be higher (P =0.016) in SR (6.9 +
1.8 pg/ml) compared with FR (4.7 + 6.1 pg/ml) throughout the
ultra-marathon. No difference in plasma TNF-a concentration
was observed for oral anti-inflammatory administration.

Plasma interferon-y concentration

Pre-stage plasma IFN-y concentration increased (P < 0.001) at
Stage 3 in UER(Table 3, Figure 6A), peaking at Stage 5
(102%). No change in pre-stage plasma IFN-y concentration
was observed for CON. Pre- to post-stage increase (P < 0.001)
in plasma IFN-y concentration was also observed in UER
(Table 3, Figure 6B). Pre-stage plasma IFN-y concentration
was observed to be higher (P = 0.016) in SR (16.7 + 6.4
IU/ml) compared with FR (13.2 + 9.2 TU/ml) throughout the
ultra-marathon. No differences in other sub-group compar-
isons were observed.

Plasma interleukin-10 concentration

Pre-stage plasma IL-10 concentration increased (P = 0.011)
by Stage 2 in UER, and remained elevated thereafter (Table 3,
Figure 7A), peaking at Stage 3 (1271%). No change in pre-
stage plasma IL-10 concentration was observed between
Stages 1, 3, and 5 for CON, and levels were lower than UER
pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage increase (P
=0.020) in plasma IL-10 concentration was also observed in
UER (Table 3, Figure 7B). Pre- and post-stage plasma IL-10
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Figure 7. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-10 concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (¢; n=19). Additional individual responses outside the
figure range for pre- to post-stage changes: Stage 1, n=1 at 2305%,
n=1 at 3781%, n=1 at 4761%, and n=1 at 6226%; and Stage 3, n=1
at 1810%.

>

500

400

200

tage Plasma IL-1ra Concentration

o
&
£
H
&
H
&
H
2
=
3
s

100

3
#
z
4]

0o~ - -

o

400

300

Pre- to Post-Stage Changes in Plasma IL-1ra
Concentration (% deviation from pre-stage)

.
200 :
. .
3
.
100 : s .
H 3 i '
o,
T 4-mmme- f------- e --
.
-100
Stage1 Stage2 Stage3 Stage4 Stage$S

Figure 8. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-1ra concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (®; n=19). Additional individual responses outside the
figure range for pre- to post-stage changes: Stage 2, n=1 at 509%;
and Stage 4, n=1 at 696%
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concentration was observed to be lower (P < 0.001) in male
ultra-runners (pre-stage: 4.1 +4.1pg/ml, post-stage: 6.3 +
7.6pg/ml) compared with female ultra-runners (pre-stage:
12.6 = 13.6 pg/ml, post-stage: 14.2 + 14.3 pg/ml) throughout
the ultra-marathon. This difference was also observed when
corrected for body mass (pre-stage: P < 0.001, post-stage: P =
0.001). No differences in other sub-group comparisons were
observed.

Plasma interleukin-1 receptor antagonist concentration
Pre-stage plasma IL-1ra concentration gradually increased (P
< 0.001) in UER as the ultra-marathon progressed (Table 3,
Figure8A), peaking at Stage 5 (106%). No change in pre-stage
plasma IL-1ra concentration was observed between Stages 1,
3, and 5 for CON, and levels were lower than UER pre-Stages
3 and 5 (P <0.001). Pre- to post-stage increase (P < 0.001) in
plasma IL-1ra concentration was also observed in UER
throughout the ultra-marathon (Table 3, Figure 8B). No differ-
ence in plasma IL-1ra concentration was observed for sub-
group comparisons.

Pro-inflammatory to anti-inflammatory cytokine ratio
Pre-stage IL-1B:IL-10 and TNF-a:IL-10 ratios decreased in
UER as the ultra-marathon progressed, but failed to reach sig-
nificance (P > 0.05). Ratios in UER did not differ from CON
pre-Stages 3 and 5. No change in pre- to post-stage IL-1p:1L-
10 and TNF-o:IL-10 ratios were observed in UER. No differ-
ences in sub-group comparisons were observed for ratios.

