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Abstract
Our recent randomized, placebo-controlled study in Irritable Bowel Syndrome (IBS) patients with 
diarrhea or alternating bowel habits showed that the probiotic Bifidobacterium longum (BL) 
NCC3001 improves depression scores and decreases brain emotional reactivity. However, the 
involved metabolic pathways remain unclear. This analysis aimed to investigate the biochemical 
pathways underlying the beneficial effects of BL NCC3001 using metabolomic profiling. Patients 
received probiotic (1x 1010CFU, n=16) or placebo (n=19) daily for 6 weeks. Anxiety and depression 
were measured using the Hospital Anxiety and Depression Scale. Brain activity in response to 
negative emotional stimuli was assessed by functional Magnetic Resonance Imaging. Probiotic 
fecal abundance was quantified by qPCR. Quantitative measurement of specific panels of plasma 
host-microbial metabolites was performed by mass spectrometry-based metabolomics. Probiotic 
abundance in feces was associated with improvements in anxiety and depression scores, and a 
decrease in amygdala activation. The probiotic treatment increased the levels of butyric acid, 
tryptophan, N-acetyl tryptophan, glycine-conjugated bile acids, and free fatty acids. Butyric acid 
concentration correlated with lower anxiety and depression scores, and decreased amygdala 
activation. Furthermore, butyric acid concentration correlated with the probiotic abundance in 
feces. In patients with non-constipation IBS, improvements in psychological comorbidities and 
brain emotional reactivity were associated with an increased abundance of BL NCC3001 in feces 
and specific plasma metabolites, mainly butyric acid. These findings suggest the importance of a 
probiotic to thrive in the gut and highlight butyric acid as a potential biochemical marker linking 
microbial metabolism with beneficial effects on the gut-brain axis.
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Introduction

For millennia, traditional medicine has acknowl-
edged the deep and complex relationships between 
the gut and the brain. More recently, growing 
scientific evidence has confirmed the existence of 
the gut-brain axis (GBA), the bidirectional com-
munication between the gut and the brain that 
involves endocrine, neural, and immune signaling 
pathways.1 The gut microbiota is believed to inter-
act with these pathways and to contribute with 
additional signaling, such that the concept is reg-
ularly extended to the microbiota-gut-brain axis. 
The microbiota has been associated with the mod-
ulation of gut homeostasis,2 and even with 

processes affecting brain development, physiology, 
behavior, and psychology.3 Gut bacteria have been 
shown to produce and degrade neuroactive com-
pounds such as biogenic amines,4 γ-aminobutyric 
acid (GABA),5 serotonin, tryptophan,6 and short- 
chain fatty acids such as butyric acid7 that may 
reach the brain via circulation and the blood– 
brain barrier and/or activate neural pathways.8

Irritable bowel syndrome (IBS) is a common 
digestive disorder characterized by abdominal 
pain and altered bowel habits, and is frequently 
accompanied by psychiatric comorbidities.9 

Disorders such as IBS, which were previously 
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described as functional gastrointestinal disorders, 
have recently been defined as disorders of gut– 
brain interaction.10 Perturbation of bidirectional 
GBA is increasingly recognized as a conceptual 
model of IBS pathophysiology, involving dysfunc-
tion of the enteric, autonomic, and central nervous 
systems (CNS).11 Indeed, stress can trigger the 
onset or aggravate the severity of IBS symptoms 
(top-down model). On the other hand, intestinal 
symptoms can promote or aggravate psychological 
disorders (e.g., depression and anxiety) and 
decrease health-related quality of life (bottom-up 
model).12

Recent evidence obtained from germ-free mice 
colonized with human microbiota supports a role 
of the gut bacteria in IBS pathogenesis, including 
its psychological comorbidity.13 In multiple case- 
control studies, changes in microbiota composition 
and function have been linked to several disease 
states,14 ranging from gastrointestinal to neurolo-
gical conditions. It has been postulated that mod-
ulation of the gut microbiome or consumption of 
specific probiotics might lead to beneficial changes 
in CNS functions.15

