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ABSTRACT
This study evaluated the effects of a simulated football match on gastrointestinal (GI) symptoms, damage and indirect markers 
of gut barrier integrity, and investigated whether GI responses are modulated by menstrual cycle (MC) phase. Twelve eume
norrheic females completed two 45‐min bouts of an intermittent treadmill protocol, replicating the activity profile of a football 
match, during Phase 1 (P1, days 1–5) and Phase 4 (P4, 6–8 days following a positive ovulation test) of their MC. Global GI 
discomfort was recorded every 15 min during exercise, and specific GI symptoms were assessed at rest, half‐time (HT), full‐time 
(FT) and 60 min post‐exercise (POST‐60). Blood samples were collected at rest, FT and POST‐60 to assess intestinal fatty‐acid 
binding protein (I‐FABP), lipopolysaccharide binding protein (LBP), soluble cluster of differentiation 14 (sCD14) and claudin‐3 
(CLDN‐3). I‐FABP increased by 51% from rest to FT (p = 0.007), but there was no effect of exercise on LBP, CLDN‐3 or sCD14. 
Global GI discomfort was 65% greater in P1, than P4 (p = 0.006) and total GI symptom score was greater in P1 than P4 at rest 
(p = 0.011) and FT (p = 0.021). CLDN‐3 concentrations were greater in P1 than P4 at rest (p = 0.02) and POST‐60 (p = 0.03). 
There were no differences between MC phase for I‐FABP, LBP or sCD14. Participants experienced increased GI discomfort 
during P1 compared to P4 of the MC, at rest and during exercise. However, exercise‐induced GI symptoms and damage occurred 
at a similar rate in both MC phases.

1 | Introduction

Exercise‐induced gastrointestinal (GI) symptoms, such as 
nausea, abdominal cramps, diarrhoea and vomiting, have been 
reported to affect 30%–90% of athletes and can have a detri
mental effect on exercise performance (de Oliveira and Bur
ini 2009). Recent evidence from applied and survey‐based 
studies suggests that the prevalence and severity of GI symp
toms may be greater in female compared with male team sport 
athletes (Wilson et al. 2023; Chantler et al. 2024). Female team 
sport athletes reported higher GI symptom scores at rest, during 
training and in competition than males, and 37.5% of females 
reported that their performance had been negatively impacted 
by GI symptoms, compared to 13.9% of males (Wilson 
et al. 2023). Female rugby players have also reported greater 

frequency and severity of GI symptoms than their male coun
terparts at rest and around training and competition (Chantler 
et al. 2024).

Although the cause(s) of exercise‐induced GI symptoms is un
known, several mechanisms have been proposed: splanchnic 
hypoperfusion and subsequent intestinal ischaemia causing GI 
damage and increased permeability (van Wijck et al. 2011); 
sympathetic activation and impaired GI function (Leiper 2015; 
Costa et al. 2017); intestinal injury caused by gastric jostling 
during running exercise (de Oliveira et al. 2014) and reduced 
epithelial barrier integrity (K. A. Smith et al. 2021). Damage to 
the intestinal barrier during exercise can result in increased 
leakage of pathogenic gram‐negative bacteria containing lipo
polysaccharides into the circulation, triggering an immune 
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response and the subsequent production of pro‐ and anti‐ 
inflammatory cytokines, which may contribute to GI symp
toms (Lambert 2009). In addition, exercise‐induced activation of 
the sympathetic nervous system and associated neuroendocrine 
responses may reduce GI motility, transit, and overall functional 
capacity, contributing to the development of GI symptoms 
(Leiper 2015; Costa et al. 2017).

Because of difficulties in directly assessing GI barrier integrity 
and microbial translocation, surrogate blood biomarkers are 
often used (Ogden et al. 2020). Intestinal fatty‐acid binding 
protein (I‐FABP) is expressed in the intestinal epithelial cells 
and is released extracellularly following enterocyte injury 
(Pelsers et al. 2003). Consequently, I‐FABP is commonly used as 
a sensitive marker of acute GI damage and has been shown to 
increase in response to a range of exercise modes and intensities 
(Chantler et al. 2021). High circulating levels of lipopolysac
charide binding protein (LBP) and soluble cluster of differenti
ation 14 (sCD14) are often used as indirect surrogate markers of 
gut barrier integrity because they respond to lipopolysaccha
rides (Wright et al. 1990) however they remain non‐specific and 
indirect indicators because they can also increase for other 
reasons unrelated to GI integrity or LPS translocation. Claudin‐3 
(CLDN‐3) is a tight junction protein mainly found in the colon 
and duodenum. The presence of CLDN‐3 in the circulation in
dicates the dislodging of the tight junction proteins and has, 
therefore, also been proposed as an indirect intestinal perme
ability marker (Yeh et al. 2013). Whereas there is some uncer
tainty about the relevance of these markers to GI symptoms, 
studies have shown a positive correlation between exercise‐ 
induced GI symptoms, and increases in I‐FABP, LBP, CLDN‐3 
(McKenna, Fennel, et al. 2022) and sCD14 (Pugh et al. 2019). 
There has been a predominance for exercise and GI research to 
focus on the endurance athlete; however, high intensity inter
mittent running has also been shown to increase GI damage and 
permeability (McKenna, Houck, et al. 2022). Research into the 

effect of team sport exercise, which is characterised by high 
intensity bursts of activity, on GI symptoms, damage and 
permeability is lacking, particularly in female athletes.

