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Abstract 

Background The complex relationship among sleep, exercise, and the gut microbiome presents a unique oppor-
tunity to improve health and wellness. Here, we conducted the first large-scale investigation into the influence 
of a novel elite athlete-derived probiotic, consisting of a multi-strain Lactobacillus consortium, on sleep quality, exer-
cise recovery, and gut microbiome composition in both elite athletes (n = 11) and the general population (n = 257).

Results Our two-phase study design, which included an open-label study followed by a controlled longitudinal 
study in a professional soccer team, allowed us to identify key interactions between probiotics, the gut microbiome, 
and the host. In the placebo-controlled study, we observed significant improvements in self-reported sleep quality 
by 69%, energy levels by 31%, and bowel movements by 37% after probiotic intervention relative to after placebo. 
These improvements were associated with a significant decrease in D-ROMS (a marker of oxidative stress) and a signif-
icantly higher free-testosterone/cortisol ratio. Multi-omics analyses revealed specific changes in microbiome compo-
sition and function, potentially providing mechanistic insights into these observed effects.

Conclusion This study provides novel insights into how a multi-strain Lactobacillus probiotic modulates sleep quality, 
exercise recovery, and gut microbiome composition in both the general population and elite athletes, and intro-
duces potential mechanisms through which this probiotic could be influencing overall health. Our results empha-
size the untapped potential of tailored probiotic interventions derived from extremely fit and healthy individuals 
in improving several aspects of health and performance directly in humans.
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Background
Human health is defined by a complex interdepend-
ent network of factors that include intrinsic genetic fea-
tures as well as acquired habits that include diet; alcohol, 
tobacco, and drug use; as well as exercise habits. Between 
intrinsic features and acquired characteristics lies the 
microbiome. The microbiome is shaped by both our 
genetics and environment while simultaneously influenc-
ing and being influenced by the host’s health as well [1]. 
The bidirectional nature of health / microbiome interac-
tions makes studies of the microbiome complex [2–5]. 
Many cross-sectional studies suffer from the chicken and 
the egg problem: Are the microbiome changes observed 
in a diseased population the cause of the disease under 
study or the result of poor health caused by the disease?

Therefore, a new paradigm for understanding the role 
of the microbiome in human health is needed. Instead 
of trying to understand the role of the microbiome in 
health by comparing the microbiomes of healthy and dis-
eases populations, we identify specific populations with 
a unique set of stressors to the host that create selective 
pressure on the gut microbiome. That selective pressure 
will create a unique microbial ecosystem with specific 
phenotypes that may help the host respond to the stress-
ors or have negative effects on the host. A longitudinal 
analysis of these populations can uncover novel con-
nections between the microbiome and host phenotypes 
(both beneficial and detrimental). For example, the gut 
microbiome adapts to exercise, and the composition of 
the microbiome changes when one changes from a more 
sedentary to a more active lifestyle [6–11]. Correlating 
these changes to host outcomes over time can improve 
our understanding of the bacterial strains promoting 
health.

The three Lactobacillus strains found in the probiotic 
under study here (L. acidophilus FB0012, L. plantarum 
FB0015, L. rhamnosus FB0047) were isolated from the 
guts of elite athletes. Elite athletes have a different micro-
biota composition than sedentary individuals [12–16], 
and in fact, elite endurance runners have been shown to 
have higher levels of Veillonella post-workout (a selective 
pressure) [12]. While Veillonella is particularly interest-
ing in this context, as it has the ability to convert lactate, 
a byproduct of fatigue, into propionate [17], a potential 
energy source for host cells, other strains such as these 
lactobacilli may also promote health and performance 
through alternate mechanisms of action.

To understand the role of the microbiome in host 
health, it is vital to study them using controlled interven-
tional studies. Even in small populations, by collecting 
baseline data and understanding what aspects of health 
change alongside important blood and urine biomarkers, 
we can begin to tease apart the role of specific strains in 

human health. We can understand pharmacokinetics—
Does the microbe engraft? If so, where? We can under-
stand pharmacodynamics—What effect does the microbe 
have on the host system? Which biomarkers change? And 
we can begin to hypothesize the mechanism of action—
How does the microbe affect the host and cause the spe-
cific effects under study?

Physical and athletic performance is dependent on 
the microbiome. In vivo rodent models have shown that 
voluntary exercise as well as run-to-exhaustion can be 
decreased by depleting the microbiota with antibiotics 
and restored through fecal microbiota transplant [18]. 
Here, we describe the first set of studies reporting on the 
safety and effects of a human athlete-derived probiotic, 
including an open-label study in healthy human volun-
teers and a controlled longitudinal study in a professional 
soccer team, which validates the results of the initial 
open-label study in terms of improvements in general 
health, bowel movements, sleep, and energy. We also col-
lected blood and stool from the placebo-controlled study, 
which has allowed us to perform a detailed multi-omics 
analysis that has led to some hypotheses and models by 
which this probiotic exerts its effect in these populations.

Materials and methods
Origin of probiotic strains
Samples were collected as described previously [12]. 
In short, volunteers were provided with a 15-ml falcon 
tube with a 1-ml pipette tip inserted inside. Volunteers 
were instructed to dip the pipette tips into soiled toilet 
tissue, then place them back into the tubes and label the 
tubes with the date and time of collection. Samples were 
kept at 4  °C for short-term storage until sample pickup, 
at which point they were placed into a − 80  °C freezer 
for long-term storage. Fecal samples were thawed on ice 
and resuspended in 2–5 ml of PBS. Serial dilutions were 
made of resuspended samples and then plated onto MRS 
agar petri dishes reduced to a pH of 5.5 with acetic acid. 
Plates were incubated under anaerobic conditions at 
37 °C for 48 h. Individual bacterial colonies were picked 
and transferred to 96-deep well plates and grown in MRS 
liquid culture for 48  h. Bacterial cultures were pelleted 
for DNA extraction, genome sequencing, and annotation.