Gastrointestinal symptoms and thermal tolerance rating
Gastrointestinal symptoms were a common feature amongst
UER sampled for endotoxin and cytokine responses; with
58% reporting at least one severe gastrointestinal symptom
(including 33% of sampled UER reporting nausea) during
competition, while no gastrointestinal symptoms were report-
ed by CON. No differences in the reported rates of severe gas-
trointestinal symptoms were observed between stages in
UER. Perceptive thermal tolerance rating in UER improved as
the ultra-marathon progressed (P = 0.005), with no change in
CON. Additionally, no heat related illnesses were observed in
UER and CON throughout the ultra-marathon.

Correlation analysis

Small but significant positive correlations were observed
between pre-stage circulatory gram-negative bacterial endo-
toxin concentration with pre-stage plasma CRP (r= 0.343, P
=0.001), IL-6 (r= 0.246, P = 0.019), IL-1B (r = 0.305, P =
0.003), TNF-a (r= 0.370, P < 0.001), IFN-y (r= 0.282, P =
0.007), IL-10 (= 0.309, P =0.003), and IL-1ra (r= 0.268, P =
0.011) concentrations; and between post-stage circulatory
endotoxin concentration with post-stage plasma CRP con-
centration (r= 0.213, P = 0.043). No correlations were
observed between circulatory gram-negative bacterial endo-
toxin and plasma cytokine concentrations with severe gas-
trointestinal symptoms (including nausea). A strong relation-
ship between perceptive thermal tolerance rating and severe
gastrointestinal symptoms was observed (r= -0.665, P <
0.001), whereby lower perceptive tolerance rating to heat
was associated with greater reports of severe gastrointestinal
symptoms in UER. However, no correlations were observed
between circulatory gram-negative bacterial endotoxin and
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plasma cytokine concentrations with perceptive thermal tol-
erance rating.

DISCUSSION

The current study aimed to determine circulatory endotoxin
concentration and cytokine profile of ultra-endurance runners
throughout a multi-stage ultra-marathon competition conduct-
ed in hot and dry environmental conditions; and determine the
relationship between these responses with severe gastroin-
testinal symptoms and perceptive thermal tolerance rating.
Findings confirm that consecutive days of exertional-heat
stress resulted in a modest and sustained rise in both resting
and post-stage circulatory gram-negative bacterial endotoxin
concentration. Despite overnight recovery between stages,
results show that pyrogenic pro-inflammatory cytokines (i.e.,
IL-6, IL-1pB, TNF-a, and IFN-y) increased in response to exer-
tional-heat stress and remained elevated at rest throughout
competition. These responses however were counteracted by
compensatory anti-inflammatory cytokine responses that pre-
dominated throughout the ultra-marathon (1, 48). Strength of
the findings is supported by the control group showing no
change in circulatory endotoxin concentration and cytokine
profile (except IL-1p) throughout the ultra-marathon period.

Although the characteristics of the cytokine responses are
similar to that observed during an acute infectious episode and
in accordance with the aetiology of exertional-heat illnesses
(i.e., exertional-heat stroke and SIRS), no diagnosis of heat
related illnesses by a qualified Sports Physician were estab-
lished in UER along the ultra-marathon. Severe gastrointesti-
nal symptoms reported by UER were generally high; but in
contrast to our hypothesis, no relationship between severe
gastrointestinal symptoms with circulatory gram-negative
endotoxin and plasma cytokine concentrations were
observed. Thermal strain (T,,,, and perceptive thermal toler-
ance rating) appeared to improve as the ultra-marathon pro-
gressed, and is in accordance with heat acclimatization (10). A
strong relationship between severe gastrointestinal symptoms
and perceptive thermal tolerance rating was evident, whereas
no relationship between perceptive thermal tolerance rating
with circulatory gram-negative endotoxin and plasma
cytokine concentrations were observed. Even though ultra-
endurance runners presented no heat related medical issues
during the current study, the endotoxin and cytokine respons-
es observed provide a novel and valuable insight into a poten-
tially high risk situation, whereby individuals with predisposi-
tion and multiple risk factors for deranged pro-inflammatory
and compensatory anti-inflammatory responses are likely to
develop consequential clinically significant issues. For exam-
ple, the degree of cytokinaemia observed has been linked to
the aetiology of heat stroke, septic shock, autoimmune dis-
ease, gastrointestinal disease, and chronic fatigue (7, 34, 26,
29, 43).

