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ABSTRACT

Psychological stress negatively affects the intestinal barrier function in animals and humans. We
aimed to study the effect of Lactobacillus rhamnosus CNCM |-3690 on intestinal permeability and
stress-markers during public speech. Healthy students were randomized to L. rhamnosus-
containing (test) or acidified (placebo) milk consumed twice daily for 4 weeks, with 46 subjects
per treatment group. Small intestinal permeability was quantified by a 2 h urinary lactulose-
mannitol ratio (LMR, primary outcome), fractional excretion of lactulose (FEL) and mannitol (FEM).
Salivary cortisol, State-Trait Anxiety Inventory (STAI) and Perceived Stress scores (PSS) were col-
lected. No between-treatment differences were found for LMR (p = .71), FEL or FEM. Within-
treatment analyses showed similar LMR and FEL but a stress-induced increase of FEM with the
placebo (p < .05) but not test product. Despite a similar increase in salivary cortisol, the stress-
induced increase in STAI was significantly lower with the test product vs. placebo (p = .01).
Moreover, a stress-preventative effect of the probiotic was found for PSS and more pronounced
in subjects with high stress-induced cortisol (p = .01). While increased FEM was mediated by salivary
cortisol levels, the effect of the test product on subjective stress was not mediated by changes in
FEM. No serious adverse events occurred. In conclusion, we demonstrated that L. rhamnosus CNCM
I-3690 prevented stress-induced hyperpermeability to mannitol. Subjective but not objective stress-
markers were reduced with L. rhamnosus vs. placebo, suggesting anxiolytic effects, which were
independent of barrier stabilization and attractive for the reduction of stress in both health and
disease. Clinicaltrials.gov, number NCT03408691.
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Introducti
niroduction exert a health benefit on the host and offer the oppor-

The study of the interaction between psychological
stress and gastrointestinal (GI) function is a complex
and developing field. The bidirectional communica-
tion between the gut and the brain or gut-brain axis
has been considered a pivotal player in the pathogen-
esis of both irritable bowel syndrome (IBS) and
inflammatory bowel diseases (IBD)."* However, the
exact mechanisms through which changes in the gut
alter brain functioning, feelings, and behavior remain
unclear. Gut microbes may play an important role as
germ-free mice showed exaggerated responses to
stress compared to specific pathogen-free mice,
which were reversible through re-colonization with
Bifidobacterium infantis.” Probiotics are live micro-
organisms that, when ingested in adequate amounts,

tunity to modulate the gut microbiota and thus cen-
tral nervous function.* Indeed, recent systematic
reviews suggested that some Lactobacillus and
Bifidobacterium strains may reduce anxiety and
L. rhamnosus was identified as a potential anxiolytic
species based on preclinical data.>® L. rhamnosus JB-
1, formerly referred to as L. reuteri, reduced depres-
sive-like behavior in mice,”® which was abolished
after vagotomy.” However, these promising preclini-
cal findings were not reproduced with L. rhamnosus
JB-1 in healthy humans after a socially evaluated cold
pressor test.”

Interestingly, preclinical studies have identified
increased intestinal permeability as the potential
link between psychological stress and mucosal
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immune activation via enhanced passage of
antigens,'® with improvement after probiotics.'""
Increased intestinal permeability has been demon-
strated in IBS and IBD with mucosal eosinophil
and/or mast cell activation.'>'* We showed that
a social-evaluative stressor (public speech) and
intravenous administration of CRH increased
small intestinal permeability quantified by the urin-
ary lactulose-to-mannitol ratio (LMR) in healthy
students. This effect was abolished after pre-
treatment with the mast cell stabilizer disodium-
cromoglycate (DSCG).'”> Recent studies demon-
strated that both commensal and lactic acid-
producing bacteria can enhance mucosal barrier
integrity in mice inflammation models, with
a similar protective effect of L. rhamnosus CNCM
1-3690 compared to Faecalibacterium prausnitzii
A2-165."° Furthermore, anti-inflammatory effects
reported for L. rhamnosus in these
models,'”'® making this an important candidate
for further human research. However, no studies
have investigated the potential role of bacteria in
general or L. rhamnosus in particular for increased
permeability during psychological stress in
humans.