Open‑label study
Participants
Emails were sent to more than 1000 potential partici-
pants who had expressed interest in FitBiomics prod-
ucts and consented to receiving emails, to recruit 
participants for the study. Of these, 785 filled out the 
initial survey and were invited into the study. Those 
that expressed interest were sent a sample of probiotics 
and surveys to take before, during, and after 2 weeks of 
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supplementation. A total of 257 participants completed 
all surveys. Of these 257, the average age was 40.9 years 
(± 14.6 years). Fifty-three percent were female, 46% were 
male, and 1% chose to not share their gender. The major-
ity of survey respondents were White (80%), followed by 
Hispanic / Latino (10%), Asian (8%), American Indian / 
Alaskan Native (4%), Black (3%), Middle-Eastern / North 
African (2%), and Native Hawaiian / Pacific Islander (1%).
On average, the participants exercised 5.6 days per week 
(± 1.7  days). The majority of respondents (58%) did not 
follow any particular diet, but many respondents fol-
lowed common types of restrictive diets including inter-
mittent fasting (13%), gluten-free diet (12%), dairy-free 
diet (12%), vegetarian diet (5%), vegan diet (5%), paleo 
diet (4%), pescetarian diet (3%), keto diet (2%), and whole 
30 diet (2%). Gastrointestinal disorders were present in 
this cohort. Twelve percent had a previous irritable bowel 
syndrome (IBS) diagnosis, 2% had Celiac disease, 2% had 
inflammatory bowel disease (IBD), and 1% have regular 
gastroesophageal reflux disease (GERD).

Overview
Surveys, consent forms, and marketing materials were 
provided to participants. All respondents provided 
informed consent through online forms. The study was 
performed over 2 weeks and consisted of baseline survey 
data followed by 2  weeks of supplementation with the 
probiotic at a low dose (10 billion cfu per capsule) and 
a high dose (35 billion cfu per capsule). One capsule was 
ingested orally per day over 2 weeks, total = 14 capsules. 
Participants filled out online survey questionnaires at the 
end of the first seven days and at the end of 14 days.

Supplementation
Participants were required to take one capsule per day for 
14  days. Each capsule contained 10 billion or 35 billion 
cfu of lyophilized L. acidophilus FB0012, L. plantarum 
FB0015, and L. rhamnosus FB0047 with dehydrated 
potato starch. The probiotic strains are encapsulated in 
acid-resistant capsules and packaged in Alu-Alu blister 
packs.

Surveys
The questionnaires were created using TypeForm (www. 
typef orm. com). Four questionnaires in total were sent to 
participants. The first was an intake form consisting of 23 
demographics, habits, and lifestyle questions. The second 
was 18 questions focused on understanding the baseline 
symptom and habit status of that participant that week. 
The third survey (25 questions) was taken after 1  week 
of supplementation, and the fourth survey (41 ques-
tions) was taken after the second week. Both of these sur-
veys asked questions related to benefits and side effects 

experienced by the participants. The fourth and final sur-
vey also included a variety of questions related to overall 
experience during the study, willingness to purchase the 
product, and likelihood of recommending the product.

Data processing and statistics
Survey data was exported from Typeform into an Excel 
spreadsheet. The survey included numerical, categorical, 
and open-ended questions. Data was processed into a for-
mat compatible with analysis using Python 3.6 in a Jupy-
ter Python notebook. Categorical data was converted to 
numerical data when possible, and open-ended questions 
were analyzed manually or scanned automatically for 
key words / phrases and converted into categorical data. 
Statistically significant differences were calculated using 
Python’s Numpy and Scipy libraries using the Mafignn–
Whitney U test and a significance level of < 0.05. Random 
Forest modeling was performed using the Python Sci-Kit 
Learn library.

There was no significant difference between arms in 
terms of whether the participants believed the treatment 
improved their overall health and wellness (assessed 
using a chi-square test). However, significant differences 
in ratings of different benefits post-placebo and post-pro-
biotic were assessed using an independent paired T-test, 
and four of the eight benefits were found to have signifi-
cant differences (Fig. 2b).

Controlled longitudinal study
Participants
Eleven trained, male elite soccer players (body mass 
81.5 ± 2.5  kg, height 1.85 ± 0.2  m, age 26.5 ± 2.0  years) 
completed this pilot study. No players were taking non-
steroidal anti-inflammatory drugs, or had taken antibiot-
ics or probiotic supplements in the preceding 3 months. 
Soccer players did not have any gastrointestinal disor-
ders, and did not report taking any purposeful ergo-
genic aids (aside from macronutrients) or supplements 
for 1  month prior to the study. As this is not a double-
blind study, soccer players were blinded to the treatment, 
but not the researchers. Moreover, this is not a two-arm 
study but a single-arm longitudinal study with a placebo 
period followed by a probiotic supplementation period. 
We used identical capsules for the “probiotics” and “pla-
cebo” with no difference in look, smell, or taste. As the 
capsules were identical, it was impossible for the players 
to discern which capsules were the probiotics and which 
ones were the placebo.

Overview
The experimental protocol was approved by the Ethi-
cal Independent Committee for Clinical, not pharma-
cological investigation in Genoa (Italy) and followed 

http://www.typeform.com
http://www.typeform.com
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the ethical standards of the 1964 Declaration of Hel-
sinki (Rif. 2020/12). The protocol was retrospectively 
registered on ClinicalTrials.gov (registration number: 
n.NCT06093139). All the volunteers signed an informed 
consent. All persons gave their informed consent prior to 
their inclusion in the study and details that might disclose 
the identity of the subjects under study have been omit-
ted. The study was performed during an overall period of 
25 weeks, starting on the 8th November 2021 and com-
pleted on the 6th May 2022. In detail, it was a first period 
of 12 weeks where athletes ingested 4 capsules of placebo 
per week, followed by 1  week of non-supplementation, 
and another 12-week period where athletes ingested 4 
capsules of probiotics per week.

Supplementation
During the first 12-week period (from 8th November 
2021 to 6th February 2022), soccer players were required 
to take one capsule per day for four consecutive days 
of the placebo capsule (placebo consisted of the same 
capsules filled with potato starch), then 1  week of non-
supplementation, followed by the second period of sup-
plementation (from 14th February 2021 to 6th May 2022) 
where players were required to take one capsule per day 
for four consecutive days of the probiotic capsule (a total 
of 10 billion cfu of a multi-strain probiotic per capsule, 
consisting of lyophilized L. acidophilus FB0012, L. plan-
tarum FB0015, and L. rhamnosus FB0047) encapsulated 
in acid-resistant capsules alongside additional potato 
starch as a filler). The players received probiotics during 
the week, on the days of their training sessions during the 
training season. The Club would not change their training 
schedule, and every player would follow their nutritional 
periodization plan and a supplementation periodization 
plan as normal. The players were not aware of the content 
of the capsules.

Short questionnaire
A 12-item short questionnaire was administered after the 
placebo-supplementation period and after the probiotics-
supplementation period. The first nine of these questions 
consisted of symptoms and benefits experienced by the 
participants as measured using a numerical rating scale 
from 1 to 5, where 1 corresponded significantly worse 
compared to their personal normal, 3 corresponded to 
no change from personal normal, and 5 corresponded 
significantly better compared to their personal normal. 
Two of the final three questions were related to poten-
tial adverse effects experienced by the participants, and 
the final question was on the belief that these probiotics 

would affect the participant’s overall health and athletic 
performance.