Plasma CRP concentration, which is normally low and
undetectable in the circulation of healthy populations, is an
acute phase reactant that dramatically rises in the presence of
inflammation (e.g., induced by trauma, bacterial infection,
and (or) inflammatory responses). In the current study, plasma
CRP concentrations of UER peaked by Stage 2 and remained
elevated thereafter; while no change in CON was observed.
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These responses are similar to that observed during a six-days
(total distance: 468 km) endurance mountain bike event (44),
whereby plasma concentrations were significantly elevated at
rest for the duration of the event. However, the level of rise in
plasma CRP concentration was less pronounced in compari-
son to levels (1.9 to 18.4 mg/L) reported in ultra-endurance
athletes after six-days of track based running race totalling
622 km (16), and after the 246 km Spartathlon ultra-marathon
race (0.65 to 97.3 mg/L) (27). Taking into account the respon-
sive nature of CRP to general inflammation, the wide varia-
tions in plasma concentrations observed in the current and
previous ultra-endurance studies likely reflect multi-influen-
tial stimulating factors, such as intestinal originated bacterial
endotoxin leakage into circulation (r= 0.343, P = 0.001) and
soft tissue damage (e.g., exertional rhabdomyolysis) (8). It is
possible that persistent elevations in CRP at rest in UER may
contribute to progressive perceptions of fatigue and subse-
quent impaired performance over the given time course (31,
43). Interestingly, on this occasion, male ultra-runners showed
high plasma CRP concentration throughout competition com-
pared with female ultra-runners, suggesting greater general
inflammatory presence in males. The reason for this observa-
tion is unclear; it is however likely to be attributed to muscle
originated responses (50), since greater plasma IL-6 concen-
trations concomitant with lower IL-1p and TNF-o responses
were observed in male ultra-runners compared with female
ultra-runners. Due to practical limitations in monitoring
parameters after competition (i.e., ultra-endurance athletes
returning to country of origin after cessation of the ultra-
marathon), the current study was not able to determine the
recovery time course of CRP. However, such responses have
been shown to remain elevated above pre-exercise values for
a considerable period of time (i.e., up to nineteen-days after
an [ronman triathlon event)(31), suggesting time course for
full recovery of altered inflammatory status is considerably
delayed.

In comparison with previous endurance and ultra-
endurance studies observing mild (e.g., marathon, 160 km
ultra-marathon, and Ironman distance triathlon: 5 to 15 pg/ml)
(6, 22) and substantial (e.g., 89.4 km ultra-marathon whereby
81% of runners had concentrations >100 pg/ml and an ultra-
distance triathlon reporting 81 to 294 pg/ml) (3, 4) increases
in circulatory endotoxin concentrations, the current ultra-
marathon resulted in modest increases in post-stage circulato-
ry endotoxin concentrations throughout competition (i.e., 30
pg/ml average increase from pre- to post-stage, with the high-
est individual increase observed at 92pg/ml). A novel finding
was the gradual increases in resting levels as the ultra-
marathon progressed (i.e., 60pg/ml average increase from
Stage 1 to 5, with 32% of UER showing concentrations >100
pg/ml and the highest individual increase observed at 130
pg/ml), possibly attributed to a delayed and sustained intestin-
al leakage upon exercise cessations, which is accompanied by
splanchnic reperfusion (57). The cumulative affect observed
as the ultra-marathon progressed suggests a reduced tolerance
for exertional-heat stress induced endotoxin leakage, subse-
quent to anti-endotoxin antibodies not restoring to their opti-
mal level on consecutive occasions (25). For example,
depressed anti-endotoxin antibodies have been reported after
a marathon race, which remained below pre-exercise values
for 24 hours (6). More over, al00-fold range difference in
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endotoxin neutralizing capacity in plasma has been observed
between individuals (61), likely associated with training adap-
tations (3). Indeed, higher circulating concentrations of endo-
toxin and anti-endotoxin antibodies have been observed in
untrained compared with trained individuals (22, 47).