The high prevalence of GI symptoms in female athletes might be 
influenced by the menstrual cycle (MC). The MC can be cat
egorised into four distinct phases, based on ovarian hormone 
profiles: Phase 1 (P1), lowest concentrations of oestrogen and 
progesterone; Phase 2, highest oestrogen and low progesterone 
concentrations; Phase 3, medium oestrogen and low progester
one concentrations and Phase 4 (P4), high oestrogen and 
highest progesterone concentrations (Elliott‐Sale et al. 2021). At 
rest, females experience a higher incidence and severity of GI 
symptoms during P1 of their MC compared to all other MC 
phases (Pugh et al. 2022), with symptoms such as bloating, 
diarrhoea, and nausea commonly reported (Bruinvels 
et al. 2021; McNulty et al. 2023). Symptoms of diarrhoea and 
abdominal pain, in addition to other MC symptoms, may 
contribute to perceived reductions in exercise performance and 
an increased likelihood of missing or adapting training or 
competition (Armour et al. 2020; Bruinvels et al. 2021; Parker 
et al. 2022). In contrast to other elite female sports where 
47%–50% of players report hormonal contraceptive use (Martin 
et al. 2018; Larsen et al. 2020), Parker et al. (2022) found that 
72% of Women's Super League football players do not use hor
monal contraceptives. Therefore, research into the effect of the 
MC and associated symptomology in non‐hormonal contracep
tive users is particularly important in female football players.

Dual sugar carbohydrate ratio tests, such as the lactulose/ 
rhamnose (L/R) and lactulose/mannitol (L/M) tests, are 
commonly used to assess GI barrier permeability (Camilleri 
et al. 2010). There is limited evidence investigating the effect of 
MC phase on GI permeability in humans. Flood et al. (2022) 
demonstrated that, at rest, there were no differences in L/R 
urinary excretion ratio between phases 1, 2 and 4. Similarly 
other studies demonstrate no difference in GI permeability, as 
assessed by L/R and L/M ratio, between MC phases at rest 
(Torella et al. 2007; Lambert 2009). These studies were all 
completed at rest in healthy women, where baseline levels of GI 
damage and permeability are likely low. It is well established 
that exercise stress can lead to increased GI permeability, 
particularly during higher duration or intensity exercise (de 
Oliveira and Burini 2009). However, whether exercise has 
different effects on gut barrier integrity and damage during 
different phases of the MC is unknown. Therefore, the aim of 
this study was to assess the effects of a simulated football match 
on GI symptoms, damage and indirect markers of gut barrier 
integrity, and determine whether GI responses are modulated 
by MC phase.

2 | Materials & Methods

2.1 | Participants

Twelve healthy females (age = 26.8 ± 4.4 years; height = 
166.4 ± 7.2 cm; body mass = 65.9 ± 10.2 kg; V̇O2max = 47.8 ±
6.7 mL/kg/min) took part in this study. Eighteen participants 

Highlights

• Football‐specific intermittent treadmill running induced 
significant gastrointestinal damage from rest to full‐time 
in both Phase 1 and Phase 4 of the menstrual cycle, 
indicating substantial exercise‐induced enterocyte 
injury, irrespective of menstrual cycle phase.

• Gastrointestinal symptoms were elevated in Phase 1, 
compared to Phase 4, of the menstrual cycle at rest, 
during and following a simulated football match, with 
significantly higher global gastrointestinal discomfort 
and total gastrointestinal symptom scores reported.

• The increased gastrointestinal symptom burden in 
Phase 1 was not associated with changes in gut barrier 
integrity. The mechanisms driving menstrual cycle 
phase‐related gastrointestinal symptoms therefore 
require further investigation.

• These findings highlight the importance of routine 
gastrointestinal symptom screening for female athletes, 
to enable early identification and targeted management 
of any menstrual cycle phase‐related changes in 
gastrointestinal symptoms, particularly around exercise.
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initially volunteered to participate; however, six participants were 
withdrawn due to MC irregularity and/or injury. Inclusion 
criteria required participants to be eumenorrheic (Elliott‐Sale 
et al. 2021) with menses occurring at regular intervals of 
21–35 days. The average cycle length was 29 ± 2 days, and a 
positive ovulation test (One‐step, Hangzhou Alltest Biotech Co. 
Ltd., China) was recorded on day 14 ± 1. Participant blood sam
ples were analysed to retrospectively confirm correct hormone 
profiles. Participants had not used hormonal contraceptives in the 
6 months prior to the study and reported being free from other 
MC‐related irregularities or conditions. All participants were 
classified as trained (83%) or highly trained (17%) (McKay 
et al. 2022) and were recruited from football (n = 5), rugby union 
(n = 5) and hockey (n = 2). Participants were informed of the risks 
associated with the study and provided written, informed, con
sent prior to study involvement. All procedures were performed 
in accordance with the Declaration of Helsinki, except for regis
tration in a database, and were approved by the Nottingham Trent 
University Human Invasive Ethics Committee (REF: 702).