Blood collection and analysis
Venous blood samples were obtained by venipuncture 
1  week before the start of this pilot study (baseline val-
ues), 1  week after the placebo-supplementation period, 
and 1 week after the probiotics-supplementation period. 
Blood samples were centrifuged at 1000 × g for 15  min, 
and cell-free plasma or serum was aliquoted and stored 
at − 80 °C until analysis. Plasma 25-hydroxyvitamin D3 
was analyzed by chemiluminescent immunoassay on a 
Roche Elecsys Analyzer 170. The ferritin concentration 
was measured using the immunoturbidimetric method, 
on a Roche Cobas Integra 400 biochemical analyzer 
(Roche Diagnostics, Rotkreuz, Switzerland). Serum 
cortisol (C) was analyzed with competitive immunoas-
say using direct chemiluminescence technology (Advia 
Centaur, Siemens). Free testosterone (FT) was analyzed 
with ELISA enzyme immunoassay, REF-EIA-29294 (DRG 
instruments GmbH, Germany); thus the FT:C ratio was 
obtained. The reactive oxygen metabolites (ROMs) and 
the biological antioxidant potential (BAP) were meas-
ured using the derived ROMs (d-ROMs) and BAP kits, 
respectively, from Diacron (Grosseto, Italy), according to 
the manufacturer’s instruction, as previously described 
(PMID: 26,854,840). TNF-alpha (TNF-α) was measured 
by ELISA enzyme immunoassay.

Fecal metagenomics
Fecal samples were self-collected by each participant 
using Fe-Col (Alpha Laboratories Ltd, Eastleigh, UK), a 
disposable paper device to prevent sample contamina-
tion, and SMARTeNAT (Copan SpA, Brescia, Italy) for 
fecal sampling and preservation, as previously done [10]. 
Samples were stored at − 80 °C within 72 h of collection. 
One stool sample aliquot was stored raw, while 25  mg 
was used for DNA extraction. DNA was extracted using 
the DNeasy Powersoil kit and standard protocols. Shot-
gun metagenomics analysis of stool samples was per-
formed at Diversigen. Samples underwent Diversigen’s 
standard quality control (PicoGreen ds DNA quantifica-
tion) and library preparation. Samples were sequenced 
on an Illumina NovaSeq 6000 using a 2 × 150-bp flow cell 
with a mean target depth of 20 million reads.

Fecal metabolomics
Metabolomics was performed on ProDigest’s MetaKey 
global polar metabolomics platform. Raw stool samples 
were subjected to a solid–liquid-based extraction proto-
col [19, 20] and subsequently lyophilized. Of lyophilized 
material, 50.0 ± 1.0  mg was weighed and dissolved in 
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ultrapure water that contained internal standards. After 
shaking the resulting mixture and performing subse-
quent centrifugation, the supernatant was collected and 
filtered through a polyvinylidene fluoride filter (0.22 µm 
pore size). From the purified extract, a 10-µL aliquot was 
injected into the ultra high performance liquid chroma-
tography high-resolution mass spectrometry (UHPLC-
HRMS) system and performed as described previously 
[19, 20]. Chromatographic separation was achieved on 
a Vanquish quaternary pumping system (Thermo Fisher 
Scientific, USA), equipped with an Acquity HSS T3 C18 
column (1.8  µm, 150 × 2.1  mm) (Waters Corporation, 
UK). A binary solvent system consisting of ultrapure 
water (solvent A) and acetonitrile (solvent B), both acidi-
fied with 0.1% formic acid, was used at a constant flow 
rate and by applying a gradient profile. Detection was 
performed on a Q-Exactive™ standalone bench top 
quadrupole-Orbitrap high-resolution mass spectrometer 
(Thermo Fisher Scientific, USA), which was preceded by 
heated electrospray ionization (HESI-II source) in polar-
ity switching mode. The instrument was operated at a 
resolution of 140,000 full width at half maximum and in 
full-scan mode (m/z scan range of 53.4–800 Da), mean-
ing that all detected ions were registered whereby no 
fragmentation was applied.

Metagenomics data processing and analysis
DNA sequences were taxonomically classified using the 
MetaPhlAn2 analysis tool. Functional profiling was car-
ried out using the HUMAnN2 analysis pipeline. The 
functional tables were filtered to the same subset of 
samples as the filtered taxa tables. Univariate statistics 
were used as well. Values below the limit of quantita-
tion (LOQ) were replaced by half of the lowest detected 
relative abundance above the LOQ. The selection of 
statistical tests was based on a set of preliminary para-
metric tests, applied separately. Normality was assessed 
using Shapiro–Wilk normality tests (cut-off for rejec-
tion of normality p-value ≤ 0.05), and by reviewing quan-
tile–quantile (Q-Q) plots, homogeneity of variances 
was checked using Levene’s tests (cut-off for rejection 
of homogeneity of variances p-value ≤ 0.05) and outliers 
based on Z-scores (cut-off of |Z-score|> 3.5). As the large 
majority of metabolites were found to be non-normally 
distributed, we opted to use Wilcoxon tests to compare 
treatments, unless otherwise stated.

Metabolomics data processing and analysis
Metabolites were identified and quantified using Xcali-
bur software version 4.0.27.21 (Thermo Fisher Scien-
tific, USA). In general, a metabolite was considered 
below the LOD/LOQ if the metabolite’s observed peak 
area was below 1000,000 arbitrary units. Following 

peak integration, the area ratio was determined for each 
metabolite by calculating the ratio between the area 
of the metabolite and that of the most suited internal 
standard. For the applied multivariate statistical analysis, 
unsupervised principal component analysis (PCA X) and 
supervised orthogonal partial least squares discriminant 
analysis (OPLS-DA) modeling were performed using 
SIMCA® version 17. We focused on metabolites that 
were significantly changed compared to baseline and / or 
compared to placebo but for where there was no signifi-
cant change between baseline and placebo.