We have previously demonstrated that, in IBS 
patients with diarrhea or mixed bowel habits, 
a 6-week intervention with the probiotic 
Bifidobacterium longum subsp. longum (BL) 
NCC3001 reduced depression scores and responses 
to negative emotional stimuli in multiple brain 
areas, including the amygdala and fronto-limbic 
regions, compared to placebo.16 We found that 
gut metabolites were altered by BL NCC3001 con-
sumption, despite having no major impact on the 
microbiota composition.16 Notably, the probiotic 
group had reduced urine levels of methylamines 
and metabolites derived from tyrosine compared 
with the placebo group. These observations suggest 
a shift in the bacterial metabolism of amines and 
amino acids, including a decrease in the produc-
tion of the host-bacterial co-metabolite 4-cresol 
sulfate. This molecule inhibits dopamine β- 
hydroxylase, an enzyme involved in the conversion 
of dopamine to noradrenaline. However, the pre-
cise molecular mechanisms underlying the benefi-
cial effects of BL NCC3001 in the brain remain 
poorly understood. Here, we applied a targeted 
quantitative metabolic profiling approach for 
plasma analysis combined with a measure of fecal 

BL NCC3001 abundance and integrated them with 
clinical and brain imaging outcomes to generate 
deeper insights into the potential mechanisms 
involved in the central effect of BL NCC3001.

Results

Study patients and biological samples

From the 38 patients who completed the study (BL 
NCC3001 = 18, placebo = 20), metabolomic analy-
sis of blood samples was conducted in the 36 parti-
cipants whose samples were available for both pre- 
and post-intervention (BL NCC3001 = 18, placebo  
= 18). The abundance of BL NCC3001 in feces was 
assessed in 35 participants (BL NCC3001 = 16, pla-
cebo = 19) and amygdala activation was measured 
in 25 participants (BL NCC3001 = 11, placebo  
= 14).

BL NCC3001 quantification and association with 
clinical outcomes

Using a quantitative PCR assay, we determined the 
relative abundance of BL NCC3001 in the feces of 
the participants (Figure 1a). A High BL NCC3001 
abundance was detected only in the BL NCC3001 
group, except for one subject in the placebo group 
at the third visit (end of treatment).

The reduction of two points or more in either 
HADD (Figure 1b) or HADA (Figure 1e) scores – 
used as primary outcome of the trial – was asso-
ciated with an increased abundance of BL 
NCC3001 (Wilcoxon test; p = .003 and p = .034, 
respectively). The decrease in both scores 
(Figures 1c & f) correlated with the abundance of 
BL NCC3001 (rho = 0.55, p = 6e-04 and rho = −0.4, 
p = .018, respectively). Decreased amygdala activa-
tion in response to negative stimuli, as assessed by 
functional Magnetic Resonance Imaging (fMRI), 
was also correlated with probiotic abundance rho  
= −0.48, p = .016, Figure 1d).

Effect of the probiotic intervention on blood 
metabolites

OPLS discriminant analysis was applied using one 
predictive component and one orthogonal compo-
nent to model the blood metabolic differences 
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Figure 1. Fecal BL NCC3001 relative abundance and associations with clinical outcomes. A) BL NCC3001 abundance in feces at baseline 
(V1) and at the end of intervention (V2) per group. B) Fecal BL NCC3001 abundance in responders [≥2 points improvement in HADD 
score (1)] and not responders [<2 points improvement in HADD score (0)]; p-value of Wilcoxon test. C) Correlation between the 
difference of HADD score (V2-V1) and BL NCC3001 abundance at V2; Spearman test. D) Correlation between amygdala activation 
(fMRi) and BL NCC3001 abundance at V2; Spearman test. E) Fecal BL NCC3001 abundance in responders [≥2 points improvement in 
HADA score (1)] and non-responders [<2 points improvement in HADA score (0)]; p-value of Wilcoxon test. F) Correlation between the 
difference in HADA score (V2-V1) and BL NCC3001 abundance at V2; Spearman test. BL NCC3001 (BL, open circle); Placebo (P, closed 
circle).