We therefore conducted a randomized, double-
blind placebo-controlled trial to study the effect of
a probiotic on stress-induced hyperpermeability
(ProSPer) with L. rhamnosus CNCM 1-3690 in
healthy adults undergoing an oral thesis defense.
We hypothesized that increased permeability dur-
ing stress would be attenuated by L. rhamnosus
compared to a placebo intervention. In addition,
objective and subjective markers of stress were
measured to assess the effect of L. rhamnosus on
the biological and behavioral stress-response.

were

Results
Participants and adherence

From January to July 2018, 117 subjects were
included and 116 were randomized after exclusion
of 1 subject during run-in, of which 93 to the inter-
vention arms (Figure 1). A total of 44 of the 46
subjects with the test product (96%) and 46 of the
47 subjects with control product (98%) completed the
study. There were no differences in the baseline char-
acteristics including demographics and psychological

screening questionnaires (Table 1). Proportions of
study degree (bachelor or master) or topic (biomedi-
cal sciences, pharmacological sciences, etc.) were
similar in the test vs. control product group, and all
subjects fulfilled the pre-specified compliance criteria
(80-120%) (see Supplementary material).

Primary outcome (LMR)

Main and interaction effects of all outcomes are
shown in Table 2. The hypothesis of a decrease in
stress-related intestinal permeability quantified by the
LMR with the L. rhamnosus-containing product vs.
placebo was refuted based on the absence of stress-
induced changes in LMR or difference with the test
product (p = .9) vs. placebo (p = .69) (p = .71 for
interaction). Results were similar when adjusted for
age, gender, study topic and degree, as well as in
subjects with a stress-induced cortisol above the
90th  percentile (P90) of baseline (see
Supplementary material).

Secondary outcomes (LMR, cortisol, and STAI)

The pre-specified evaluation of LMR across visits
showed no change after 2 weeks with the test pro-
duct (p = .11) or placebo (p = .49) treatment.
However, a significant but similar increase in
LMR was seen after NSAID with the test product
(p < .0001) vs. placebo (p < .0001) (pag; = 0.28 for
interaction). The evolution of LMR across visits
with both treatments is illustrated in Figure 2a.

A significant but similar stress-induced increase in
cortisol was found with the L. rhamnosus-containing
product (p < .0001) vs. placebo (p < .0001) (p = .97
for interaction). In contrast, the stress-induced
increase in STAI was significantly lower with the
test product (p < .0001) vs. placebo (p < .0001)
(p = .01 for interaction). The stress-induced changes
in cortisol and STAI are illustrated in Figure 3.

Exploratory outcomes (SAA, slgA, FEL, FEM, and
PSS)

The stress-induced increase in SAA tended to be
lower with with the test product (p < .0001) vs.
placebo (p < .0001) (p = .07 for interaction). In
contrast, a similar stress-induced increase in sIgA
was found with the test product (p < .0001) vs.
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Assessed for eligibility (n=117)

Enrollment

.| Excluded (n=1)

- adverse event (n=1)

Randomized (n= 116)

No intervention arm

(open-label) (n= 23)

l ocaton | |

Allocated to L. rhamnosus
treatment (n= 46)

- received allocated intervention
(n= 46)

Allocated to placebo (n=47)

- received intervention (n= 46)
- did not receive allocated
intervention (n= 1)

A4

[ Follow-Up ]

\4

Completed the study (n= 44)
Discontinued intervention (n= 2)
~adverse event (n=1)

- withdrawal by subject (n= 1)

Completed the study (n=46)
Discontinued intervention (n= 0)

l [ Analysis il

Intention-to-treat analysis (n= 46)

Table 1. Baseline characteristics.

L. rhamnosus
product (n = 46)

Placebo product

Group (n = 46) p-value

Demographic:

« Age (years) 23.23 £0.32 22.84 +0.28 0.35

+ Female (%) 26 (56) 28 (61) 0.67

- BMI 21.97 £0.27 21.56 +0.35 0.35
Screening

questionnaire:

+ GAD-7 0.91 +£0.19 1.24 £0.19 0.29

+ PHQ-9 1.20 £ 0.17 141 £0.22 0.48
In vivo permeability:

« LMR 0.03 + 0.003 0.03 + 0.002 >0.99

+ FEL (%) 0.12 + 0.008 0.10 + 0.007 >0.99

« FEM (%) 9.54 +0.59 9.34 + 039 0.78
Salivary analysis:

« Cortisol (ng/ml) 4.88 + 045 5.81 +0.81 0.34

+ SAA (U/ml)