2.2 | Study Design

Participants attended the laboratory on four occasions. During 
the first laboratory visit, participants completed exercise tests on 
a motorised treadmill (HP Cosmos, Germany) set at a 1% 
gradient. Participants completed a speed lactate test, consisting 
of 3‐min stages, starting at 8 km/h and increasing by 1 km/h at 
the beginning of each stage. At baseline, and immediately 
following each stage, a fingertip capillary blood sample was 
collected into a haematocrit capillary tube for the determination 
of blood lactate concentration (Biosen C‐line, EKF diagnostics, 
UK). The test continued until the maximal lactate steady state 
(MLSS) velocity was achieved, which was defined as the fastest 
speed with less than a 1 mmol/L increase in blood lactate 
concentration above the preceding value (Åstrand et al. 2003). 
Following 10 min of static rest, the maximal oxygen uptake 
(V̇O2max) of each participant was then determined via an in
cremental test, starting at their MLSS velocity and increasing by 
1 km/h every minute until task failure. Expired gas was 
measured breath‐by‐breath using a metabolic cart (Vyntus CPX, 
Vyaire Medical Inc, UK) and values were averaged over 10 s. 
V̇O2max was taken as the highest V̇O2 over the 10‐s averages. 
The following endpoint criteria were used to determine whether 
V̇O2max was achieved: plateau in V̇O2 profile; heart rate within 

10 beats/min of age predicted maximum and respiratory ex
change ratio > 1.1.

During the second laboratory visit, participants completed a 
familiarisation trial, which involved the same protocol as in the 
experimental trials (Figure 1), up until the half‐time (HT) 
period. The two experimental trials occurred during P1 (indi
cated by the onset of bleeding until day 5) and P4 (6–8 days 
following a positive ovulation test) of the participants' MC, as 
defined by Elliott‐Sale et al. (2021). A crossover order‐balanced 
study design was used. Six participants completed both experi
mental trials during the same MC (P1 trial followed by P4 trial) 
and six participants completed the experimental trials in two 
consecutive MCs (P4 trial followed by P1 trial).

2.3 | Experimental Trials

Participants arrived at the laboratory at the same time of day for 
each trial. Participants were instructed to arrive at least 2 hours 
post‐prandial, to have avoided strenuous exercise and alcohol 
during the previous 24 h, and caffeine in the previous 12 h. 
Participants completed a food diary in the 24 h prior to their first 
experimental trial, which was then replicated prior to their next 
experimental trial. During the first experimental trial, partici
pants consumed water ad libitum, with intake ranging from 
230–850 mL, which was then matched during their next 
experimental trial.

Both experimental trials were performed in an environmental 
chamber (TISS series 201003–1, TIS services, UK) set at 13°C 
and 60% Rh, based on the average UK temperature across the 
2021/22 football season (Met Office, Hadley Centre, UK), with a 
fan used to simulate outdoor airflow. Each experimental trial 
consisted of two 45‐min bouts of football‐specific intermittent 
treadmill running (Figure 1), separated by a 15‐min rest period 
to simulate HT, where participants were seated outside of the 
environmental chamber. Venous blood samples were collected 
at rest, full‐time (FT) and 60 min post‐exercise (POST‐60) and 
capillary blood samples were collected at rest, HT and FT. 
Participants completed a specific GI symptom questionnaire 
(Gaskell et al. 2019) at rest, HT, FT and POST‐60. Heart rate 
(Polar H10, Finland) and rating of perceived exertion (RPE) 
(Borg 1982) were recorded every 5 min throughout exercise. 
Global GI discomfort (Nieman et al. 2006) and subjective rating 

FIGURE 1 | Experimental trial protocol. FT, full‐time; GI, gastrointestinal; HT, half‐time; POST‐60, 60 min post‐exercise.
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of fatigue (Micklewright et al. 2017) were recorded every 
15 min.

2.4 | Football‐Specific Intermittent Treadmill 
Protocol

A football‐specific intermittent treadmill protocol was used to 
replicate the physical demands of a football match. The 
protocol comprised of seven different treadmill speeds 
(Table 1), which were interspersed throughout the 45‐min 
protocol to simulate the activity pattern of a football match 
and were completed at a 1% gradient to simulate outdoor 
running. The protocol was adapted from Greig et al. (2006) to 
include individualised treadmill speeds, which were deter
mined by participants' velocity at V̇O2max and MLSS. The 
average distance covered by participants during the two 45‐ 
min bouts of the football‐specific intermittent treadmill pro
tocol was 10461 ± 716 m.

2.5 | Assessment of GI Symptoms

2.5.1 | Global GI Discomfort

Global GI discomfort was assessed every 15 min throughout 
exercise on a 10‐point scale (Nieman et al. 2006) ranging from 
0 (no discomfort) to 9 (worst it has ever been). Participants were 
asked to consider any feelings of GI discomfort such as nausea 
and flatulence.

