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Abstract

Purpose The aim of the current study was to investigate the effects of the probiotic Escherichia coli strain Nissle 1917 (EcN)
on the exercise-induced disruption of gastrointestinal (GI) integrity and the associated release of damage and inflammatory
markers.

Methods After a pre-performance test, 19 untrained subjects (aged 18-35 years) passed two identical exhaustive treadmill
exercise tests in an intensity corresponding to 60-80% VO,_,,, in a test—retest design. The exercise tests were separated by a
time period of 4 weeks. During this period, all subjects ingested 5 ml of an EcN suspension daily. Serum samples were taken
before, immediately following and 3 h after both exercise tests. They were analyzed for indicators of GI integrity (zonulin;
claudin-3; LPS), various damage and redox markers (I-FABP, GOT; GPT; TBARS) and inflammatory parameters (hsCRP;
leucocytes). GI complaints were evaluated by a questionnaire.

Results The intake of EcN resulted in a significantly lower increase in I-FABP and TBARS after exercise (p < 0.05). In
contrast, no effect of EcN supplementation was found for hsCRP and leucocyte numbers. Similarly, no differences were
found for levels of zonulin and claudin-3. Exercise-associated GI complaints were not affected by the probiotic supplement.
Conclusion The probiotic EcN reduced the exercise-associated increase in oxidative stress. This antioxidative mechanism
probably leads to a reduction of GI epithelial damage after exhaustive exercise. The lack of EcN effects on other markers of
GI permeability and systemic inflammation is most likely due to an inadequate exercise load, with rather small and insig-
nificant exercise effects on these parameters.

Keywords Escherichia coli strain Nissle 1917 - Exercise - Gastrointestinal tract - Probiotic - Intestinal fatty acid binding
protein
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Introduction

A considerable number of athletes in recreational and
competitive sports regularly report exercise-associated
complaints of the gastrointestinal (GI) tract. These range
from nausea, vomiting, meteorism, reflux syndrome,
intestinal cramps, and diarrhea up to hematochezia. Espe-
cially endurance athletes report high incidence rates for
GI symptoms of up to 50% (Riddoch and Trinick 1988).
Thereby, symptoms of the lower GI tract seem to be more
prevalent in runners, while cyclists report symptoms
of both upper and lower GI tract similarly (Peters et al.
1999). Moreover, the exercise-associated GI dysfunction
may have considerable consequences for exercise perfor-
mance. About a third of those affected by such GI dysfunc-
tions describe that exercise performance is significantly
impaired (Halvorsen and Ritland 1992).

GI dysfunction is assumed to be a result of changes in
motility, absorption, and secretory processes, which are
affected by stress and brain—gut interactions as well as
mechanical factors. Another important pathogenetic step
is a reduced GI blood flow during exercise, followed by a
reperfusion after exercise (Konturek et al. 2009; van Wijck
et al. 2012). The exercise-induced perturbations of perfu-
sion, away from the GI tract toward muscle and skin, are a
challenge predominantly for untrained and unexperienced
athletes (Mooren and Stein 2011). The resulting changes
of perfusion, such as hypoxia, hyperthermia, and reoxy-
genation, lead to changes in redox balance. This affects
the cell/tissue structure and local metabolism massively,
followed by a loss of GI integrity (van Wijck et al. 2012;
Gutekunst et al. 2014). Electrolyte transport and tissue
conductivity are increased during and after exercise, indi-
cating an increased permeability and tight junction disor-
der (Mooren and Stein 2011). The increased tissue per-
meability is followed by an influx of lipopolysaccharides
(LPS) from the intestine into the circulation. This is then
followed by a slight systemic proinflammatory response
(Bosenberg et al. 1988; Jeukendrup et al. 2000).

Regarding therapeutic options, predominantly symp-
tomatically effective compounds such as antacids or

proton pump inhibitors are frequently prescribed. In case
of severe symptoms, athletes are advised to change both
training type and frequency. However, such changes in the
training regime are not well accepted by most athletes.
Therefore, alternative therapy options would be preferable
(Mooren and Stein 2011).