+ slgA (ug/ml)
Study questionnaires:

« STAI 29.80 + 0.84 28.74 £ 0.94 0.41

+ PSS 7.89 + 0.69 7.85+0.72 0.92

Abbreviations: BMI, Body Mass Index; FEL, Fractional Excretion of Lactulose;
FEM, Fractional Excretion of Mannitol; GAD-7, General Anxiety Disorder7-
item; LMR, Lactulose Mannitol ratio; NA, not applicable; PHQ-9, Patient
Health Questionnaire 9-item; PSS, Perceived Stress Scale; SAA, Salivary
Alpha Amylase; slgA, secretory IgA; STAI, State Trait Anxiety Inventory.

102.92 + 23.45
192.84 + 18.10

7644 + 12.76 0.32
164.48 + 12.16 0.21

Intention-to-treat analysis (n= 46)

Figure 1. Study flowchart.

placebo (p < .0001) (p = .62 for interaction). The
stress-induced changes in sIgA and SAA are illu-
strated in Figure S1 (Supplementary material).
For FEL, no changes or difference after stress but
similar increases after NSAID were found with the
test product (p <.0001) vs. placebo (p <.0001) (pag;
= 0.55 for interaction) (Figure 2b). For FEM,
a stress-induced increase was seen with the placebo
(p < .05) but not test product (p = .27), with no
between-treatment difference (p = .59). Similarly,
a stress-induced increase in PSS was found with the
placebo (p = .002) but not test product (p = .73)
(p = .06 for interaction). The stress-induced
increase in FEM and PSS with placebo was more
pronounced in the pre-specified subgroup analysis
of subjects with stress-induced cortisol >P90 of
baseline, with a significant between-treatment dif-
ference for PSS (see Supplementary material).
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Table 2. Main and interaction effects for outcomes in the intention-to-treat analysis.

Effect Visit Treatment Visit*treatment
Outcome F value p value F value p value F value p value
Primary:
- LMR 56.94 <0.0001 1.52 0.22 0.80 0.50
Secondary:
- Cortisol 104.27 <0.0001 0.58 0.45 0 0.97
- STAI 113.98 <0.0001 0.02 0.88 2.61 0.05
Exploratory:
- SAA 71.34 <0.0001 0.79 0.38 3.51 0.07
- slgA 48.14 <0.0001 0.53 0.47 0.25 0.62
- FEL 30.91 <0.0001 0.45 0.50 0.48 0.70
- FEM 5.16 0.002 0.42 0.52 1.40 0.24
- PSS 11.23 <0.0001 0.21 0.65 1.88 0.13

Abbreviations: FEL, Fractional Excretion of Lactulose; FEM, Fractional Excretion of Mannitol; LMR, Lactulose Mannitol ratio; PSS, Perceived
Stress Scale; SAA, Salivary Alpha Amylase; slgA, secretory IgA; STAI, State Trait Anxiety Inventory.
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Figure 2. Evolution of the lactulose-mannitol ratio (a) and fractional excretion of lactulose (b) across all visits in the intention-to-treat
population. LMR, lactulose-mannitol ratio; NSAID, non-steroidal anti-inflammatory drug. ****p < .0001
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Figure 3. Stress-induced increase in salivary cortisol (a) and STAI (b) in the intention-to-treat population. STAI, State Trait Anxiety

Inventory. *p < .05, ****p < .0001

Stress-induced increases in FEM (Figure 4a-b) and
PSS (Figure 5 a-b) are illustrated for the intention-
to-treat and subgroup analyses.

Mediation analysis

We hypothesized that the effects of the product
with L. rhamnosus on subjective stress and manni-
tol excretion described above were dependent on
the level of HPA-axis activation. Therefore, the
mediating effect of cortisol was tested by adding

the standardized stress-induced change in cortisol
(Acortisol) in the model for STAI, FEM, and PSS.
No mediation was found for STAI with the placebo
or test product (see Supplementary material).
However, the stress-induced increase in FEM was
only found in subjects with average or higher
changes in cortisol with the placebo but not test
product (Figure 4 c-d), which is in line with the
subgroup analysis in subjects with stress-induced
cortisol >P90 of baseline. While no mediation was
found for PSS with the placebo, a stress-induced
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Figure 4. Stress-induced increase in the fractional excretion of mannitol in the intention-to-treat (a) and subgroup analysis of subjects
with cortisol >P90 during stress (b). Mediation analysis with estimates at baseline and during stress for different levels of the stress-
induced change in cortisol with the placebo (c) and test product (d) treatment. Graphs C-D show means and standard error of FEM after
Box-Cox transformation for different levels of the standardized (mean = 0 and standard deviation = 1) stress-induced change in
cortisol. P90, 90" percentile; FEM, fractional excretion of mannitol. *p < .05, **p < .01