2.5.2 | Specific GI Symptom Questionnaire

Participants rated the severity of specific GI symptoms on a 10‐ 
point scale, with 0 indicating an absence of symptoms, 1–4 
indicating mild symptoms, 5–8 indicating severe symptoms, 
and 9–10 indicating extremely severe symptoms (Gaskell 
et al. 2019). The presence of either regurgitation, projectile 
vomiting or defaecation were rated as either 0 (not present) or 
10 (extremely severe). All symptom scores were summed to 
generate a total GI symptom score at each time‐point, and 

symptoms associated with the upper and lower GI tract were 
separated to determine regional symptom scores. The maximum 
possible score was 180 for total GI symptoms, 70 for upper GI 
tract symptoms and 80 for lower GI tract symptoms.

2.6 | Blood Sampling and Analysis

Capillary blood samples were collected via fingerprick method 
for the determination of blood lactate concentration (Biosen c‐ 
line, EKF Diagnostics, Germany). Venous blood samples were 
collected via the antecubital vein using a 23‐gauge butterfly 
needle and lithium heparin and K2EDTA containing vacu
tainers. Once drawn, samples were placed on ice, prior to 
centrifugation (10,000–15,000g, 10–15 min, 4°C), as per manu
facturer's instructions. Plasma samples were subsequently 
frozen at −80°C until analysis via enzyme‐linked immunosor
bent assay (ELISA). GI damage was assessed by measuring I‐ 
FABP (Hycult Biotechnology, Uden, the Netherlands); and in
direct markers of gut barrier integrity were assessed by 
measuring LBP (Hycult Biotechnology, Uden, the Netherlands), 
sCD14 (R&D systems, Minneapolis, USA) and CLDN‐3 (Elabs
cience, Houston, USA). A resting venous blood sample was 
collected to confirm MC phases, through analysis of 17‐β oes
tradiol and progesterone (Cayman Chemical, Michigan, USA). 
P1 was confirmed by low levels of 17‐β oestradiol and proges
terone, and P4 was confirmed by a greater 17‐β oestradiol 
concentration than in P1, and a progesterone concentration 
> 6.4 ng/mL (Elliott‐Sale et al. 2021). Centrifugation and ELISA 
kit procedures were performed according to the manufacturer's 
instructions. The intraassay coefficient of variations were 6.7% 
for I‐FABP; 8.3% for LBP; 6.4% for sCD14; 7% for CLDN‐3; 8.5% 
for 17‐β oestradiol and 4.8% for progesterone.

2.7 | Statistical Analysis

Statistical analyses were performed using the statistical package 
for social sciences (IBM SPSS version 29, IBM Corp, New York, 
USA). Normality of distribution of dependent variables was 
assessed using the Shapiro–Wilk test. The level of significance 
was set at α = 0.05.

As data relating to subjective ratings of GI symptoms were not 
normally distributed a non‐parametric approach was utilised. 
Data analysed using non‐parametric tests are presented as me
dian (interquartile range, IQR), unless otherwise stated. Effect 
sizes were calculated as the Z statistic divided by the square root 
of N, where ≥ 0.1 indicated a small effect, ≥ 0.3 a moderate 
effect and ≥ 0.5 a large effect (Cohen 1988). The area under the 
curve (AUC) of global GI discomfort during exercise was 
determined using the trapezoidal rule. Wilcoxon signed‐rank 
tests were conducted to compare the AUC of global GI symp
toms between MC phases as well as to evaluate the absolute 
change in global GI discomfort from baseline to FT. Total, lower 
and upper GI tract symptom scores were analysed using 
Friedman's test to assess main effects of time and Wilcoxon 
signed‐rank tests to assess main effects of MC phase and for post 
hoc analysis.

TABLE 1 | Overview of the activities, speeds and durations of the 
45‐min football‐specific intermittent treadmill protocol.

Activity Speed (km/h)
Number of 
activities

Mean 
duration (s)

Standing 0 60 7.8

Walking 4 155 6.7

Jogging Velocity before 
MLSS

125 3.5

Low speed 85% vV̇O2max 138 3.5

Moderate 
speed

100% vV̇O2max 60 2.5

High speed 125% vV̇O2max 27 4.0

Sprint 145% vV̇O2max 9 2.0

Abbreviations: MLSS, maximal lactate steady state; vV̇O2max, velocity at V̇O2max.
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Data evaluated using parametric tests are presented as 
mean ± standard deviation, unless otherwise stated. Effect sizes 
were determined using Cohen's d (1988), where 0.20–0.49 
indicated a small effect, 0.50–0.79 a moderate effect, and ≥ 0.80 
a large effect. Between MC phase comparisons for 17‐β oestra
diol and progesterone concentration were conducted using 
paired sample T‐tests. I‐FABP, CLDN‐3, LBP and sCD14 con
centrations were analysed using a two‐way (MC phase x time) 
repeated measures analysis of variance (ANOVA). All signifi
cant main effects and interactions were assessed further with 
pairwise comparisons using Bonferroni corrections. Between 
MC phase comparisons for mean heart rate, RPE, rating of fa
tigue and blood lactate concentration were also conducted using 
paired sample T‐tests.