There is evidence that probiotics may serve as an effec-
tive and safe approach for both the prevention and treatment
of exercise-associated GI dysfunction (Pugh et al. 2019).
Moreover, probiotics have been shown to enhance exercise
performance (Shing et al. 2014). However, there is limited
evidence about the underlying mechanisms so far.

Therefore, the aim of the current study was to investigate
whether the probiotic medication Escherichia coli strain
Nissle 1917 (EcN) can effectively mitigate the effect of
exhausting exercise on GI damage and permeability.

Methods
Participants

Twenty untrained (VO < 53 ml/kg min) male volunteers
(aged 18-35 years) were recruited as participants (Table 1).
One subject was excluded because he did not complete both
exercise trials, due to personal reasons. All participants
were in good health, as determined by a regular physical
examination and routine laboratory tests. They were non-
smokers. None of them were taking any supplements or
dieting, i.e., restricting their caloric intake for the sake of
weight loss. The experimental procedures and potential risks
were explained to all subjects before their written informed
consent was obtained. The study was approved by the Eth-
ics Committee of the Justus-Liebig-University, Giessen,
Germany.

Experimental design

The trial consisted of 3 days of experiments (Fig. 1). On
the first day, after a physical examination, participants per-
formed a progressive exercise test to exhaustion, for the
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Figure 1 Study design overview
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determination of VO, and sports eligibility. After a break
of at least 3 days and an exercise free period of at least 48 h,
subjects performed a strenuous exercise test (test 1; day 2)
on the treadmill for 1 h with increasing intensity, according
to the following progression: 10 min warm-up at an intensity
corresponding to 60% VO, 25 min corresponding to 70%
VO,peaxs and 25 min corresponding to 80% VO,max or until
exhaustion, respectively.

After finishing test 1, participants received an ampulla
containing 5 ml suspension of EcN (Mutaflor®), which was
applied daily for a period of 28 days. After this period, a
second, identical (with respect to intensity and duration)
strenuous exercise test was performed (test 2; day 3). Again,
subjects had to refrain from exercise for at least 48 h before
the exercise test. The test’s retest design was used because
we could not exclude that EcN settles in the intestinal flora
(Joeres-Nguyen-Xua et al. 2010).

Initial blood samples were taken at rest before exercise.
Additional samples were collected immediately and 3 h after
both exercise trials.

Gastrointestinal symptoms and physical activity

Gastrointestinal symptoms during and up to 3 h after the run
were determined using a self-developed questionnaire cover-
ing 19 items, such as stomach cramps, nausea and heartburn,
on a ten-point Likert scale and an overall GI symptomatol-
ogy rating on a visual analog scale. Physical activity was
determined using the [IPAQ questionnaire, to control the sub-
jects’ activity levels during the last 7 days before the exercise
trials (Craig et al. 2003).

Blood sampling

Venous blood samples were obtained through venipuncture
from the median vein and collected in plastic tubes, antico-
agulated with either ethylenediaminetetraacetate (EDTA) for
blood cell count or without anticoagulants for serum gen-
eration (S-Monovette 7.5ml and EDTA Monovette, Sarstedt
AG & Co. KG, Germany). The serum samples were cen-
trifuged at 2000g for 15 min and then stored in aliquots
at — 80 °C until analysis. Complete blood cell counts were
determined using a Sysmex automated cell counter (Sysmex
Deutschland GmbH, Germany).

Biochemical analysis

Levels of serum LPS, zonulin, intestinal fatty acid-bind-
ing protein (I-FABP), claudin-3 (CLDN3), high-sensitive
C-reactive protein (hsCRP) were determined using enzyme-
linked immunosorbent assay (ELISA) kits from R&B sys-
tems, USA. The serum activity of aspartate aminotransferase
(GOT) and alanine aminotransferase (GPT) was measured

using a fluorometric assay. Plasma concentration of thiobar-
bituric acid reactive substances (TBARS) was determined
spectrofluorimetrically. Briefly, plasma samples were heated
with thiobarbituric acid reagent at 100 °C for 60 min. After
cooling, it was neutralized with alkaline methanol. Finally,
samples were centrifuged at 3000 X g. TBARS levels were
measured by fluorescence signals (excitation wavelength,
532 nm; emission wavelength, 553 nm; Fluorescence Spec-
trometer LS55, PerkinElmer, Rodgau, Germany).