The proposed gained adaptation to endotoxin tolerance in
trained individuals is likely attributed to repetitive endotoxin
challenge resulting from exercise-stress inducing endotoxin
intestinal leakage and subsequent “self-immunisation” (3, 4).
Therefore during the current ultra-marathon, it is possible that
the experience level of ultra-runners and frequent endotoxin
exposure induced as part of their competition preparation may
have resulted in training adaptations favouring an attenuated
circulatory endotoxin peak along competition (i.e., ultra-run-
ners developing adaptations that enhance resistance and
resilience to enteric pathogenic endotoxin exposure); such
plausibility, however, warrants investigation. Favourable
adaptations would reduce the risk of developing clinically sig-
nificant issues associated with endotoxaemia and subsequent
cytokinaemia during consecutive days of exertional-heat
stress with or without additional stressors. Conversely, inade-
quate training and not being physically prepared for such an
extreme event would potentially increase the risk. Even
though no differences in endotoxin was seen between running
speeds, pre-stage plasma IL-6, IL-1B, TNF-a, and IFN-y con-
centrations were higher in SR throughout the ultra-marathon
compared with FR; potentially suggesting greater intestinally
originated endotoxin exposure above clearance capacity in
less trained ultra-runners. This explanation however also war-
rants further investigation (e.g., role of intestinal originated
endotoxin in training adaptions- immune competence), and
may provide valuable findings into the role of endotoxin leak-
age in physiological adaptations to exercise stress, especially
in environmental extremes. Moreover, it has also been sug-
gested that plasma endotoxin concentrations may reach equi-
librium during endurance exercise, whereby endotoxin influx
from the gastrointestinal tract into circulation matches endo-
toxin clearance by anti-endotoxin antibodies (5, 47); which
may in part explain why only modest fluctuations in circulato-
ry endotoxin concentrations were observed.

The current study observed increases in resting pre-stage
and pre- to post-stage plasma IL-6, IL-1B3, TNF-a, and IFN-y
concentrations that remained elevated throughout competi-
tion; while no change in CON was observed (except for IL-
1B). The cytokine profile of the current study mirrors that of
an acute infectious episode, and is similar to pro-inflammato-
ry cytokine responses seen after endotoxin (e.g., lipopolysac-
charide) infusion in both animal (17) and human (55) models.
These results are in accordance with previous endurance
based (e.g., marathon) experimental designs observing mod-
est increases in plasma IL-6, IL-1f, and TNFa concentrations
(35, 51); which were also accompanied by compensatory anti-
inflammatory responses (i.e., increase in plasma IL-10 and
IL-1ra concentrations). The current ultra-marathon also result-
ed in substantial increases in resting pre-stage and pre- to
post-stage anti-inflammatory cytokines that remained elevat-
ed throughout competition to a similar degree as compensa-
tory anti-inflammatory syndrome (1, 48). It is possible the
anti-inflammatory properties of IL-10, with adjunct IL-1ra,
may have restricted the magnitude of pro-inflammatory
cytokine production along competition. Interestingly, no dif-
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ferences in pro- and anti-inflammatory cytokine responses
were observed between UER that ingested and did not ingest
oral anti-inflammatory agents. This observation may suggest
that exposure to exertional-heat stress induce by the event far
outweighs any impact of inconsistent use of low dose anti-
inflammatory medication on cytokine responses, and ques-
tions the efficacy of such inconsistent administration of anti-
inflammatory pharmaceutical agents within medical manage-
ment of ultra-runners during extreme events.