increase in PSS was only found in subjects with
below average changes in cortisol with the test
product, indicating a lack of preventative effect
with limited HPA-axis activation (Figure 5 c-d).
When adding AFEM in the model with STAI and
PSS, no mediation was found with either the pla-
cebo or test product.

Safety

All AE with their relation to the product are
described in the Supplementary material.

Discussion

In this randomized double-blind placebo-
controlled trial involving healthy students, no
stress-related changes in LMR were found during
public speech. Hence, it was not possible to observe
an effect of L. rhamnosus CNCM 1-3690 on this
parameter. Nevertheless, several important changes
were found in the other pre-specified outcomes.
Although both objective (cortisol) and subjective
(STAI) stress significantly increased during stress,

confirming the biological and behavioral stress-
response to public speech, only STAI was reduced
by the L. rhamnosus strain. Interestingly, the stress-
induced increase in PSS was prevented by the test
product, especially in the subgroup with a stress-
induced cortisol >P90 of baseline. Moreover, the
stress-induced increase in PSS was still present in
subjects with below average changes in cortisol
despite intake of the test product, indicating a lack
of protective behavioral effects in the case of low
HPA-axis activation. We also found a stress-
induced increase in salivary markers of autonomic
(SAA) and immune (sIgA) activation, with a trend
for a smaller increase with the test product for SAA.
Finally, a stress-induced increase in FEM was found
with the control product only, which was mediated
by cortisol levels and no mediating effect of FEM
was found on subjective stress, indicating anxiolytic
effects, which were independent of barrier
stabilization.

Increased intestinal permeability in healthy sub-
jects has been studied in different non-
inflammatory stress conditions, including physical
exercise, intake of NSAIDs and psychological
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Figure 5. Stress-induced increase in the perceived stress scale in the intention-to-treat (a) and subgroup analysis of subjects with
salivary cortisol >P90 during stress (b). Mediation analysis with estimates at baseline and stress for different levels of the stress-induced
change in cortisol with the placebo (c) and test product (d) treatment. Graphs C-D show means and standard error of PSS after Box-Cox
transformation for different levels of the standardized (mean = 0 and standard deviation = 1) stress-induced change in cortisol. P90,
90'™ percentile; PSS, Perceived Stress Scale. °p < .1, *p < .05, **p < .01

stress."” Although the passage of orally ingested
sugars is still incompletely understood, in vivo
assessment of intestinal barrier function allows
a noninvasive measurement. It has been proposed
that the monosaccharide mannitol passes the
epithelium via the pore and not the leak pathway
such as the disaccharide lactulose, but this concept
is controversial.'” An alternative hypothesis is that
mannitol and lactulose are markers for transcellular
and paracellular passage respectively, but support-
ing evidence is lacking.’® Previous preclinical stu-
dies with L. rhamnosus CNCM 1-3690 showed
increased expression of the tight junction protein
occludin, suggesting restored paracellular
permeability,'® which was later confirmed with
additional effects on mucus production by goblet
cells.'” Interestingly, these effects were dependent
on the adhesion proteins or pili structures.'” While
similar effects on the tight junction-expression
were found with L. plantarum strains in the small
intestine of healthy volunteers, LMR was unaffected
after NSAID,”"** pointing to potential effects of the
L. rhamnosus strain in humans even in the absence
of changes in LMR. Notwithstanding the

limitations of sugar excretion tests, alternative mea-
sures are costly and invasive and no validated blood
markers for permeability are available.*®