Statistical analysis

All statistical analyses were carried out with SPSS ver-
sion 24 (IBM® SPSS Statistics 24, IBM GmbH, Miinchen,
Germany). Depending on their distribution, all data were
presented either as arithmetic mean + standard deviation
or median + interquartile range. The primary efficacy end
points of the study were defined as the score of the area
under curve, with respect to the increase (AUCI) of LPS and
zonulin, over a period of 3 h post-exercise. The calculation
of the AUCI score was performed using the trapezoidal rule,
according to Pruessner et al. (2003). The AUCI is defined as
the area under the curve above the baseline level, minus the
area above the curve below the baseline level. It is a measure
of the pattern of change of repeated measurements and con-
siders differences between the time intervals (Pruessner et al.
2003). For analysis of treatment effects, a Student’s ¢ test
or a non-parametric Wilcoxon test of the AUCI score was
performed according to the intention-to-treat (ITT) princi-
ple. Significance was set at the one-sided p < 0.05 level. All
secondary outcome parameters were tested accordingly to
two-sided tests. Additionally, as part of the exploratory data
analysis, a univariate analysis of variance (ANOVA) with
the factor time point was performed for all outcome param-
eters. Both exercise tests were subsequently corrected during
post hoc analysis using the Bonferroni—-Holm method.

Results

The anthropometric data of the study participants are
presented in Table 1. With an average maximum oxygen
uptake of about 46 ml O,/min/kg of body weight, the sample
showed the anticipated low performance level. The level of
physical activity before the two performance tests revealed
no significant difference (data not shown).

Regarding the intake of the study medication, the par-
ticipants’ compliance can be described as satisfactory. 13
out of 19 study participants (68%) took the study medica-
tion according to the protocol. Of the remaining six, two
participants each (1%) forgot to take either one, two or
three ampoules, respectively, during the supplementation
period. In summary, 97.7% of the intended dose of EcN
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was administered. Heart rate recordings during both pro-
tocols and the comparison of blood counts showed that the
exercise protocols were almost identical regarding intensity
and duration.

Exhaustive exercise resulted in a highly significant
increase of the intestinal damage marker I-FABP in both
groups. In comparison, the EcN group showed a significantly
lower increase in I-FABP than the control group (Fig. 2a;
Table 2). There were no consistent effects of exercise on
gut integrity markers such as zonulin, CLDN3, and LPS.
Likewise, we could not find any EcN treatment effects on
these parameters (see Fig. 2b, c¢). The generation of reactive
oxygen species as indicated by the formation of TBARS was
significantly enhanced after both exercise bouts. Moreover,
there was a substantial treatment effect after ECN supple-
mentation, i.e., lower TBARS levels ensued (Fig. 2d).

The liver and muscle damage markers GPT and GOT
were slightly affected by exercise. However, there was no
difference between treatment groups. Similar effects were
found for systemic inflammation parameters. Finally,
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following both treatment conditions, GI symptoms did not
show any significant differences (data not shown).

Discussion

An essential result of the study is that exercise stress-induced
damage of the GI epithelium can be partly reduced by a pro-
phylactic administration of EcN. Regarding the underlying
mechanism, a significantly lower oxidative stress suggests an
antioxidative effect of the probiotic medication. The assump-
tion of a lower oxidative stress is based on the observation
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Figure 2 AUC, score of exercise-induced I-FABP (a) and TBARS (b) without medication (control) or a preceding 4-week Mutaflor®-intake