In well trained individuals, where exertional-heat stress is
better tolerated (10), anti-inflammatory responses predomi-
nated, off-setting potential clinically significant episodes
associated with cytokinaemia. It is however concerning that
inadequately trained individuals may not present such compe-
tent anti-inflammatory responses, and may be a prime risk
population for developing heat illness from immune aetiology
(i.e., exertional-heat stroke, SIRS) (25, 32, 39). Indeed, SR
presented a higher resting pro-inflammatory cytokine profiles
compared with FR. It also needs to be taken into consideration
that SR were on the course routes for a greater amount of time
than FR; and thus SR may have been exposure to greater vol-
umes of exertional-heat stress and a time-dependant effect on
cytokine production during recovery may produce delayed
anti-inflammatory responses in SR. Moreover, an age differ-
ence existed between UER and CON, but only in the female
participants. It is well established that immune responses
decline with age. Depressed responses are commonly
observed in the elderly population, with and without medical
issues, compared with the healthy adult population (59). It is,
however, unlikely that the healthy recreational middle-aged
ultra-endurance female population of the current study would
present altered immune responses due to their age.

The recovery time course of cytokine responses after the
ultra-marathon was not determined on this occasion due to
practical limitations; however previous ultra-endurance stud-
ies (e.g., long-distance triathlon and ultra-marathon running)
have observed variations in cytokine responses during the
recovery period. For example, IL-6 and TNF-a returned to
baseline by 24 hours after a 50 km ultra-marathon (28); whilst
IL-6 returned to baseline values 16 hours, with no significant
changes observed in TNF-a, after a long-distance triathlon
(22). Furthermore, on cessation of two endurance events of
similar duration (long-distance triathlon and 100 km run), IL-
6, IL-10, and IL-1ra peaked after competition, returning to
baseline values seven days after the events(18). Whereas after
a long distance triathlon, IL-6 remained elevated on day one
(345%) and day five (79%); while IL-10 was elevated on day
one (37%), declining by 4% below pre-competition concen-
trations on day five (31).These observations suggest the time
course for full recovery of altered cytokine profile in response
to extreme events are considerably delayed, and may play a
role in the aetiology of undefined underperformance and
chronic fatigue syndromes (29, 43). The potential role of
extreme event induced immune perturbations initiating
autoimmune disease in individual with predisposition war-
rants attention, since chronic elevations in cytokine responses
are reported in many autoimmune condition (e.g., systemic
lupus  erythematosus, fibromyalgia, @ myalgicen-
cephalomyelitis, idiopathic inflammatory myopathies, arthrit-
ic conditions, and inflammatory bowel diseases) (7, 29, 52,
63).
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Despite amplified cytokine responses similar to that of an
acute infectious episode and in accordance with the actiology
of heat-related illnesses, none of the current n= 19 UER were
diagnosed with heat related illnesses. Previously, only n= 1
ultra-endurance runner competing in the five-days 2010 Al
Andalus Ultra-Trail race suffered heat-related problems (46),
reported to be due to ultra-runners experience (e.g., training
status), the hot environmental conditions, and the nature of the
race course (e.g., limited shade availability). Perceptive ther-
mal comfort rating improved as the competition progressed in
the sampled population, and likely reflected heat acclimatiza-
tion as evidenced by Py increases and reductions in T, as
the ultra-marathon progresses, with no changes in CON being
observed (10, 13). Interestingly, the two ultra-runners that
originating from countries with hot ambient conditions at the
time of competition showed similar circulatory endotoxin and
cytokine responses to the main cohort, with substantial
increases in Py indicative of heat acclimatization still being
observed in these ultra-runners (pre-stage 1 to pre-stage 5:
ultra-runner 1 = 30.4% and ultra-runner 2 = 24.9%); suggest-
ing exertional stress is an essential key feature of heat adap-
tions (10). In view of the unique and challenging characteris-
tics of ultra-marathon competitions (i.e., prolonged physical
exertion, sleep deprivation, environmental extremes, acute
periods of under-nutrition and hypohydration) and associated
factors (i.e., training status, inadequate rest, tolerated injury
and trauma) having the potential to disturb intestinal integrity
and promote cytokine-mediated inflammatory responses, the
maintenance of hydration status in the majority of runners,
thermoregulatory-induced adaptations, and cooling behav-
iours throughout competition may have contributed to
improved heat tolerance despite prolonged exposure to exer-
tional-heat stress (2, 10, 13, 54).