Figure 2. OPLS samples and variable plots. (A) OPLS Score plot derived from plasma metabolic profiles. The cross-validated scores plot 
showed statistically significant separations between the blood profiles obtained post-intervention from placebo (closed circle) and BL 
NCC3001 (open circle) treated patients. (B) OPLS variables plots describing influential variables contributing to the separation 
observed in the scores plots, according to variable importance in projection (threshold >1.0) and the correlation coefficient.
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between the two groups (Figure 2). The model was 
statistically robust only for post-treatment analysis 
(R2X = 0.19, R2Y = 0.76, Q2Y = 0.26, where R2X: 
explained variance in the metabolomic data 
(plasma metabolites), R2Y: explained group var-
iance (placebo and probiotic) and Q2Y: robustness 
of the model). Before treatment, there was no 

difference between the two groups (Q2Y <0) 
(Table 1), and when considered separately, none 
of the metabolites were significantly different, 
except for butyric acid, which was slightly higher 
in the placebo group (p = .0378, see below). 
Patients receiving BL NCC3001 for 6 weeks exhib-
ited higher plasma concentrations of several fatty 

Table 1. Overview of plasma metabolite differences according to treatment and time.

Metabolites (unit)

OPLS 
parameters. Blood concentrations (Mean (SD)) P-value 

Pre
P-value 

PostCoeff VIP Placebo Pre Placebo Post BL NCC3001 Pre BL NCC3001 Post

Arachidic acid (ng/mL) 0.34 1.32 258.1 (233.6) 143.4 (142.9) 212 (143.7) 241.5 (147.6) 0.476 0.057
Arachidonic acid (ng/mL) 0.29 1.24 74831.5 (33085.7) 73022.8 (23563.8) 85945.1 (44065.4) 95695.5 (43008.9) 0.403 0.043
Butyric acid (ng/mL) 0.48 1.83 91.5 (45.9) 72.0 (29.6) 65 (25) 103.5 (37.2) 0.038 0.008
Docosatrienoic acid (ng/mL) 0.26 1.28 14736.4 (6929.5) 14035.0 (6178.5) 14103.9 (4891.4) 18435.1 (7955) 0.752 0.064
Eicosapentaenoic acid (ng/ 

mL)
0.27 1.18 389870.2 

(148890.7)
387660.8 

(140034.1)
436787.9 

(195879.5)
475388.7 

(171320.1)
0.429 0.077

Ethylmethylacetic acid (ng/ 
mL)

0.39 1.48 30.2 (63.9) 34.5 (71.8) 33.6 (67.3) 89 (88.2) 0.881 0.050

GCA (nM) 0.43 1.63 331.2 (632.3) 258.7 (158) 385.2 (291.2) 602.2 (786.1) 0.739 0.085
GCDCA (nM) 0.47 1.76 1069.2 (1042.4) 980.8 (707.6) 1371.9 (887.7) 1807.2 (1632.6) 0.347 0.061
GUDCA (nM) −0.30 1.16 35.6 (61.1) 69.7 (128.5) 54.9 (106) 17.6 (23.4) 0.508 0.108
L-Asparagine (ng/mL) 0.21 1.17 9083.2 (4325.8) 9021.8 (4593.8) 9555.4 (2702.9) 10726 (1283.3) 0.694 0.155
L-Tryptophan (ng/mL) 0.37 1.58 16181.8 (4381.5) 15788.6 (4257.6) 17504.5 (1917.2) 17740.3 (1537.6) 0.244 0.081
Malic acid (ng/mL) −0.21 1.19 255.1 (302.9) 497.9 (679.3) 340.7 (472.3) 331.4 (404.5) 0.528 0.372
N-acetyl-tryptophan (ng/mL) 0.40 1.75 36953.1 (12532.5) 35349.5 (11388.5) 40921.5 (8513.5) 41968.6 (6827.7) 0.271 0.044
Oleic acid (ng/mL) 0.24 1.35 407483.2 (119185) 372474.5 

(120852.2)
377034.6 

(140261.3)
447659.5 

(140379.6)
0.491 0.131

Palmitic acid (ng/mL) 0.31 1.46 166557.1 (46476.1) 156101.2 (44850.9) 169164.7 (46423.7) 189971.6 (40260.8) 0.868 0.024
Stearic acid (ng/mL) 0.35 1.54 126420.4 (42195.5) 117539.2 (29871.9) 123284.8 (46273.5) 141693.9 (34051.4) 0.834 0.028
TUDCA (nM) −0.38 1.46 29.1 (27.4) 51.6 (36) 26.9 (25) 30.3 (20.4) 0.806 0.052

Legend: Coeff: OPLS Correlation coefficient, VIP: OPLS Variable Importance in Projection; p-value: Wilcoxon signed rank test between placebo and BL NCC3001 
group post intervention.