(EcN). Arithmetic means and 95th percentiles are given. *p < 0.05
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that serum TBARS levels have been reduced by the probiotic
medication. Despite this, TBARS are generally considered
critical due to low specificity, i.e., TBARS react with various
substrates to form malondialdehyde (MDA). Mostly, MDA
is generated by the assay itself. The wide acceptance and
frequent utilization of this organic compound in biomedi-
cal research can be explained thus: it reliably reflects the
sensitivity of any tissues toward oxidation and therefore has
a positive effect, even though there are unspecific indica-
tors of oxidative stress. It cannot be ruled out that serum
TBARS might, to some extent, reflect oxidative stress in
erythrocytes. Still, gut microbiota-induced intestinal injury
was reported to cause systemic oxidative stress in the host.
This became evident from increased serum levels of TBARS
and other oxidative stress-related parameters (Wang et al.
2018). However, there are other plausible direct and indirect
mechanisms of microbiota modulation that affect the gut
barrier function. Among these is the increasing expression
of intestinal antimicrobial peptides, which reduces bacte-
rial overgrowth and stimulates mucosal immunity (Gotteland
et al. 2001).

Exercise can negatively affect the integrity of the GI epi-
thelium. This ranges from simple apoptotic cell death over
a tight junction opening and an associated increase in GI
permeability, up to pronounced hemorrhagic diarrhea with
a colonoscopy picture similar to ischemic colitis (Halvorsen
and Ritland 1992; Riddoch and Trinick 1988). Important
influencing factors are the exercise intensity, volume and
type of exercise, the athlete’s training status as well as the
quality and quantity of food and fluid intake (Mooren and
Stein 2011). GI complaints are characterized by a variety of
symptoms, such as flatulence, abdominal cramps, nausea,
diarrhoea and the urge to stool (Peters et al. 1999; Riddoch
and Trinick 1988). Comparable to our findings, no signifi-
cant correlation between the extent of the GI damage, as
indicated by endotoxemia and clinical symptoms, could be
demonstrated so far (Jeukendrup et al. 2000). An important
causal role in triggering exercise-induced GI dysfunction is
attributed to the reduced blood flow and resulting reoxygena-
tion of the GI tract (van Wijck et al. 2012). These processes
disturb tissue homeostasis by conditions of hypoxia, hyper-
thermia, and an increased production of free radicals. The
mucosal barrier is weakened by the disruption of tight and
adherent junctions between the enterocytes. An important
modulator of intestinal tight junctions is zonulin. Its detach-
ment from the protein complex of tight junctions leads to
an opening of the paracellular pathway and an associated
increase in GI permeability. Thus, zonulin is regarded as an
important marker for the integrity of the intestinal mucosa
(Fasano 2012). The disturbance of GI permeability leads
to an influx of LPS into the circulation, thereby initiating
subsequent proinflammatory reactions (Bosenberg et al.
1988; Jeukendrup et al. 2000). Since no significant changes
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of these markers were found, it is suggested that exercise
intensity and/or duration was below the threshold to achieve
a more extensive damage. Thus, they failed to influence GI
integrity and permeability. Likewise, Karhu et al. showed no
serum LPS changes after a 90-min run at 80% of the maxi-
mum/best 10 km pace (Karhu et al. 2017). This assumption
is also supported by the lack of any gastrointestinal com-
plaints. It is assumed that due to these findings, no effect of
EcN application was found.

In contrast, we detected a significant exercise-induced
increase of I-FABP in both groups, suggesting that I-FABP
may be an extremely sensitive marker of intestinal cell dam-
age. Such a conclusion is supported by animal experiments
showing serum I-FABP increases even after a short period
of ischemia. It can therefore be accepted as a highly sensitive
and early marker for GI damage (Kanda et al. 1992; Niewold
et al. 2004).

To our knowledge, this is the first study to demonstrate
that a prophylactic use of EcN can reduce the extent of
exercise-induced GI damage in humans. Previous studies
provided evidence of improved running performance in
both laboratory and field exercise test after 4 weeks of pro-
biotic use (Pugh et al. 2019; Shing et al. 2014). However,
they failed to demonstrate any effects on biochemical and
inflammatory parameters. Merely animal experiments dem-
onstrated that probiotics reduced intestinal damage. Using
fermented milk supplemented with whey protein, probiotic
and pomegranate, Chaves et al. (2018) could demonstrate a
preserved intestinal motility and villi structure in exercised
rats. In contrast, physical performance was not improved by
fermented milk supplementation.