The systemic endotoxin and cytokine responses seen in the
current study have previously been associated with sympto-
matic manifestations of gastrointestinal symptoms, commonly
associated with prolonged exposure to exertional-heat stress
(22, 23, 36, 38, 40, 56). For example, gastrointestinal symp-
toms, such as nausea and vomiting, have been observed in
endurance athletes presenting endotoxaemia after an Ironman
triathlon event (22). In contrast to previous studies, no associ-
ations between gastrointestinal symptoms with circulatory
endotoxin and plasma cytokine concentrations were observed
on this occasion. However, a strong relationship (r= -0.665)
between severe gastrointestinal symptoms and perceptive
thermal tolerance rating was confirmed (P < 0.001). These
results suggest that severe gastrointestinal symptoms likely
originate from heat stress during exercise, potentially through
splanchnic hypoperfusion and hypoxia (i.e., exercising in the
heat creating greater redistribution of blood flow away from
the splanchnic area) (53, 57, 58). Such physiological changes
in splanchnic blood flow, which have symptomatic outcomes,
likely lead to disturbances in intestinal mucosal and epithelial
integrity that enhances local enteric endotoxin leakage and
subsequent cytokinaemia; and not necessarily that endotox-
aemia and cytokinaemia induced gastrointestinal symptoms.

To date, it is still unknown how the degree of exertional
stress, with or without environmental extremes and between
different exercise modes, impacts overall gastrointestinal
integrity. Additionally, does the nutritional and hydration sta-
tus before exertional stress, and the changes that occurs to sta-
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tus during physical exertion, influence the degree of gastroin-
testinal disturbance? Conducting a set of controlled laboratory
experiments assessing varying ambient temperatures, exercise
intensities, durations and modes whilst assessing gastroin-
testinal integrity measures (57) would contribute substantially
to the current knowledge base and provide a foundation to
investigate potential strategies to overcome gastrointestinal
complications associated with exertional-heat stress. For
example, dietary strategies during physical exertion, develop-
ment of gut training protocols, functional foods, heat acclima-
tion protocols, external pre-cooling (e.g., cold water bath or
cooling vest) and (or) during physical exertion internal cool-
ing (e.g., cold beverages) are proposed strategies that may
attenuate exertional-heat stress induced gastrointestinal per-
turbations. Indeed, due to gut plasticity, there is potential for
the gastrointestinal tract to adapt to a challenge load (‘training
the gut’) (21). Whereas, previous investigations have demon-
strated favourable effect of prebiotic oligosaccharides (e.g.,
inulin and oligofructose) and probiotic bacteria (e.g., Lactob-
acillus casei and Bifidobacterium) on markers of gastrointesti-
nal integrity; albeit within inflammatory diseases of the gut
(45). Knowledge into the impact of such biotics on gut
integrity during exertional-heat stress is, however, scarce.
Anecdotal evidence during the current study highlighted that
ultra-runners who consistently consumed commercial probiot-
ic product in the week leading up to the ultra-marathon pre-
sented no incidence of gastrointestinal symptoms; suggesting
further controlled investigation is needed to confirm any ben-
eficial effects of biotics on gastrointestinal integrity in
response to exertional-heat stress.

CONCLUSION

In conclusion, multi-stage ultra-marathon competition in the
heat resulted in a modest circulatory endotoxaemia accompa-
nied by a pronounced pro-inflammatory cytokinaemia and
compensatory anti-inflammatory responses. No incidences of
exertional-heat illnesses were evident throughout competi-
tion. Even though severe gastrointestinal symptoms were
reported, no relationships with blood borne indices were iden-
tified. The expected exacerbated cytokine responses were pos-
sibly attenuated by the maintenance of hydration status in the
majority of runners, and as well thermoregulatory-induced
adaptations and behaviours adopted by participants. The find-
ings from the current study suggest that appropriate informed
training (e.g., physically trained to complete the required dis-
tance in environmental extremes) and competition preparation
(e.g., effective and evidence-based heat acclimation protocols,
hydration maintenance and (or) cooling strategies) may help
prevent significant exertional-heat related sub-clinical and
clinical manifestations from occurring in high risk ultra-
endurance runners competing in extreme events.
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