Multi‑omics analyses
We used Qiime2 [21] to calculate microbiome diver-
sity measures, and chose Shannon entropy as the meas-
ure of alpha diversity. Differences in Shannon diversity 
were determined by the Kruskal–Wallis test (normalized 
p-value ≤ 0.05). Qiime2 longitudinal module, specifi-
cally volatility analysis, was used to calculate net average 
abundance changes of taxa over the course of the study. 
Correlations between taxa, functions, and metabolites 
were calculated using Qiime2 SCNIC module (SparCC 
method) [22]. The significance threshold was set at 
|R|> 0.1. For every metabolite, a taxonomic-functional 
cluster was determined, composed of species and func-
tions correlated with the metabolite and with each other. 
A correlation heatmap was created using Python seaborn 
package. The final correlation network was manually cre-
ated based on connections of metabolites with similar 
clusters or depending on their contributions to pathways 
of interest based on literature sources.

Testosterone analysis
To investigate the importance of the 3β-hydroxysteroid 
dehydrogenase gene and whether its relative abundance 
was changed during the study, each sample was blasted 
against the known gene from Mycolicibacterium neo-
aurum (NZ_CP074376.1: 2,036,414–2037514), and the 
number of hits was compared between baseline, pla-
cebo, and probiotic groups. Only hits with a similarity of 
at least 97% were considered, and the final comparison 
was made possible by normalizing the hits by the num-
ber of sequences in the forward read pair of each sample. 
A two-tailed t-test was performed to determine whether 
there were significant differences between the groups.

Results
Open‑label study identifies benefits in sleep and energy
The open-label study was designed to help understand 
the benefits associated with the supplementation of 
three athlete-derived probiotic strains (commercially 
known as Nella and provided by FitBiomics): L. acido-
philus, L. rhamnosus, and L. plantarum encapsulated in 
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acid-resistant delayed-release capsules with potato starch 
as additional filler. During the study, the participants 
were supplemented with a high-dose (3.5 ×  1010  cfu) or 
low-dose (1 ×  1010  cfu) probiotic, one oral capsule per 
day, for 2 weeks. At baseline, 1 week, and 2 weeks, partic-
ipants were asked to fill out surveys. The baseline survey 
consisted of baseline habit and lifestyle questions, medi-
cal history, demographics, and other questions to help 
understand the types of participants who were interested 
in this probiotic. The 1-week and 2-week surveys focused 
on tracking adverse events (AEs) as well as understand-
ing the benefits that participants were experiencing. The 
final survey (at 2 weeks) also included final questions on 
overall experience during probiotic supplementation.

More than 1000 participants were invited into the 
study, and while 756 completed the first survey, 257 
completed all surveys (Fig.  1a). Surveys from these 257 
were used for analysis. Most AEs were mild, limited, 
and included symptoms generally associated with pro-
biotic use such as gas, bloating, mild stomach upset, 
and changes in bowel movements (Additional file  1). 
These generally subsided by the end of probiotic supple-
mentation. There were no significant differences in AEs 

between high- and low-dose groups. Of the 257 partici-
pants who completed all surveys, 12 (4.7%) left the study 
due to the side effects that they experienced.

After 2  weeks of probiotic use, 94% of participants 
reported benefits in at least one of the areas assessed 
(Fig. 1b). The top five most commonly reported benefits 
include improved sleep quality (45.1%), shorter recov-
ery time post-exercise (38.5%), decreased frequency 
of fatigue (38.3%), decreased soreness after workouts 
(38.1%), and better / more regular bowel movements 
(34.6%). Participants were also asked to rate their overall 
experience with the probiotic at the end of the 2 weeks. 
We used these data to create a model to evaluate which 
characteristics those that experienced benefits had in 
common or were driving the reported positive expe-
rience. A random forest machine learning model was 
implemented to identify features that drove the best 
overall experience (AUC = 0.74). Of the features deemed 
most important (Additional file 2), four features (general 
health/digestion/fitness, change in bowel movements, 
energy level, and current health/wellness) were benefits 
that had statistically significant differences between high 
and low overall experience ratings (Fig.  1c–f). These 

Fig. 1 Open-label study was performed to better understand the product benefits. a Over 1000 participants were invited to the study. Participants 
took 1 capsule of probiotic (either a high or low dose) daily for 2 weeks, completing a baseline survey and additional weekly surveys. A total 
of 257 participants completed the survey. b Ninety-four percent of participants reported an improvement in at least one of the benefits described 
in the survey. The three benefits most often reported included increased sleep quality, shorter recovery time, and decreased frequency of fatigue. 
c–f Four features of the random forest model were benefits that had statistically significant differences between high and low overall experience 
ratings. Statistically significant changes are marked with red stars
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results show that those that had the highest-rated overall 
experience tended to report better current health, higher 
energy, better bowel movements, and better general 
health / digestion / fitness than those that reported a low 
overall experience.

Controlled longitudinal study in soccer club used 
to validate open‑label study
To validate the results of the open-label study and fur-
ther explore the benefits associated with probiotic use, 
we designed a placebo-controlled longitudinal study and 
enrolled 15 elite Italian soccer players from a profes-
sional SERIE B team. Of the 15 who started the study, 11 
completed all aspects over the 24-week study (Fig.  2a). 
All participants were males (age, 28.7 ± 5.0  years), who 
performed regular intense exercise as part of the soccer 
training and competition season. As part of the study, 
participants took four capsules per week for 24  weeks 
and were blinded to whether they received placebo or 
probiotic. During the first 12  weeks, they consumed 
four placebo capsules per week, and during the second 
12  weeks, they consumed four probiotic capsules per 
week containing 1 ×  1010 cfu probiotic strains. There was 
a one-week washout between 12-week periods. Stool, 

urine, and blood were collected at baseline, post-placebo, 
and post-probiotic. No significant changes to diet and 
exercise load occurred during the study period.

A short survey (Additional file  3) was also adminis-
tered post-placebo, and post-probiotic, which included 
8 questions on potential benefits of the probiotic (on a 
1–5 rating scale). The survey questions assessed many of 
the same benefits that the open-label study did. No AEs 
were reported by participants, and no participant dis-
continued due to AEs. There was no significant differ-
ence between arms in terms of whether the participants 
believed the treatment improved their overall health 
and wellness (assessed using a chi-square test). How-
ever, significant differences in ratings of different benefits 
post-placebo and post-probiotic were assessed using an 
independent paired T-test, and four of the eight ben-
efits were found to have significant differences (Fig. 2b). 
These benefits included a general health rating, improved 
sleep quality, improved energy level, and improved bowel 
movements—some of the same benefits that were most 
commonly reported by the participants in the open-label 
study. In particular, these results validate the observed 
improvements in sleep quality and bowel movements, 
which seem to promote better general health.