Besides variability in the stress-response itself,
inter- and intra-individual test variability was
higher for FEL and LMR compared to FEM,
which is in accordance with previous studies,*
and may explain discrepant results on LMR with
our previous study.'”> While only a NSAID-induced
increase in LMR and FEL was found in the current
study, a significant stress-induced increase in FEM
was found with the placebo but not test product.
Our finding of increased permeability to mannitol
is in agreement with previous studies in IBS
patients with diarrhea and small intestinal
hyperpermeability.** Moreover, changes in intest-
inal permeability may be driven by psychological
stress, as mouse models showed neuroendocrine
dysfunction with mucosal barrier dysfunction
after maternal deprivation as an early life
stressor.”” Indeed, increased FEM was mediated
by changes in cortisol and more pronounced in
the subgroup of subjects with high cortisol levels
with a trend for increased FEL with placebo



treatment, suggesting an activation of the lactulose
pathway only in case of more pronounced stress.
Thus, it is plausible that higher levels or more
protracted stress conditions are needed to activate
this larger molecule pathway.

The public speech stressor used in the current
study was however effective for inducing stress at
a biological and behavioral level. Importantly, the
stress-induced increase in STAI was significantly
lower with the test product compared to the pla-
cebo treatment. Although a previous study failed to
detect effects of L. rhamnosus JB-1 on subjective or
objective stress after acute stress, the authors noted
that demonstrating probiotic effects in healthy indi-
viduals is challenging.” Moreover, a more artificial
stressor (socially evaluated cold pressor test) was
used, in contrast to a thesis defense by students in
our study. Recent systematic reviews concluded
that probiotics and particularly L. rhamnosus may
improve anxiety in rodents,”° and reasons for con-
flicting results may lie in the stressors used and
subjects’ background. In this study, increased anxi-
ety and perceived stress levels were found with the
placebo, independently of the change in cortisol,
pointing toward the strong anticipatory effect of
public speech on behavioral and biological level.
Interestingly, the lack of stress-preventive effects
of the test product on PSS in case of below average
changes in cortisol suggests that this strain is less
effective in the absence of HPA-axis activation.
Although discrepancies between biological and
behavioral stress-responses are common,*® we
speculate that lower HPA-axis activation may be
indicative of a lack of anticipatory stress to public
speech.

Probiotics may affect gut-brain signaling inde-
pendent of changes in permeability.”” Indeed,
although the test product prevented a stress-
induced increase in FEM, no mediating effect of
FEM was found for STAI and PSS with placebo
treatment, suggesting that barrier stabilization by
L. rhamnosus CNCM 1-3690 is not critical for its
stress-mitigating effect. Altered central expression
of gamma-aminobutyric acid (GABA)-receptors by
L. rhamnosus JB-1 was dependent on the vagus
nerve,” which was also involved in the anxiolytic
effects of B. longum NCC3001.*® Indeed,
Lactobacillus-species produce multiple neurotrans-
mitters and neuronal effects of L. rhamnosus were
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previously reported.””** Moreover, gut-brain sig-
naling of short-chain fatty acids (SCFA), neurohu-
moral signaling molecules produced by different
probiotic strains, may be independent of gut barrier
function.’® The association between particular bac-
terial genera and quality of life or depression was
also explained by decreased butyrate-production.’
Although we did not measure upstream mediators
of (vagal) signaling, a trend for a lower stress-
induced increase with probiotic vs. placebo was
found for SAA, which is a marker of autonomic
nervous system activation. However, as the secre-
tory immune response decreased with a chronic
stressor,”” these additional probiotic effects may
only be found in case of chronic and not acute
stress.

There are several limitations of the current
study. As discussed above, we were limited to
noninvasive tests of permeability in this large
study with healthy students, and limitations inher-
ent to the LMR could not be completely avoided.
Despite the exclusion of medical diets, differences
in diet may still exist and were not recorded. While
we focused on acute stress levels, we did not mea-
sure the recovery phase of the stress-response,
requiring  repeated sampling post-stress.
Although decreased subjective stress levels were
found after 4-week intake, a longer intervention
period could be necessary to detect biological
effects as reduced salivary cortisol was only
found after 8 weeks in a Japanese study.’
Moreover, replication of our results in an inde-
pendent study powered for detecting differences in
subjective stress is warranted.