Figure 3. Overview of changes in plasma fatty acids and bile acids. Concentrations of metabolites in plasma at baseline (V1) and end of 
intervention (V2) per group: A) palmitic acid, B) arachidonic acid, C), stearic acid, D) glycine conjugated cholic acid (GCA), E) glycine 
conjugated cholic acid (GCA) without outliers, F) glycine-conjugated chenodeoxy cholic acid (GCDCA). BL NCC3001 (BL, open circle); 
Placebo (P, closed circle).
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acid species (e.g., arachidonic, palmitic, and stearic 
acid; p < .05, Figures 3a–c), of the amino acid 
N-acetyl-tryptophan (p < .05, Figure 4d), and of 
butyric acid (p < .05, Figure 5a), compared to 
patients receiving placebo. These changes paral-
leled trends for higher concentrations of the 
branched-chain fatty acid ethylmethylacetic acid, 
several glycine conjugated bile acid species such 
as glycocholic acid (GCA) and glycochenodeoxy-
cholic acid (GCDCA) and fatty acids (e.g., arachi-
dic, docosatrienoic, and eicosapentaenoic acids), 
and in the amino acid tryptophan (p < .1, 
Figures 3c,d,e & 4a). Patients receiving BL 
NCC3001 also had lower plasma concentration of 
the bile acid TUDCA (p = .052).

Associations of metabolites with clinical outcomes 
and fecal BL NCC3001 abundance

Several metabolites were associated with changes in 
clinical outcomes and abundance of BL NCC3001 

(Supplementary Table S1). There was a strong cor-
relation between the levels of butyric acid and the 
reduction in the HADD score in the BL NCC3001 
group and in the entire study population rho =  
−0.67, p = .002 and rho= −0.66, p = .00001, respec-
tively; Figure 5c). Butyric acid levels in the whole 
study population also correlated with a decrease in 
amygdala activation (rho= −0.50, p = .016, 
Figure 5d) and HADA scores (rho= −0.35, p  
= .034, Figure 5b).

The decrease in amygdala activation was also 
strongly associated with higher plasma levels of 
tryptophan (rho= −0.66, p = .031 and rho= −0.56, 
p = .006, respectively; Figure 4c), N-acetyl trypto-
phan (rho= −0.66, p = .031 and rho= −0.56, p  
= .006, respectively; Figure 4f), and the fatty acid 
pentadecanoic acid (rho= −0.66, p = .031 and rho= 
−0.55, p = .007, respectively) in the BL NCC3001 
group and the entire study population (Table 1). 
The increases in plasma levels of tryptophan (rho= 
−0.33, p = .047, Figure 4b), N-acetyl tryptophan 

Figure 4. Overview of changes in plasma tryptophan, N-Acetyl tryptophan, and associations with clinical endpoints. A) Concentrations 
of tryptophan in plasma at baseline (V1) and end of intervention (V2) per group, B) Correlation between the difference of HADD score 
(V2-V1) and tryptophan concentration in plasma at V2; Spearman test. C) Correlation between amygdala activation (fMRi) and 
tryptophan concentration in plasma at V2; Spearman test. D) Concentrations of N-acetyltryptophan in plasma at baseline (V1) and end 
of intervention (V2) per group, E) Correlation between the difference in HADD score (V2-V1) and N-acetyltryptophan concentration in 
plasma at V2; Spearman test. F) Correlation between amygdala activation (fMRi) and plasma N-acetyl-tryptophan concentration at V2; 
Spearman test. BL NCC3001 (BL, open circle); Placebo (P, closed circle).
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(rho= −0.33, p = .047, Figure 4e), and arachidic 
acid (rho= −0.36, p = .029) were also correlated 
with decreased HADD scores in the whole study 
population (Supplementary Table S1).