3 | Results

3.1 | Global GI Discomfort

Global GI discomfort increased from 0 to 105 min by 2.5 in P1 
(p = 0.003, r = 0.60) and by 2.0 in P4 (p = 0.008, r = 0.55). The 
AUC of global GI discomfort experienced during the football‐ 
specific intermittent treadmill protocol (Figure 2) was greater 
in P1 (22.8 [9.5–24.6]), than in P4 (13.8 [2.9–21.5]) (p = 0.006) 
and a large effect size was observed (r = 0.50). The change in 
global GI discomfort from baseline was not different between 
MC phases (p = 0.857).

3.2 | Specific GI Symptoms

3.2.1 | Total GI Symptom Score

There was a main effect of time (χ2(3) = 18.342, p < 0.001) on 
total GI symptom score (Figure 3A). There was no change in 
total GI symptom score from rest to HT (p = 0.637). Total GI 
symptom score was higher at FT, compared to rest (p = 0.039) 
and was lower at POST‐60 than rest (p = 0.038). There was also 
a main effect of MC phase (Z = −4.401, p < 0.001), with total GI 

symptom score greater in P1, compared to P4, at rest (p = 0.011, 
r = 0.52) and FT (p = 0.021, r = 0.47).

3.2.2 | Lower GI Tract Symptom Score

For lower GI tract symptom score (Figure 3B), there was a main 
effect of time (χ2(3) = 12.995, p = 0.005). However, lower GI 
tract symptom score was unchanged from rest at HT (p = 0.367), 
FT (p = 0.265), and POST‐60 (p = 0.208). There was also a main 
effect of MC phase (Z = −3.030, p < 0.002) and lower GI tract 
symptom score at rest was higher in P1 compared to P4 
(p = 0.016, r = 0.49).

FIGURE 2 | Rating of global GI discomfort during 2 × 45‐min bouts 
of a football‐specific intermittent treadmill protocol separated by a 15‐ 
min rest period (N = 12). A Wilcoxon signed‐rank test revealed 
differences in global GI discomfort between menstrual phases 
(p = 0.006). GI, gastrointestinal; HT, half‐time; P1, phase 1; P4, phase 4.

FIGURE 3 | Rating of (A) total, (B) lower, and (C) upper GI tract 
symptom score in response to a football‐specific intermittent treadmill 
protocol (N = 12). Data is presented as median (IQR): † main effect of 
MC phase (p < 0.05), # significant difference versus rest (p < 0.05), 
✱ significant difference between MC phases at the corresponding 
time‐point (p < 0.05). GI, gastrointestinal; HT, half‐time; FT, full‐time; 
POST‐60, 60 min post‐exercise; P1, phase 1; P4, phase 4.
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3.2.3 | Upper GI Tract Symptom Score

There was a main effect of time (χ2(3) = 8.466, p = 0.037) on 
upper GI tract symptom score (Figure 3C). However, upper GI 
tract symptom score was unchanged from rest at HT (p = 0.531), 
FT (p = 0.199) and POST‐60 (p = 0.106). There was also a main 
effect of MC phase (Z = −4.234, p < 0.001). There were no 
differences in upper GI tract symptom score between MC phases 
at rest (p = 0.073, r = 0.37), but upper GI tract symptom score 
was higher in P1, compared to P4, at HT (p = 0.011, r = 0.52) 
and FT (p = 0.016, r = 0.49).

3.2.4 | GI Symptom Incidence

The most commonly reported GI symptoms across both P1 and 
P4 were bloating, flatulence, lower abdominal bloating and 
stomach pain (Figure 4A) and participants reported the greatest 
incidence of GI symptoms at FT. In P1, the most commonly 
reported GI symptoms were bloating, flatulence, lower abdom
inal bloating and stomach pain, experienced by eight (67%) 
participants at FT. In P4, stomach pain and lower abdominal 
bloating were the highest reported symptoms, reported by seven 
(58%) participants. Whereas similar GI symptoms were reported 
in both MC phases, they were found to have the greatest inci
dence (Figure 4A) and severity (Figure 4B) during P1.

3.3 | Sex Hormones

Concentrations of 17‐β oestradiol and progesterone were greater 
in P4 compared to P1 (p < 0.001) (Figure 5).

3.4 | GI Damage

There was a main effect of time on I‐FABP concentration 
(p < 0.001) (Figure 6A). I‐FABP concentration increased from 
rest to FT (p = 0.007, d = 1.29) but was not different from rest at 
POST‐60 (p = 0.218, d = 0.56). There was no main effect of MC 
phase (p = 0.096) on I‐FABP concentration and no interaction 
effect (p = 0.847).