Fig. 2 Results of the controlled longitudinal study in a professional sports team. a Study participants were recruited from a professional 
Italian soccer team. Participants were provided with placebo for 12 weeks, followed by a short washout and then probiotic for 12 weeks. Stool, 
blood, and urine were collected at baseline, after placebo, and after probiotic use. Surveys and assessments were performed after the placebo 
and after the probiotic. b Four benefits were found to be significantly improved after the probiotic compared to the placebo: general health, sleep 
quality, energy level, and bowel movement quality
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Samples were collected for understanding mechanism 
of action
While probiotics are well-known for their ability to pro-
mote better gut health, digestion, and regular bowel 
movements [23, 24], and some small studies have even 
found correlations between gut microbiome composition 
and sleep quality [25–27], and that probiotics may pro-
mote sleep quality under specific disease conditions [28, 
29], the results of interventional probiotics studies have 
varied enough that the benefits of probiotics for sleep 
in the general population and clues to the underlying 
mechanisms remain an open question [30, 31]. Therefore, 
we were interested in using the biological samples col-
lected from participants for developing hypotheses for a 

mechanism by which the probiotic bacteria could poten-
tially improve sleep quality of the host. A panel of 32 
plasma biomarkers were chosen for analysis. These bio-
markers included general measures of health as well as 
commonly measured biomarkers associated with exercise 
and performance. An ANOVA analysis was performed 
to identify trends (p < 0.1) and significant (p < 0.05) dif-
ferences associated with probiotic use as well as markers 
that simply tend to change over time (Table 1, Fig. 3).

The majority of the biomarkers with significant 
changes seemed to be related to (1) oxidative stress / 
inflammation, (2) recovery from strain, and (3) red 
blood cell physiology. Markers from these three catego-
ries seem to be both changing over time and potentially 

Table 1 Plasma biomarkers that changed (significant or trending) with probiotic use

Significant values (*p < 0.05) are bolded, while those with only a trend (p < 0.1) are italicized. Starred biomarkers are those with unique changes with probiotic but not 
placebo. We can roughly classify all these markers into 3 categories: 1) changes to testosterone / cortisol ratio (amount of strain on body / whether getting sufficient 
recovery); 2) Measures of inflammation and oxidative stress; 3) Changes to red blood cells (iron levels, etc)

*p < 0.05

Biomarker Change observed 
with placebo

Change 
observed with 
probiotic

Main 
effect 
p‑value

p‑value (T0–T1) p‑value (T0–T2) p‑value (T1–T2) Category

Vitamin D3* Decrease 
from baseline

Increase from pla-
cebo

0.011 0.017 0.422  < 0.001 Other

TNF-alpha* No change Increase 
from baseline

0.045 0.321 0.012 0.091 Oxidative stress / 
inflammation

IL-6* Increase 
from baseline

Decrease 
from placebo

0.035 0.014 0.810 0.024 Oxidative stress / 
inflammation

Plasma testoster-
one

No change No change 0.087 0.574 0.074 0.085 Recovery from strain

T:C ratio* No change Increase 
from baseline

0.066 0.091 0.022 0.485 Recovery from strain

FT:C ratio* No change Increase 
from baseline 
and placebo

0.035 0.810 0.014 0.024 Recovery from strain

Free testosterone* No change Increase 
from baseline 
and placebo

0.003 0.560 0.017  < 0.001 Recovery from strain

Cortisol Decrease 
from baseline

No change 0.076 0.023 0.174 0.303 Recovery from strain

Transferrin satura-
tion (TSAT)

Decrease 
from baseline

Decrease 
from baseline

0.021 0.039 0.011 0.875 RBC physiology

MCV No change No change 0.086 0.051 0.051 1.000 RBC physiology

Homocysteine Decrease 
from baseline

Decrease 
from baseline

0.018 0.007 0.009 0.897 Other

Iron Decrease 
from baseline

No change 0.036 0.028 0.058 0.560 RBC physiology

Hematocrit* No change Decrease 
from placebo

0.045 0.847 0.077 0.036 RBC physiology

Eosinophils Increase 
from baseline

Increase 
from baseline

0.013 0.005 0.005 1.000 RBC physiology

D-ROMS* No change Decrease 
from baseline

0.005 0.052 0.001 0.301 Oxidative stress / 
inflammation

BAP test* No change Decrease 
from baseline

0.095 0.912 0.015 0.054 Oxidative stress / 
inflammation
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with probiotic use. Starred biomarkers in Table 1 (and 
shown in Fig.  3) correspond to those biomarkers with 
unique changes associated with probiotic use (changes 
from baseline to probiotic or from placebo to probiotic 
timepoints but no change or opposing change from 
baseline to placebo timepoints). Three of these mark-
ers are related to testosterone levels: free testosterone, 
free testosterone-to-cortisol ratio (FT:C), and plasma 
testosterone-to-cortisol ratio (T:C). These markers, in 
particular FT:C, are associated with improved recov-
ery from physical strain and could contribute to the 
increased energy participants reported [32, 33]. Mark-
ers of oxidative stress were also changed. Derivatives of 
reactive oxygen metabolites (D-ROMS) and biological 

antioxidant potential (BAP) decreased with probiotic 
use compared to baseline. The hematocrit decreased 
with probiotic compared to placebo, but the values 
generally remain within the healthy range for adult 
males. TNF-alpha and IL-6 are two pro-inflamma-
tory cytokines that also change over time. TNF-alpha 
increases with probiotics compared to baseline. How-
ever, IL-6 displays some remarkable changes. After 
the placebo period, IL-6 concentration dramatically 
increases, but after probiotic, it returns to baseline lev-
els. Vitamin D3 displayed a similar but opposite pat-
tern—decreasing during placebo but increasing back to 
baseline levels with probiotic.

Fig. 3 Blood biomarkers that change with probiotic use. Plasma biomarkers were assessed to understand which host biomarkers changed 
with probiotic use. a–c Testosterone increases were associated with probiotic use. In particular, free testosterone and the free testosterone 
to cortisol (FT:C) ratio were increased with probiotic compared to baseline and placebo. Plasma testosterone-to-cortisol ratio (T:C) 
was only increased with probiotic compared to baseline. d, e Markers of oxidative stress including derivatives of reactive oxygen metabolites 
(D-ROMS) and biological antioxidant potential (BAP) appeared to decrease with probiotic use compared to baseline. f Hematocrit was decreased 
with probiotic compared to placebo. g, h Important cytokines also changed with probiotic use. TNF-alpha was increased with probiotic compared 
to baseline. IL-6 significantly increased with placebo and decreased with probiotic back to baseline levels. i Vitamin D3 also significantly changed 
at both timepoints, but was decreased with placebo and increased back to baseline levels with probiotic
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To determine whether any of these biomarker 
changes were associated with any of the benefits signifi-
cantly associated with probiotic compared to placebo, 
we classified participants as responders (reported a 
benefit) or non-responders (no benefit or worsening of 
symptoms reported). Due to the small number of par-
ticipants in the study and the generally high fraction 
of responders, there were no significant associations 
between these biomarkers and response.