The plasma level of butyric acid was positively 
associated with the abundance of BL NCC3001 
measured in the feces (rho = 0.59, p = .016 and 
rho = 0.56, p = .00064, Figure 5e) in the BL 
NCC3001 group and the entire study population, 
respectively.

Discussion

We previously showed in this randomized, pla-
cebo-controlled study that a 6-week administration 
of BL NCC3001 lowered depression scores and 
decreased responses to fearful stimuli in multiple 
brain areas involved in the processing of emotions, 
including the amygdala and fronto – limbic 
regions. Here, we demonstrated that these changes 

were associated with the abundance of BL 
NCC3001 as measured in feces and plasma levels 
of several metabolites, including butyric acid, tryp-
tophan, N-acetyl tryptophan, glycine-conjugated 
bile acids, and free fatty acids. Of these, butyric 
acid was strongly correlated with lower anxiety 
and depression scores and decreased amygdala 
activation, suggesting that it could play a key role 
in the beneficial effect of the probiotic.

Measurements of BL NCC3001 abundance in 
feces revealed that there was overall good compli-
ance with probiotic intake. Interestingly, a high 
level of BL NCC3001 was detected in one patient 
in the placebo group at the end of treatment. 
Although Bifidobacterium longum subsp. longum 
is common in the adult gut microbiota,17 this 
marked increase suggests that the patient likely 
consumed a dietary product or probiotic supple-
ment containing a very closely related strain, since 
it was detected by our assay targeting a strain- 

Figure 5. Overview of changes in plasma butyric acid and associations with clinical endpoints and fecal BL NCC3001 counts. A) 
Concentrations of butyric acid in plasma at baseline (V1) and end of intervention (V2) per group, B) Correlation between the difference 
in HADA score (V2-V1) and butyric acid concentration in plasma at V2; Spearman test, C) Correlation between the difference in HADD 
score (V2-V1) and butyric acid concentration in plasma at V2; Spearman test. D) Correlation between amygdala activation (fMRi) and 
butyric acid concentration in the plasma at V2; Spearman test. E) Correlation between fecal BL NCC3001 abundance and butyric acid 
concentration in plasma at V2; Spearman test. BL NCC3001 (BL, open circle); Placebo (P, closed circle).
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specific chromosomal region of the bacterium. The 
genomic signature of the strain detected in this 
sample was further investigated by three PCR 
assays targeting other strain-specific regions of 
the NCC3001 chromosome (the sites of insertion 
of mobile genetic elements), which were all posi-
tive, further demonstrating the relatedness of this 
strain with BL NCC3001 (data not shown). It is 
noteworthy that the same study participant showed 
an improvement in the HADD and HADA scores, 
consistent with the strain-specificity of the probio-
tic effect.

The supplementation with BL NCC3001 modu-
lated the blood plasma biochemical composition, 
from which only a few metabolites changed and 
correlated with improvements in amygdala reactiv-
ity, anxiety, or depression scores – namely bile 
acids, short chain fatty acids, and amino acids.

Amongst major metabolic changes not asso-
ciated with clinical outcomes were increased 
plasma fatty acids, which may relate to other exter-
nal factors, such as lifestyle.18 Here, BL NCC3001 
administration increased saturated and polyunsa-
turated fatty acids (PUFAs), namely palmitate 
(C16), stearate (C18), arachidonate (C20:4), and 
oleate (C18:1), possibly by modulating fatty acid 
absorption and bioavailability.19 IBS patients have 
been reported to have a distinct composition of 
polyunsaturated fatty acids (PUFAs) in gut biopsies 
and blood samples.20,21 PUFAs have been shown to 
regulate brain function through multiple mechan-
isms, including the hypothalamic-pituitary-adrenal 
axis, neuroendocrine, and immune regulations. 19– 