3.5 | Indirect Markers of Gut Barrier Integrity

For CLDN‐3 concentration (Figure 6B), there was a main effect 
of time (p = 0.046) but, compared to the rest, there were no 
differences in CLDN‐3 concentration at FT (p = 0.077) or POST‐ 
60 (p = 0.146). There was also a main effect of MC phase 
(p = 0.016), but no interaction effect (p = 0.611). CLDN‐3 con
centrations were greater in P1 than P4 at rest (p = 0.029; 
d = 0.61) and POST‐60 (p = 0.034; d = 0.60). At FT, there was no 
difference in CLDN‐3 concentration between MC phases 
(p = 0.077), but there was a medium effect size (d = 0.51).

For LBP concentration, there were no main effects of time 
(p = 0.080) or MC phase (p = 0.687), and no interaction effect 
(p = 0.779). Similarly, for sCD14 concentration, there was no 

main effects of time (p = 0.241) or MC phase (p = 0.787) and no 
interaction effect (p = 0.932).

3.6 | Physiological Measures

Resting heart rate was higher in P4 (89 ± 13 bpm) compared to 
P1 (83 ± 13 bpm) (p = 0.033; d = 0.59). Average heart rate 
throughout exercise was greater during P4 (148 ± 12 bpm) 
compared to P1 (142 ± 12 bpm) (p = 0.003; d = 1.0). During 
exercise, there were no differences between MC phases for 
mean RPE (P1: 13 ± 2 vs. P4: 13 ± 1) (p = 0.269), or rating of 
fatigue (P1: 4 ± 2 vs. P4: 3 ± 1) (p = 0.127). There were also no 
differences between MC phases for blood lactate concentration 
at rest (P1: 1.14 ± 0.28 mmol/L vs. P4: 1.24 ± 0.31 mmol/L) 
(p = 0.317), HT (P1: 2.04 ± 0.78 mmol/L vs. P4: 
2.04 ± 0.66 mmol/L) (p = 0.990) or FT (P1: 2.14 ± 0.76 mmol/L 
vs. P4: 2.11 ± 0.82 mmol/L) (p = 0.931).

4 | Discussion

The aims of this study were to assess the effects of a simulated 
football match on GI symptoms, damage and indirect markers of 
gut barrier integrity and determine whether these GI responses 
are modulated by MC phase. In response to exercise, participants 
reported increased levels of GI discomfort, with the greatest 
incidence and severity of GI symptoms reported immediately 
post‐exercise. Bloating, flatulence, lower abdominal bloating and 
stomach pain were the most commonly reported GI symptoms 
across both MC phases. Following the simulated football match, 
there was an increase in the gut damage marker, I‐FABP, 
compared to rest but there were no changes in indirect markers of 
gut barrier integrity (CLDN‐3, LBP and sCD14) in response to 
exercise. The primary finding of this study was that GI symptoms 
experienced pre‐, during and post‐a simulated football match 
were greater during P1 compared to P4 of the MC. We did not 
observe any effect of MC phase on I‐FABP, LBP or sCD14 con
centrations, but CLDN‐3 concentrations were greater in P1 than 
P4 at both rest and POST‐60.

In response to the simulated football protocol, there was a large 
51% increase in I‐FABP in both P1 and P4, which suggests that 
football‐type exercise is sufficient to induce GI damage in female 
athletes, even in temperate conditions (13°C) typical of the UK 
football season. This increase is in accordance with a recent meta‐ 
analysis which identified increases in I‐FABP following running, 
cycling and resistance training exercise (Chantler et al. 2021). We 
did not observe any changes in CLDN‐3, LBP or sCD14 in 
response to the simulated football protocol, suggesting that there 
were no exercise‐induced changes in indirect surrogate markers 
of gut barrier integrity in the present study. This contrasts with 
Yeh et al. (2013) who found CLDN‐3 concentration in males to 
increase following 60 min of running at 70% V̇O2max, in both hot 
(30°C) and mild (22°C) conditions. McKenna, Fennel, et al. (2022) 
also observed an increase in CLDN‐3 and LBP post‐exercise in 
males, in response to 60 min of cycling at 65% V̇O2max in hypoxia, 
but not in normoxia. Following 60 min of high‐intensity interval 
exercise in the heat (40°C), McKenna, Fennel, et al. (2022), found 
no changes in CLDN‐3 concentration, however, they did observe 
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an increase in LBP in response to exercise in males. These studies 
do, however, highlight some inconsistencies within the literature, 
regarding exercise‐induced changes in circulating CLDN‐3. There 
are a limited number of studies which have assessed the impact of 
exercise on sCD14, but sCD14 has been shown to increase from 

pre‐to post‐race, following marathon running in a mixed cohort 
(Pugh et al. 2019). This may indicate that, at lower ambient 
temperatures (13°C), football‐type exercise does not cause an 
acute increase in indirect markers of gut barrier integrity in fe
male athletes, and that exercise‐induced GI permeability is more 

FIGURE 4 | (A) Percentage incidence and (B) median severity of gastrointestinal symptoms reported in response to a football‐specific intermittent 
treadmill protocol (N = 12). HT, half‐time; FT, full‐time; POST‐60, 60 min post‐exercise; P1, phase 1; P4, phase 4.
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likely to occur following longer duration exercise, or exercise in 
extreme environments (Costa et al. 2017; Chantler et al. 2021).