Metagenomics and metabolomics analyses were combined 
to hypothesize mechanisms for survey and biomarker 
results
To understand how these biomarkers are being influ-
enced by the gut microbiota, we performed a multi-omics 
analysis consisting of deep (20 million reads) shotgun 
metagenomics sequencing and global polar metabolomics 
profiling of the stool samples provided by the partici-
pants. We performed an initial summary analysis of the 
metagenomics data and used Shannon entropy as a meas-
ure of alpha diversity (Fig. 4a). The alpha diversity did not 
change over time. However, a longitudinal analysis of the 
data using net average change in abundance calculated as 
a part of Qiime2’s longitudinal module volatility analysis 
identified 11 taxa that significantly increased or decreased 
in relative abundance from baseline (Fig. 4b, Table 2). Of 

these eleven, seven increased only with probiotic, not 
with placebo. However, with the exception of Faecalibac-
terium prausnitzii, after plotting these strains individu-
ally, the average change over time seems to be driven by 
a small subset of participants and is not seen generally 
(Fig. 4c, Additional file 4).

Fig. 4 Microbiome community changes over time. a There were no changes in alpha diversity over time. b A longitudinal analysis of the microbiota 
community using the longitudinal module of Qiime2 found a list of bacterial species that change over time with placebo and / or with probiotic. 
c These observed changes are generally driven by changes in a subset of participants. Example here shown with F. prausnitzii, which increases 
in most participants over time in contrast with B. longum, which increases in only a subset of participants. d The abundance of the Lactobacillaceae 
family increases with probiotic use but not placebo. e No significant differences were observed in terms of number of sequences that are similar 
to 3β-hydroxysteroid dehydrogenase, which has the ability to degrade testosterone

Table 2 Taxa that significantly change over time. Bolded taxa 
change only with probiotic use. Net average change is in terms 
of relative abundance

Species Net average 
change with 
probiotics

Net average 
change in 
placebo

Faecalibacterium prausnitzii 0.109 NA
Bifidobacterium longum 0.051 NA
Roseburia intestinalis 0.014 0.010

Alistipes putredinis 0.010 NA
Eubacterium rectale 0.007 0.063

Bacteroides vulgatus 0.007 0.003

Ruminococcus torques  − 0.042  − 0.028

Dorea longicatena  − 0.034 NA
Ruminococcus obeum  − 0.029 NA
Phascolarctobacterium suc‑
cinatutens

 − 0.012 NA

Coprococcus comes  − 0.009 NA
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To gain a better pharmacokinetic understanding of the 
probiotic product, we queried the metagenomics data 
for the species of lactobacilli present in the probiotic (L. 
plantarum, L. acidophilus, and L. rhamnosus). While 
there were no significant changes in the abundance of 
these species over time, there was a significant increase 
in the Lactobacillaceae family in general (Fig.  4d). The 
scientific consensus is that lactobacilli tend to be tran-
sient members of the gut community, so it is not surpris-
ing that the abundance of these specific species does not 
change over time with probiotic usage. However, they do 
promote a healthier gut environment overall, which may 
explain the slight increase in Lactobacillaceae abundance.

Next, because of the changes in testosterone observed 
during the study, we investigated whether the micro-
biome could be modulating testosterone levels. Other 
studies have found that features of the microbiome 
such as relative abundance of Firmicutes correlate with 
testosterone levels in males [34, 35]. Furthermore, 
3β-hydroxysteroid dehydrogenase is an enzyme known 
to be expressed by gut microbes that can degrade testos-
terone. The abundance of genes encoding this enzyme 
has been negatively correlated with testosterone levels 
[36]. Here, we looked for sequences with similarity (97% 
cut-off) to this gene in the data at baseline, post-placebo, 
and post-probiotic. We found that there were no signifi-
cant changes in the fraction of hits at the baseline, pla-
cebo, and probiotic timepoints (Fig.  4d). However, in 
general, there were few hits similar to this sequence. This 
sequence was chosen due to previous reports suggesting 
a role of this gene in human testosterone levels, but there 
may be less similar gene sequences with similar functions 
that are currently unknown. Furthermore, we may be 

prevented from observing significant differences due to 
the small sample size of this study.

The global polar metabolomics analysis yielded 178 
metabolites detected above the methodological limit of 
quantitation. Orthogonal partial least squares discrimi-
nant analysis modeling (OPLS-DA) was used to identify 
metabolites associated with the different timepoints in a 
supervised manner. Twenty-one metabolites were signifi-
cantly associated with different timepoints in the study 
(Additional file  5). We focused our analysis on those 8 
metabolites that were found to be important in baseline 
vs post-probiotic and post-placebo vs post-probiotic but 
not between baseline and placebo (Table 3).

In order to understand how these metabolites might 
be related to changes in the microbiome in terms of 
both which taxa are represented in the sample as well 
as which functions and pathways are present, we used 
a SparCC-based correlational approach (Fig.  5a). First, 
the eight metabolites that likely changed due to pro-
biotic consumption were correlated with species that 
changed in the metagenomics data. Similarly, those same 
eight metabolites were correlated with the functions and 
pathways present in the metagenomics data. Once we 
had that list of species as well as a list of functions/path-
ways correlating with specific metabolomic changes, we 
assessed which of the taxa and functions correlated with 
each other.

This resulted in a list of metabolites, taxa, and func-
tions/pathways that were potentially connected to 
changes due to probiotic use. A clustering-based 
approach was inconclusive (Additional file  6), so a bio-
synthetic approach was utilized to understand the rela-
tionship between these features. This approach identified 

Table 3 Metabolites that are associated with different timepoints in OPLS-DA modeling

The Variable Importance in Projection (VIP) score is used as the indicator of importance here. A VIP score > 1 indicates a metabolite that is relatively important. All 
metabolites were found to be decreased in the probiotic condition compared to baseline or to placebo
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a cluster of metabolites and pathways related to oxidative 
stress (Fig. 5b). Nicotinic acid / picolinic acid (difference 
could not be determined with the metabolomics methods 
used) was negatively correlated with arginine and ornith-
ine degradation and menaquinol biosynthesis. Both argi-
nine and ornithine can be broken down to produce NO 
[37]. Citrulline is another metabolite found to be signifi-
cantly changed (decreased) with probiotic use. However, 
citrulline can be recycled back to ornithine. Menaquinol 
and two molecules of nitric oxide (NO) can be converted 
into menaquinone, nitrous oxide, and water [38, 39].