21 Arachidonic acid may impact the pathophysiol-
ogy of depression by affecting serotonin 
transport22,23 whilst blood oleic acid is associated 
with a lower incidence of depression,24 although its 
underlying mechanisms are not well 
understood.16,25–27 BL NCC3001 increased the 
levels of two primary bile acids, GCA and 
GCDCA, which correlated with improvement in 
anxiety scores. The probiotics may exert some of 
its benefits, directly or indirectly, through meta-
bolic functions related to bile acid absorption and 
enterohepatic recirculation, factors shown to be 
impaired in 40% of IBS patients.28 The shift in the 
bile acid pattern toward glycine-conjugates can be 
explained by a reduction in bile salt hydrolase 
activity by bacteria in the small intestine. As the 

conjugation of bile acids increases their solubility 
and lipid emulsification properties,29 higher levels 
of GCA and GCDCA, and fatty acids in the BL 
NCC3001 group may indicate increased lipid 
emulsification and absorption. Recent studies 
have suggested that bile acids have neuroprotective 
effects in models of Huntington’s disease30 and 
Alzheimer’s disease.31,32 Upon absorption and 
blood circulation, bile acids may exert their central 
effects via the bile acid receptors FXR and TGR5 
signaling pathways.33,34 The G-protein coupled 
receptor TGR5 is expressed in various brain 
regions and acts as a neurosteroid receptor,33 sug-
gesting a potential cross talk between neurosteroids 
and bile acids. Neurosteroids classically act to mod-
ulate GABAergic tone. In fact, CDCA has been 
recently shown to antagonize GABAA and 
NMDA receptors.35

Our data showed that tryptophan metabolism 
may also play an important role in mediating the 
central benefits of BL NC3001, as the probiotic 
increased the circulating plasma levels of both 
L-tryptophan (+8%) and N-acetylated-tryptophan 
(+18%). Although N-acetylated-tryptophan con-
centrations are more than double those of trypto-
phan, both metabolites are correlated with 
decreased amygdala reactivity and lower anxiety 
in patients with IBS. Tryptophan, a precursor of 
serotonin, mediates serotonergic activity in the 
brain and exerts beneficial effects on cognition, 
mood, and anxiety.36 N-acetyl-tryptophan exerts 
a neuroprotective effect by blocking substance 
P-mediated neuroinflammation, reducing oxida-
tive stress, exhibiting anti-apoptotic properties, 
and contributing to improved motor and cognitive 
functions in models of Parkinson’s diseases.37,38 

Since plasma concentrations of these amino acids 
are strictly dependent on dietary sources, BL 
NCC3001-induced changes are indicative of 
a shift in protein and aromatic amino acid meta-
bolism by the gut microbiota, a feature already 
revealed by the perturbation of 4-cresol sulfate 
metabolism described previously.16

The changes in plasma butyric acid and 
2-methylbutyric acid induced by probiotics inter-
vention are an additional indicator of a shift in 
protein and carbohydrate (including fibers and 
complex carbohydrates) metabolism by the gut 
microbiota. We found that the plasma 
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concentration of butyric acid was correlated with 
both the fecal abundance of BL NCC3001 and 
improvements in depression scores and amygdala 
reactivity. We hypothesize that BL NCC3001 
increases butyric acid production by cross- 
feeding, as bifidobacteria are acetate producers 
that cross-feed butyric acid-producing colonic 
bacteria.39 Butyric acid is known to reverse depres-
sive behavior, increase serotonin concentration 
and BDNF expression, and restore blood–brain 
barrier impairments.8,40–42 Furthermore, butyric 
acid contributes to dopamine and norepinephrine 
synthesis as well as dopaminergic function, by 
modulating tyrosine hydroxylase and dopamine-β- 
hydroxylase genes.40 In addition, butyric acid- 
related changes in microbiota have been associated 
with changes in neuroinflammation through mod-
ulation of microglia activation, which may also 
contribute to the observed benefits.43 However, 
none of the other Bifidobacterium spp previously 
tested in a mouse model improved anxiety-like 
behavior (WO2009127566). Therefore, in addition 
to the contribution of BL NCC3001 to a cross- 
feeding chain producing butyrate, other factors 
that are not conserved in all bifidobacteria may 
explain the observed specificity of the effect, such 
as the capacity of this strain to survive in the 
gastro-intestinal tract and/or the production of 
distinct metabolites (herein reported or 
undescribed).