We observed a large effect of MC phase on total GI symptom 
score at rest, with participants experiencing greater levels of GI 
symptoms in P1. Similarly, lower GI tract symptom score was 
elevated in P1 compared to P4 at rest. These results are 
consistent with previous research reporting higher resting GI 
symptoms during P1 of the MC (Bruinvels et al. 2021; McNulty 
et al. 2023). At rest, there was no difference in upper GI tract 
symptoms between MC phases, suggesting that resting MC‐ 
related GI symptoms predominantly impact the lower GI 
tract. Whereas exercise‐induced changes in global GI discomfort 
were similar in P1 and P4, the higher global GI discomfort at 
rest in P1 resulted in a 65% greater burden of exercise‐induced 
GI discomfort, compared to P4. Participants also reported 
greater total and upper GI tract symptom scores at FT in P1 than 
in P4. The current study demonstrates that the elevated levels of 
GI discomfort experienced at rest in P1 translates to continued 
worsening of GI symptoms when exercising.

Sex hormones may play a modulatory role in intestinal barrier 
function through the activation of oestrogen receptors (ERα and 
β), which are expressed in intestinal epithelial cells throughout 

the GI tract (Nie et al. 2018). In murine (Braniste et al. 2009), 
organoid and cell line (van der Giessen et al. 2019) models, 
oestrogen has been proposed to improve epithelial barrier 
function via ERβ‐mediated up‐regulation of tight junction pro
teins. The claudin family of tight junction proteins are integral 
in the regulation of the semi‐permeable membrane between 
epithelial cells (Groschwitz and Hogan 2009). In the present 
study, circulating levels of CLDN‐3 were 33% greater in P1, 
compared to P4, which may indicate greater dislodging of tight 
junction proteins during P1 of the MC. Similarly, van der 
Giessen et al. (2019) showed improved epithelial barrier 
strength and an up‐regulation of CLDN‐1 and ‐2 tight junction 
protein expression in cell line and organoid models, in response 
to treatment with oestrogen and progesterone. Li et al. (2016) 
also observed a weakened intestinal barrier integrity and 
reduced transcript levels of CLDN‐2, ‐3 and ‐15, following 
pharmacologically induced sex steroid depletion in female mice. 
Taken together, these studies could indicate a weakening of the 
intestinal barrier during low oestrogen periods, for example 
during P1 of the MC, but this requires further empirical 
evidence.

However, without performing an intestinal biopsy, it is not 
possible to directly assess intestinal tight junction breakdown. As 

FIGURE 5 | Resting (A) 17‐β oestradiol and (B) progesterone concentrations in phase 1 (P1) and phase 4 (P4) of the menstrual cycle (MC) (N = 12). 
Mean ± SD: ✱✱ significant difference between MC phases (p < 0.01).

FIGURE 6 | Concentrations of (A) I‐FABP and (B) CLDN‐3 in response to a football‐specific intermittent treadmill protocol (N = 12). Mean ± SD: 
† main effect of menstrual cycle (MC) phase (p < 0.05), # significant difference versus rest (p < 0.05), ✱ significant difference between MC phases at 
the corresponding time‐point (p < 0.05). I‐FABP, intestinal fatty acid binding protein; CLDN‐3, claudin‐3; FT, full‐time; POST‐60, 60 min post‐ 
exercise; P1, phase 1; P4, phase 4.
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a relatively new biomarker, the physiological relevance of 
elevated CLDN‐3 remains poorly understood (Ogden et al. 2020), 
which presents a limitation in the interpretation of these data. 
Although CLDN‐3 is one of the most highly expressed claudin 
proteins in the gut and has been proposed as an indirect surrogate 
marker of gut barrier integrity (Yeh et al. 2013), it is also expressed 
in a variety of other tissues (Günzel and Yu 2013). Because of the 
nature of assessing this marker through venous blood samples, it 
is not possible to determine the site of origin of circulating CLDN‐ 
3. Elevated levels of circulating CLDN‐3 cannot, therefore, pro
vide a specific indication of GI permeability, but may instead 
reflect greater systemic tight junction dysregulation. Importantly, 
despite greater CLDN‐3 concentrations in P1, compared to P4, 
there were no differences in levels of circulating sCD14, or LBP 
between MC phases at any time‐point. Similarly, Flood 
et al. (2022) did not observe any significant differences in GI 
permeability at rest across the MC, despite observing an elevation 
in GI symptoms in P1, compared to phases 2 and 4. This suggests 
that the differences in GI symptoms experienced between MC 
phases are not driven by changes in intestinal barrier integrity.