Strengths of the current study include the homo-
genous study population with large sample size and
the used stress paradigm. The use of a naturalistic
social stressor, which was not planned for the pur-
pose of the current study, was effective in our pre-
vious study and most likely contributes to the fact
that this is the first human study indicating stress-
and anxiety-reducing effects of L. rhamnosus, con-
firming its potential as a ‘psychobiotic’. As
increased  permeability is  more likely
a consequence than cause of stress, future studies
should include markers of neurohumoral modula-
tion (eg. neurotransmitters or SCFA), to identify
possible underlying mechanisms and predictors of
response.
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In conclusion, we present the first clinical evi-
dence of reduced subjective but not objective mar-
kers of stress with L. rhamnosus CNCM I-3690,
which was safe and well tolerated. These anxiolytic
effects were independent of barrier-protective
effects and thus attractive for the reduction of sub-
jective stress in both GI disorders and health.

Materials and methods
Study design and procedures

The design of this single-center study with
a randomized, controlled and parallel-group design
(registered with Clinicaltrials.gov on January 17,
2018, NCT03408691) is shown in Figure 6. An
active (L. rhamnosus-containing test product) and
control (placebo product) intervention as well as
a no-intervention (open label) group were included
in a 2:2:1 ratio. The open label arm was added to
confirm our previous data on the impact of psycho-
logical stress on intestinal permeability, and to
exclude an effect of dairy product in the control
or placebo treatment."” All visits were scheduled
according to the planned public thesis defense
(DO0). This was a scheduled public speech (bachelor
or master thesis) in English and in front of an
examination jury followed by questions with
a total duration between 30 and 45 min.

After a screening visit for eligibility, a run-in
period of minimum 15 days took place prior to
randomization. A baseline visit >1 month (D-35
to D-27) and a second visit 2 weeks before the thesis
defense (D-14 + 1 day) were planned with

collection of samples and questionnaires. On
the day of the thesis defense (D0), additional sam-
ples and questionnaires were obtained to evaluate
the effect of the stressor. A final visit was planned
2 weeks after the thesis (D + 14 + 1 day), with
routine procedures after intake of indomethacin,
a non-steroidal anti-inflammatory drug (NSAID),
as a positive control to increase the intestinal
permeability.”” This was followed by a safety fol-
low-up phone call after 1 to 2 weeks to check for
potential adverse events. The trial was conducted
according to the Declaration of Helsinki and Good
Clinical Practice regulations after approval by the
Ethics Committee of University Hospitals Leuven
(number S60969). Written informed consent was
obtained from each study participant before inclu-
sion. All data were collected at KU Leuven and
University Hospitals Leuven (Leuven, Belgium).

Study participants

Subjects were healthy female or male students, aged
20-30 years old, who were recruited from the
faculty of (bio-)medical and pharmaceutical
sciences or industrial engineering (bachelor or
master). Structured medical history and psychiatric
screening was performed to exclude chronic GI
disorders or psychiatric diseases, with scores of
>10 on the General Anxiety Disorder 7-item
(GAD-7) and Patient Health Questionnaire 9-item
(PHQ-9) scales leading to exclusion.**®
A diagnosis of medical conditions such as atopic
conditions requiring active treatment, diabetes
mellitus (type 1 or 2) and/or a first degree relative

R

L. rhamnosus treatment (100ml twice daily)

]

Placebo treatment (100ml twice daily)

Screening

]

No intervention arm (open label)

|

End of study

D-28I(11) D21 (£1) D-14|(i1)

1 1
T 1
D-7 (+1) DO

D7I(tl) D14'(t1)

D-35- D-27
Run-in Randomization

VISIT BASELINE Resupply | -2 WEEKS Resupply STRESS Resupply NSAID Follow-up
Saliva samples X X X** X
Urine collection X X X X
Questionnaires X X X** X
Product supply X* X* X* X* X* X*

Phone call X

*Intervention arm only. **Additional saliva sample and questionnaire after thesis defense.

Figure 6. : Study design. NSAID, non-steroidal anti-inflammatory drug.



with type 1 diabetes, celiac disease or IBD were
exclusionary. Subjects with food allergy or hyper-
sensitivity to any component of the products and
known or suspected lactose intolerance were also
excluded.

Study products and dispensing

The test product was a non-commercialized fer-
mented dairy product containing L. rhamnosus
CNCM 1-3690 (10" CFU/100 g) (Danone culture
collection, deposited in the public collection
CNCM of Institut Pasteur). The control product
was a non-fermented dairy product acidified with
ortho-phosphoric acid, with the same packaging
and matched for color, texture, taste, and nutri-
tional content. Both the test and control product
contained the following additives authorized for
use in food for human consumption: milk, cream,
skim milk powder or water, lactose, and fruit cock-
tail flavor with additionally ortho-phosphoric acid
and 0.6% carboxy-methyl cellulose in the control
product (see Supplementary material). Study pro-
ducts were consumed as one bottle (100 ml) twice
daily. Good compliance was defined as product
intake between 80% and 120%.