Whilst this was the first randomized trial to 
show that BL NCC3001 fecal abundance and sev-
eral plasma metabolites associated with the 
improvement of psychological comorbidities in 
IBS patients, there are some limitations that are 
important to emphasize. First, this was a pilot 
study with a limited number of participants, 
which included only IBS patients with diarrhea or 
mixed-stool phenotypes. Of note, we are currently 
conducting a confirmatory trial in a larger cohort 
of patients (NCT05054309), including those with 
IBS with constipation. This multicentric trial con-
ducted in Canada will also offer the opportunity to 
validate our results based on a larger sample size. In 
terms of technical limitations, lipidome analysis 
would be required to enable a comprehensive 
study of all saturated and unsaturated fatty acids 
levels and their implications for depression disor-
ders. Furthermore, the strain-specificity of the BL 

NCC3001 fecal abundance quantification method 
by qPCR is valid as long as there is no very closely 
related strain in the microbial environment, as dis-
cussed above. Noteworthy, we did not use 
a quantification assay that would distinguish live 
cells from dead cells.44 A rapid calculation allows to 
show that the differences in the BL NCC3001 abun-
dances measured in feces reflect the capacity of the 
probiotic to thrive in the gut (see supplementary 
discussion), and therefore the viability of the 
detected cells is not important in the current 
context.

In conclusion, improvement in psychological 
comorbidities and decreased brain emotional reac-
tivity in non-constipated IBS patients was asso-
ciated with an increased abundance of BL 
NCC3001 detected in feces and with several plasma 
metabolites, mainly butyric acid. These new find-
ings suggest that the capacity of the probiotic BL 
NCC3001 to thrive in the gastrointestinal tract is an 
important requisite for its beneficial effects and 
that butyric acid may be a biochemical biomarker 
linking probiotic metabolism with its bioactivity.

Materials and methods

Clinical study design

We conducted a randomized, double-blind, pla-
cebo-controlled, single-center pilot study16 in 
adult IBS patients with diarrhea or a mixed-stool 
pattern diagnosed based on the Rome III criteria.45 

The study was approved by the Hamilton Health 
Sciences and St Joseph’s Health Care Research 
Ethics Boards, and all participants provided 
informed consent. This study was registered at 
ClinicalTrials.gov on January 13, 2011 
(NCT01276626). These patients also exhibited 
mild-to-moderate anxiety and/or depression 
based on the Hospital Anxiety and Depression 
(HAD) scale46 (HADA or HADD score 8–14).

This study included four hospital visits. At the 
screening visit, clinical history and symptoms were 
assessed, and physical examination and complete 
bloodwork were performed. At the second visit, the 
inclusion and exclusion criteria and symptoms 
were reassessed, and baseline stool, urine, and 
blood samples were collected. Psychological and 
intestinal symptoms were assessed using the 
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HADS and the Birmingham IBS questionnaires, 
respectively, and a functional magnetic resonance 
imaging (fMRI) study was conducted. Patients 
were randomized to either spray-dried BL 
NCC3001 (1x 1010CFU/1 gram powder with mal-
todextrin) or placebo containing 1 g of maltodex-
trin, to be taken daily at breakfast for a period of 6  
weeks. The patients were asked not to change their 
eating habits or fiber intake. The study products 
were indistinguishable in terms of packaging, color, 
taste, and consistency. Compliance was measured 
by recording the participants’ treatment intake, 
that is, the empty sachets were collected at the 
end of the intervention (the third visit). Symptom 
assessment, fMRI study, and samples collection 
were repeated at the third visit. Blood was collected 
in EDTA, and plasma was obtained by centrifuga-
tion. Finally, patients’ symptoms were reassessed at 
a follow-up visit (4 weeks after treatment 
completion).

Clinical study endpoints

The primary endpoint was a reduction in anxiety 
(HADA) and/or depression (HADD) scores of ≥ 2 
points on the HAD scale45 at the end of the treat-
ment. These cutoffs were based on the previously 
established main clinically important differences 
for the anxiety and depression scores on the HAD 
scale of 1.3 and 1.4, respectively.47 Secondary end-
points included, among others, improvement in 
anxiety and depression scores (HADA and 
HADD, continuous data), changes in brain activa-
tion patterns measured by fMRI, plasma metabo-
lomics, and fecal BL NCC3001 counts.