From a clinical point of view, there is some evidence
that EcN may be beneficial in the treatment of some chronic
intestinal ailments and that it can at least limit tissue damage
caused by inflammatory intestinal diseases (Petrof 2009). In
humans, EcN is used for the treatment of ulcerative colitis
(Jia et al. 2018). EcN is also used to treat functional intes-
tinal disorders such as irritable bowel syndrome. These
clinical data fit with those provided by Pugh et al. (2019),
which showed significantly fewer GI symptoms after pro-
biotic administration in marathon runners, compared to the
control group. Accordingly, these data are an additional hint
that the exercise protocol performed in the current study was
not enough to induce pronounced GI complaints.

The current study addresses some possible working
mechanisms how EcN may protect the GI epithelia. As
indicated by differences in the TBARS serum level, a
widely accepted and well-known indicator of tissue sen-
sitivity regarding oxidation, it can be assumed that EcN
supplementation affects the redox balance during exer-
cise. This effect on redox balance, while well known from
other probiotics, has not yet been described for probiotic
EcN. In this regard, animal studies give evidence for an

antiapoptotic effect of EcN on enterocytes that are incu-
bated with a cell toxin (Prisciandaro et al. 2012). Within
such an experimental setup, free radicals play an important
triggering role, even though they were not investigated in
this study (Prisciandaro et al. 2012).

Several other studies showed an anti-inflammatory
effect of EcN (Sha et al. 2014; Souza et al. 2016). Using a
combined physiological and psychological stress model,
Konturek et al. (2009) were able to describe a significant
downregulation of mRNA and protein level for IL-1,
Cox-2 and PPAR-gamma, as well as an increased expres-
sion of the heat shock protein Hsp70. The reduced forma-
tion of stress ulcers after EcN supplementation was associ-
ated with an increased gastric blood flow (Konturek et al.
2009). The decreased GI blood flow during intense exer-
cise is considered to be a significant trigger of functional
and morphological changes in the intestinal epithelium
and an immune system activator. Transient ischemia as
well as the subsequent hyperemia are associated with an
increased accumulation of oxidatively active substances,
such as free radicals (van Wijck et al. 2012). The antioxi-
dative properties of probiotics have generally been known
for a long time (Coskun Cevher et al. 2015; Pieniz et al.
2015). Various factors are probably responsible for this
feature, e.g., generation of radical scavenging substances
and induction of radical depleting enzymes in host tissues
(Wang et al. 2017).

A limited number of studies have indicated that the bac-
terial modulation of the microbiota by probiotics affects
gut barrier integrity in (healthy) human volunteers. In this
regard, Gotteland et al. (2001) demonstrated that the con-
sumption of live Lactobacillus rhamnosus protected the
integrity of the gastric mucosal barrier. However, an effect
on the intestinal barrier was not found.

Finally, some limitations must be addressed. It was
unexpected that, following both treatment conditions,
GI symptoms did not show any significant differences. It
is assumed that the exercise trials were not sufficient to
induce complaints connected to the gastrointestinal (GI)
tract. Since EcN has the ability to settle in the intestinal
flora of its host, a crossover design could not be applied in
the present trial (Joeres-Nguyen-Xuan et al. 2010). After
termination of EcN supplementation, it is hardly possi-
ble to define a certain washout phase, making it difficult
to guarantee an EcN-free microbiome over a couple of
months. Therefore, a crossover study would not be feasible
within a reasonable time frame, a circumstance that forced
the researchers to choose the present test—retest design.
Consequently, it should be mentioned that it is difficult
to eliminate any confounding period effects, e.g., a GI
habituation to the exercise stimulus. The authors feel that
this effect can be neglected in particular after a 4-week
washout phase.
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Conclusion

The present study shows that a 4-week administration of
EcN can significantly reduce exercise-induced GI damage
in untrained athletes. Here, the influence of EcN on redox
balance seems to play an important causal role. How-
ever, since no changes in GI complaints were found, the
therapeutic and clinical relevance of these results remains
unclear. Further studies are necessary to investigate the
effects of EcN on GI complaints and exercise performance
under conditions of a higher exercise load, to further eval-
uate its potential benefits in more detail.
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