The cause of elevated levels of resting GI symptoms in P1 is likely 
multi‐factorial. For example, fluctuations in oestrogen and pro
gesterone throughout the MC may affect the occurrence of GI 
symptoms due to changes in visceral sensitivity and GI motility 
(Meleine and Matricon 2014). Additionally, during P1, there is a 
rise in prostaglandins, in particular PGF2α, which stimulate uterine 
contractions to facilitate menstrual shedding (Judkins et al. 2020). 
Because of the proximity between the uterus and GI tract, this may 
also increase smooth muscle contractions in the intestines, 
contributing to cramping and diarrhoea‐type symptoms. Oes
trogen has also been reported to have anti‐inflammatory and 
antioxidant properties (Whitcomb et al. 2014), and changes in in
flammatory responses across the MC may also impact exercise 
associated GI symptoms (Lambert 2009).

The increased number of GI symptoms reported by participants 
both at rest and during exercise in P1 may have important 
practical implications for female athletes. Although we did not 
directly assess the impact of GI symptoms on exercise perfor
mance in the present study, female team sport athletes have 
previously reported GI symptoms to negatively affect their 
sporting performance (Wilson et al. 2023). In a recent study by 
E. S. Smith et al. (2025), the number of at least ‘moderate’ 
severity GI symptoms reported by female athletes before a vir
tual time‐trial cycling race were positively correlated with 
increased (i.e., slower) race time. The number of perceived MC 
symptoms also correlated with reduced race performance, 
highlighting the importance of GI and MC symptom manage
ment in optimising exercise performance. Whereas this suggests 
an impact of MC‐related GI symptoms on endurance 
performance–an important component of football–these symp
toms could affect other aspects of performance in football, such 
as decision‐making and execution of technical skills. Increased 
GI symptoms experienced in P1 may also have an indirect in
fluence on performance, through potential impacts on nutri
tional behaviours pre‐, during or post‐exercise (Parnell 
et al. 2020). Interviews with elite female football players (Read 
et al. 2022), revealed that 47% of players experienced a decrease 
in appetite during P1and the players perceived that this 
contributed to a decrease in performance. Thirty‐three percent 

of players also reported a decreased appetite post‐match during 
P1, which has potential implications for post‐match recovery.

To our knowledge, this is the first study to assess GI damage, 
indirect markers of gut barrier integrity and symptoms in 
response to a football‐specific exercise protocol in female ath
letes at two distinct phases of the MC. However, we are limited 
in sample size due to the complexities of recruiting eumenor
rheic women and scheduling study visits during P1 and P4 of 
consecutive cycles. Ideally, we would have conducted all the P1 
visits during days 1–3 of the participants' MC, as this is when 
resting MC‐related GI symptoms are typically reported to be 
greatest (Heitkemper and Jarrett 1992; Parker et al. 2022; Brown 
et al. 2024) However, this brings a logistical challenge. Conse
quently, in P1, we managed to test participants on day 1 (n = 1), 
day 2 (n = 5), day 3 (n = 1) and day 5 (n = 5) of their MC. We 
were also unable to assess GI permeability using the gold 
standard method of L/R urinary excretion ratio (Ogden 
et al. 2020) or, as has recently been validated, plasma L/R ratio 
(Houghton et al. 2023) which may have provided a more precise 
measure of GI permeability. Future studies in this area should 
seek to assess post‐exercise GI permeability through L/R plasma 
or urinary excretion ratio across the MC. To ensure consistency 
across study visits the present study employed a 2‐h fasting 
period pre‐exercise. This may limit the real‐world applicability, 
and future studies assessing the impact of the MC on exercise‐ 
induced GI symptoms, which employ a typical football feeding 
protocol, are therefore warranted.

It is also important to caveat that we observed large between‐ 
participant variability particularly regarding their subjective rat
ings of GI symptoms. The results of this study may not, therefore, be 
applicable to all players. However, given the high incidence and 
severity of GI symptoms reported by some participants, it is rec
ommended that performance support staff screen female athletes 
for GI symptoms, and work with athletes to identify and manage 
any changes in GI symptoms across the MC, particularly around 
exercise. Currently, a large proportion of elite female football 
players engage with pharmaceutical strategies, such as ibuprofen, 
for MC symptom management (Read et al. 2022), which may lead 
to side effects such as GI damage and renal complications (Brennan 
et al. 2021). Future research should, therefore, aim to identify non‐ 
pharmacological strategies to mitigate GI symptoms in female 
athletes, particularly around exercise in P1, which could include 
optimising nutrition to support GI comfort. More research is also 
needed to understand the mechanisms behind MC‐related fluc
tuations in GI symptoms, which may help with the identification 
and development of more targeted interventions. Additionally, 
there is a need for longitudinal studies characterising the impact of 
GI symptoms across the MC on performance within an applied 
sport setting.

5 | Conclusion

To conclude, GI symptoms experienced both at rest, and during 
a simulated football match were greater in P1 compared with P4 
of the MC. This research also highlights the importance of 
controlling for MC phase in studies investigating GI symptoms 
in female athletes. There does not appear to be an association 
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between indirect markers of gut barrier integrity and MC phase‐ 
related changes in GI symptoms. Thus, the mechanisms 
contributing to elevated GI symptoms in P1 require further 
investigation. Future studies should also assess potential nutri
tional strategies to alleviate GI symptoms at rest and during 
exercise in P1.
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