Sample collection and processing

In vivo permeability testing

Lactulose and mannitol concentrations were deter-
mined by a HPLC-ELSD method (high-
performance liquid chromatography with evapora-
tive light scattering detector) in a 2 h-urine collec-
tion after ingestion of 5 g of lactulose and 2 g of
mannitol in 200 mL of water as previously
reported.”” LMR was determined as the concentra-
tion of lactulose divided by mannitol. The frac-
tional excretion of lactulose (FEL) and mannitol
(FEM) were also calculated.

Salivary markers of objective stress

Salivary cortisol was measured as a marker of the
hypothalamic-pituitary-adrenal ~(HPA)  axis-
activation. Salivary Alpha-Amlyase (SAA) and
secretory IgA (sIgA) were measured as markers of
the autonomic and immune component of the
stress response,36’3 7 respectively.

GUT MICROBES (&) €2031695-9

Psychological questionnaires

Momentary anxiety levels were measured with the
state version of the validated State-Trait Anxiety
Inventory (STAI) questionnaire.38 Perceived stress in
the preceding week was assessed with the 10-item
Perceived Stress Scale (PSS).* Both questionnaires
were collected before the urine collection on each
test day with an additional STAI immediately after
the thesis.

Study outcomes

The primary endpoint was the effect of the test
product containing L. rhamnosus CNCM 1-3690
compared to the control product (placebo) on the
stress-induced change in LMR from baseline.
Secondary endpoints were the change of LMR
after 2 weeks and NSAID vs. baseline, as well as
salivary cortisol and STAI during stress vs. baseline
within- and between-treatments. Pre-specified
exploratory outcomes were the change of SAA,
sIgA, FEL, FEM, and PSS during stress vs. baseline
within- and between-treatments.

Randomization and blinding

Randomization was performed after the baseline
visit using an Interactive Web Response System of
Venn Life Sciences SAS (Paris, France).
Randomization was not stratified and the list was
generated with a block size of 5. All study partici-
pants and on-site study personnel remained
blinded for the treatment in the intervention arms
(test or control product).

Sample size

Based on the results of our previous study with
DSCG,'® we hypothesized a 50% reduction of the
stress-induced increase in LMR in the test com-
pared to control product (placebo). Using
a randomization ratio of 1:1 for test and placebo
product with a type 1 error of 0.05, a total number
of 72 evaluable subjects (36;36) allowed a power of
0.88. During the study, the target recruitment num-
ber was increased to 96 subjects (48;48) to allow
a power of 0.95 for a 50% reduction and a power of
83% for 40% reduction of the stress-related perme-
ability defect.
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Safety

Subjects were questioned about possible adverse
events (AE) at every study visit and during
a safety follow-up phone call 1 to 2 weeks after
the final visit (earlier if premature termination of
the study). AE were graded using the Common
Terminology Criteria for Adverse Events version
4.0 and reported for all randomized subjects.

Statistical analysis

Data from the full analysis set, including subjects
randomized and exposed to products in the interven-
tion arms, were analyzed according to the intention-to
-treat principle. Baseline variables were compared
with the Mann-Whitney U test for continuous data
and chi-square test for proportions. Outcome or
dependent variables were analyzed using linear
mixed models, with test visits (baseline, —2 weeks,
stress and NSAIDs) as within- and treatment (test
product or placebo) as between-subject independent
variables of interest with their interaction, indicating
between-treatment differences. The assumption of
a normal distribution (based on the Kolmogorov-
Smirnov test) was checked for all outcomes, with Box-
Cox or logarithmic transformations of the outcome
variable to normalize this distribution. The variance-
covariance structure providing the best fit was chosen
based on the lowest value of the Akaike’s information
criterion. All data were analyzed in SAS 9.4 (SAS
Institute, Cary, USA) and least-squares means esti-
mates are given as mean = standard error (SE). A two-
tailed p-value <0.05 was considered significant and
0.05 < p < .10 a trend. Results are reported in accor-
dance with 2010 CONSORT guidelines.** Additional
methodological details can be found in the
Supplementary material.

Abbreviations
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