Metabolomic analysis

Metabolomic analysis was conducted in plasma- 
EDTA samples collected before and at the end of 
the treatment to measure specific panels of bile acids 
and other host-gut microbial metabolites. Samples 
were extracted and prepared according to previously 
published methods.48,49 All standards for bile acid 
analysis were obtained from Steraloids, Inc. 
(Newport, RI, USA) and TRC Chemicals (Toronto, 
ON, Canada). The calibration curve samples were 
prepared in a blank matrix and processed in the 
same manner as the real biological samples. An 

ultra-performance liquid chromatography coupled 
to tandem mass spectrometry (UPLC-MS/MS) sys-
tem (ACQUITY UPLC-Xevo TQ-S, Waters Corp., 
Milford, MA) was used to quantify bile acids in the 
human plasma samples based on previously pub-
lished protocols.48,50 Data acquisition was per-
formed using MassLynx version 4.1 and bile acid 
quantification was performed using the TargetLynx 
applications manager version 4.1 (Waters, Milford, 
MA, USA). For other host-gut microbial metabolite 
analyses, samples were analyzed using a previously 
published targeted host-microbial metabolic profil-
ing method using gas-chromatography mass spec-
trometry (LECO, Saint Joseph, MI).49 This second 
method enabled the quantification of 63 metabo-
lites, including amino acids and derivatives, car-
boxylic acids, fatty acids, hydroxy acids, keto-acids, 
and aromatics.

Fecal BL NCC3001 abundance analysis

Fecal DNA was extracted using the QIAamp FAST 
DNA Stool Mini Kit (51604, Qiagen, Germany). 
DNA concentrations were measured using the 
PicoGreen fluorescence method (Thermo Fisher).

A chromosomal region spanning the insertion 
site of a mobile element was previously used to 
specifically detect the strain BL NCC3001.51,52 

A TaqMan MGB assay targeting this strain- 
specific region was designed (Primer Express 3.0, 
Applied Biosystems) to measure the abundance of 
the probiotic in fecal samples (BL NCC3001_Fw 5’- 
GTGATAACCTCAACAACCGACAAC-3’, BL 
NCC3001_Pr (FAM) 5’- ATCTGCCCTTAAC 
GGC-3’ (MGB), BL NCC3001_Rev 5’- GCA 
TCACCTCGTTCTCGACAA-3’). The MasterMix 
LightCycler® 1536 DNA Green Master 
(05573092001, Roche) was used with a final con-
centration of 0.9 µM for each primer and 0.25 µM 
of the probe. Each data point was run in technical 
triplicate, and a standard curve was constructed in 
serial 10-fold dilutions of BL NCC3001 genomic 
DNA. The assay was performed on an LC480 II 
cycler (Roche) under the following PCR condi-
tions: 7 min at 95°C for Taq activation, 10 s at 
95°C for denaturation, and 30 s at 60°C for anneal-
ing and extension for 40 cycles, followed by cooling 
for 30 s at 40°C.
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Another TaqMan MGB assay was used to nor-
malize the abundance of BL NCC3001 relative to 
bacterial load.53

Statistical analysis

Chemometric analysis was performed on metabolo-
mic data using the software package SIMCA-P+ 
(version 16.0, Sartorius Stedim Biotech, Sweden). 
Principal component analysis (PCA) and 
a modification of Partial Least Squares Regression 
(PLSR), which removes all information orthogonal 
to the response variable during the fitting process 
were employed. This variant, Orthogonal Projection 
to Latent Structures (O-PLS)54 provides sparser 
models (improving their interpretability) with the 
same degree of fit as PLSR. Variable Importance in 
Projection (VIP) was used to highlight the weight of 
individual variables in the model, with a value above 
1 used as a threshold by convention. Univariate 
analysis was conducted using unpaired and paired 
t-tests for group comparisons, and Spearman corre-
lations between metabolites and HAD, amygdala 
endpoints, and bacterial counts were computed. 
Statistical analysis was performed using R 4.0.5 
(2021-03-31). Data were visualized using the 
R packages ggplot2 (2_3.3.5) and ggpubr (0.4.0), 
particularly by applying their respective functions, 
ggboxplot, and ggscatter. Spearman correlation and 
Wilcoxon signed-rank exact tests were used to deter-
mine the significance levels between metabolites and 
fecal BL NCC3001 abundance after interventions 
and clinical endpoints.
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