Menaquinone (vitamin K) is an important nutrient 
for the human host, with roles in bone, heart, blood, 
immune, and cognitive health [40–42], and absorption 
of microbially sourced vitamin K from the small intes-
tine is vital for human health [43]. Both nitric oxide and 
menaquinone are known antioxidant molecules [44, 
45], and microbially modulated nitric oxide has roles in 
promoting better exercise performance in the mouth 
microbiome [46]. Nitric oxide may also inhibit cortisol 
production, which could help explain the testosterone-
to-cortisol ratios observed in the biomarker analysis [47]. 
Four taxa were correlated with these changes: Bacte-
roides finegoldii, Eubacterium cylindroides, Eubacterium 
ventriosum, and Oscillibacter unclassified. Bacteroides 
species and Eubacterium lentum are known biosynthetic 
producers of menaquinone [48, 49]. Three out of four 
of the species here are potential menaquinone produc-
ers [49]. In the model we hypothesize here (Fig.  6), the 

probiotic encourages the growth of menaquinone-pro-
ducing bacteria. An increase in NO and menaquinone 
modulates oxidative stress, increasing energy and pro-
moting better sleep for the host.

Discussion
While the gastrointestinal benefits of lactobacilli pro-
biotics are well-known, we observed more novel ben-
efits in these studies in terms of participant-reported 
improvements in sleep and energy. The gut microbi-
ome’s capacity to adapt to exercise has garnered con-
siderable attention in recent years, with accumulating 
evidence suggesting that the health benefits of exer-
cise may be mediated by the microbiome [6–9, 12, 18]. 
The probiotic intervention investigated in this study 
consists of three lactobacilli strains isolated from elite 
athletes, whose gut microbiomes have adapted to 
strenuous exercise. We hypothesize that these exercise-
adapted lactobacilli harbor genomic adaptations that 
contribute to the significant improvements observed 
in sleep quality, general health, and energy levels after 
intervention. Moreover, the exercise-adapted microbi-
ome more generally may be responsible for the health 
improvements conferred by exercise, including sleep 
quality.

The intricate interplay among sleep, exercise, and 
the gut microbiome has gained considerable inter-
est in recent years, with a growing body of research 

Fig. 5 A multi-omics analysis was performed to understand microbiota and metabolite community changes in the athletes. Metabolites 
that changed with probiotic use but not placebo were identified. a The SparCC algorithm was used in a correlational analysis of taxa, pathways, 
and metabolites that changed over time. In this way, we identified a list of taxa, pathways, and metabolites that correlate with each other. b) 
A biosynthetic pathway approach was used to understand how the different correlating taxa, pathways, and metabolites were related, and a cluster 
was identified that was associated with menaquinone production and reduced oxidative stress. Nicotinic / picolinic acid is a biosynthetic product 
of tryptophan. In our data, we found significant correlations between nicotinic / picolinic acid and menaquinol biosynthesis and arginine / 
ornithine degradation. Arginine / ornithine is metabolized into menaquinol and nitric oxide with citrulline as a byproduct. Menaquinol is converted 
into menaquinone (vitamin K) and nitrous oxide  (N2O) Citrulline can be converted back to ornithine to continue this process. The Bacteroides genus 
and some Eubacterium species are known producers of menaquinones
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illuminating the bidirectional relationship between the 
gut microbiome and exercise [6–9]. In this study, we 
investigated the impact of a novel probiotic intervention, 
developed through the analysis of the gut microbiomes of 
elite athletes, on sleep quality, exercise recovery, and gut 
microbiome composition in the general population and 
in professional athletes.

We observed significant improvements in sleep qual-
ity, energy levels, and bowel movement quality after the 
intervention. Sleep quality and exercise recovery are 
closely linked, as better sleep contributes to enhanced 
recovery from physical exertion [50]. The observed 
improvements in sleep quality and energy suggest that 
the probiotic intervention could be modulating the 
host’s physiology and stress response, possibly through 
the modulation of testosterone, cortisol, and inflamma-
tory markers. Further work is needed to validate these 
associations and to better understand the underlying 
mechanisms.

The multi-omics analysis conducted in this study 
revealed specific changes in blood biomarkers, micro-
biota, and metabolites associated with the probiotic 
intervention. Among the observed changes, we found 
alterations in the levels of specific bacteria such as F. 
prausnitzii and B. longum, which have been linked to 

exercise performance and gut health in previous studies 
[51, 52]. Additionally, we identified changes in oxidative 
stress markers, such as the BAP test and D-ROMS, which 
could be influenced by the gut microbiome [53, 54]. 
These findings suggest a possible role of the gut microbi-
ome in modulating host physiological responses to exer-
cise and sleep.

Based on these findings and the literature on the inter-
section of sleep, exercise, and the gut microbiome, we 
propose a few models of how the exercise-adapted Lac-
tobacilli strains in the probiotic intervention influence 
sleep quality and other health parameters. One possible 
model that emerges from our data revolves around the 
role of oxidative stress in sleep regulation. Sleep quality 
has been shown to be influenced by the balance between 
pro- and anti-oxidants in the body [55–57]. As physical 
exertion increases oxidative stress, the body responds by 
adjusting antioxidant levels to maintain homeostasis [58]. 
In addition, the competitive season entails high-intensity 
peaks, mental stress, and travel. The peaks of BAP test 
and IL-6, in particular, at placebo point to an external 
physical stressor, possibly a hard training session or a 
match within 3–4 days [70].

In our study, we observed changes in biomarkers of oxi-
dative stress including BAP, D-ROMS, cortisol, TNF-α, 

Fig. 6 Probiotics provide anti-inflammatory and antioxidant benefits for the host. This probiotic encourages growth or production 
of menaquinones. An increase in NO and menaquinone (MQ) reduces oxidative stress. Alternatively, outside stressors (exercise, physical strain) 
induce oxidative stress. The microbiome responds to these changes by changing the composition or regulation of pathways to promote increased 
production of menaquinones and NO
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and IL-6 following the probiotic intervention. However, 
while BAP and D-ROMS are expected to negatively cor-
relate, we observe decreases in both markers. Because the 
observed changes are not far outside the normal range 
for these biomarkers and not particularly associated with 
an unhealthy state [59, 60], perhaps the decrease in BAP 
is a result of low D-ROMS. The human host may not 
require high antioxidant potential when healthy and the 
levels of reactive oxygen metabolites are low. Our results 
suggest that the probiotic may enhance sleep quality by 
modulating the oxidative stress response, ultimately pro-
moting a more balanced redox state conducive to sleep.

Several studies on sleep and inflammation have pre-
dominantly measured IL-6 as a marker of systemic 
inflammation [61–63]. The pattern of values we have 
observed in IL-6 is consistent with the findings regard-
ing improvement in sleep quality. Sleep disturbances, 
assessed by symptom reporting with single or multiple 
items or a questionnaire, correlated with elevated lev-
els of pro-inflammatory cytokines (IL-1, IL-6, TNF-α) 
[31]. Although it cannot be stated with certainty that the 
probiotic supplement reduces the level of IL-6, the link 
found between reduced IL-6 level and improved sleep 
quality is an important signal for the efficacy of these 
Lactobacillus strains. Especially for L. plantarum species, 
in vivo studies report that it can block the expression of 
pro-inflammatory cytokines [64]. A recent study in mice 
also connected changes in IL-6 and TNF-α to oxidative 
stress in the brain induced by chronic sleep restriction 
[55]. The authors found that chronic sleep restriction 
increased TNF-α and reduced IL-6 alongside increased 
oxidative stress and altered gut-brain hormones. The 
probiotics used in this study were able to ameliorate the 
oxidative damage to the brain induced by sleep restric-
tion, reduced neuroinflammation, and positively regu-
lated gut-brain hormones. It remains to be seen whether 
these effects also occur in humans, but the results of this 
study suggest that a similar mechanism may be relevant.

Another potential model involves the impact of the 
probiotic intervention on the production of neurotrans-
mitters and other sleep-regulating molecules. Certain 
gut microbes are known to produce neuroactive com-
pounds, such as gamma-aminobutyric acid (GABA) and 
seratonin, which can influence sleep quality [65, 66]. The 
observed changes in the microbiome community, par-
ticularly the increase in taxa, such as F. prausnitzii and 
B. longum, may lead to alterations in the production of 
these neuroactive compounds. This, in turn, could modu-
late sleep–wake cycles and improve sleep quality.

Furthermore, our study revealed changes in tes-
tosterone and cortisol levels following the probiotic 

intervention. The testosterone-to-cortisol (T:C) ratio is 
an important indicator of an athlete’s recovery status and 
is influenced by the balance between anabolic and cata-
bolic processes [32, 33]. An increase in the T:C ratio may 
signify enhanced recovery and reduced stress, ultimately 
leading to better sleep quality. The probiotic interven-
tion may impact the host’s hormonal balance, possibly 
through the modulation of microbial metabolites and 
their effects on the endocrine system, which in turn 
influences sleep quality. On the other hand, cortisol and 
oxidative stress have been shown to be negatively corre-
lated [47]. Perhaps the increased FT:C and T:C ratios are 
another marker of improved oxidate status of the partici-
pants. In fact, testosterone, cortisol, oxidative stress, and 
even vitamin D (another marker found to improve with 
probiotic compared to placebo in this study) have pre-
viously been shown to be connected in other studies of 
soccer players [67, 68].

Lastly, the probiotic’s impact on sleep quality could 
be related to its effects on the immune system. The gut 
microbiome is known to play a crucial role in the regu-
lation of both innate and adaptive immunity [69]. The 
observed changes in inflammatory markers, such as 
TNF-α and IL-6, suggest that the probiotic intervention 
may modulate the immune response in a way that pro-
motes a more restful sleep. In previous studies, while 
there tends to be a negative correlation between pro-
inflammatory cytokines and improved sleep (as we 
observe with IL-6), neither sleep disturbance nor sleep 
duration are generally associated with changes to TNF-α, 
which we observe to be increased with probiotic use. In 
the recent study connecting chronic sleep restriction to 
oxidative stress and neuroinflammation in mice, TNF-α 
levels are increased with sleep restriction, while IL-6 is 
decreased [55], which is the same pattern we observe in 
participants’ post-probiotic use, which is associated with 
improved sleep quality. More work is needed here to 
tease apart the relationship between sleep and changes in 
these inflammatory markers.

There are several limitations to these studies. In the 
longitudinal placebo-controlled trial, the greatest limita-
tion is the sample size: Only 11 participants completed all 
aspects of the study. This has limited our ability to identify 
significant associations between changes to the microbi-
ome, blood-based biomarkers, and participant-reported 
outcomes. Future research should include larger rand-
omized controlled studies to investigate these effects with 
greater statistical power. Another limitation was the study 
design. This study was initially designed as a randomized 
controlled crossover study, but the logistics of work-
ing with a professional soccer club during competition 
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season necessitated a simpler study design. The longitudi-
nal aspect of the study introduces potential confounding 
variables such as changing seasons, which could explain 
the changes observed in vitamin D3. Other unknown con-
founders may explain some of the observed biomarker 
and microbiome changes as well. While participants were 
instructed to maintain the same diet, exercise, and lifestyle 
habits throughout the study, it is impossible to retrospec-
tively determine whether this was the case. Future rand-
omized controlled parallel arm or crossover studies will 
limit these confounding variables and validate the effects 
observed here. A major limitation of the open-label study 
of 257 individuals was that it lacked a control arm, mak-
ing it susceptible to bias from the placebo effect. However, 
the results from the open-label study were critical in the 
design of the placebo-controlled trial, without which we 
would have not identified the association with sleep qual-
ity. Another limitation of the manuscript is that there is no 
non-survey data related to the effect on the general popu-
lation; therefore, we cannot confirm that the same effects 
are present in elite athletes and the general population.

We believe that this work can serve as a model for 
future clinical investigations of probiotics and other sup-
plements, beginning with a large but low-cost survey-
based study exploring a large range of effects that may be 
conferred by the probiotic. Then any significant effects 
identified in the large study, serving as hypotheses, can 
be independently tested and validated in smaller but rig-
orous placebo-controlled trials.

Conclusion
In conclusion, we have used a two-phase study approach 
to identify the potential benefits of a multi-strain Lacto-
bacillus probiotic and validated those results using a con-
trolled longitudinal study in an athlete population. These 
studies found not only improvements in digestion but 
also significant increases in energy and improved sleep 
quality. To delve into why this might be, we used multi-
omics techniques alongside a panel of blood biomark-
ers and participant-reported survey results to identify 
a potential mechanism by which this probiotic could be 
modulating sleep and have proposed a model by which 
the probiotic modulates the gut to promote decreased 
oxidative stress for the host.
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