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Horizonte, MG, Brazil   

A R T I C L E  I N F O   

Keywords: 
Colitis 
Comorbidity 
Mood disorder 
Probiotics 
Psychobiotics 

A B S T R A C T   

The relationship between inflammatory bowel disease (IBD) and mood disorders is complex and involves 
overlapping metabolic pathways, which may determine comorbidity. Several studies have been shown that this 
comorbidity could worsen IBD clinical course. The treatment of ulcerative colitis is complex, and involves 
traditional therapy to promote the function of epithelial barrier, reducing exacerbated inflammatory responses. 
Recently, it has been shown that some probiotic strains could modulate gut-brain axis, reducing depressive and 
anxiety scores in humans, including IBD patients. Accordingly, this study aimed to evaluate the role of Weissella 
paramesenteroides WpK4 in murine models of ulcerative colitis and chronic stress. It was observed that bacterium 
ingestion improved health of colitis mice, reducing intestinal permeability, besides improving colon histopath-
ological appearance. In stressed mice, bacterial consumption was associated with a reduced anxiety-like and 
depressive-like behaviors. In both assays, the beneficial role of W. paramesenteroides WpK4 was related to its 
immunomodulatory feature. It is possible to state that W. paramesenteroides WpK4 exerted their beneficial roles 
in gut-brain axis through their immunomodulatory effects with consequences in several metabolic pathways 
related to intestinal permeability and hippocampal physiology.   

1. Introduction 

Inflammatory bowel disease (IBD) is a chronic inflammatory gut 
disorder that includes Crohn’s disease and ulcerative colitis, both orig-
inated from organic and/or psychological variables. The development, 
which involves environmental, genetic, physiological, psychosocial and 

microbiological factors, determines a complex symptomatology, 
including abdominal pain, bloody diarrhea, fatigue, and others (Anan-
thakrishnan et al., 2017; Ungaro, Mehandru, Allen, Peyrin-Biroulet, & 
Colombel, 2017; Zhou & Foster, 2015). In addition, chronical, unpre-
dictable, and uncertain IBD’s nature is an important feature, being able 
to trigger anxiety, neuroticism and depression, impairing in the 
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sociability and welfare of patients (Ballou & Keefer, 2017; Graff, Walker, 
& Bernstein, 2009; Sajadinejad, Asgari, Molavi, Kalantari, & Adibi, 
2012; Salameh, Meleine, & Gourcerol, 2019). 

The relationship between IBD and mood disorders, such as depres-
sion, is quite complex and involves overlapping metabolic pathways, 
which may determine comorbidity (Gracie, Guthrie, Hamlin, & Ford, 
2018). IBD development involves several conditions, however the major 
causative factor remains unknown, and the prevalence of depression in 
IBD patients has led physicians and researchers to suggest that neuro-
psychiatric stress should impair in the course of the disease (Anan-
thakrishnan et al., 2017; Martin-Subero, Anderson, Kanchanatawan, 
Berk, & Maes, 2016; Salameh et al., 2019). Ghia et al. (2009), for 
example, observed in a murine model of quiescent colitis that depression 
was able to reactivate intestinal inflammation. More recently, studies in 
human populations have been shown that the comorbidity could worsen 
the clinical course of IBD, impairing the prognosis in such a way as to 
increase the number of episodes of inflammatory relapses, the require-
ment of intestinal surgeries, and reduction of the responsiveness to 
several therapeutic approaches (Frolkis et al., 2018; Gracie et al., 2018; 
Kochar et al., 2018; Neuendorf, Harding, Stello, Hanes, & Wahbeh, 
2016). On the other hand, it has been observed that patients with IBD 
are more likely to experience depression throughout their life (Gracie 
et al., 2018). Despite these, and other clinical, and experimental ob-
servations, it is not yet known whether, in fact, depression is a conse-
quence or an etiological factor for the development of IBD (Hall, Hamlin, 
Gracie, & Ford, 2018). 

Ulcerative colitis, usually, affects individuals between 30 and 40 
years old. It is characterized by recurrent and remitting inflammation of 
the colonic mucosa, starting from rectum and extending to proximal 
colon. Based in an uncontrolled inflammatory response associated to an 
intestinal dysbiosis, ulcerative colitis is characterized by proliferation of 
IL-9 producing Th9 cells, which modulates the expression of several 
tight junction molecules in epithelial mucosa (Shen et al., 2018). In this 
context, an impaired epithelial barrier allows leakage of luminal anti-
gens to lamina propria (Gerlach, McKenzie, Neurath, & Weigmann, 
2015), stimulating dendritic cells and local macrophages to polarize 
undifferentiated T lymphocytes into TNF-α producing Th1, and IL-13 
producing Th2 cells, which stimulate cytotoxic T cells recruitment, 
promoting damage to colon epithelium (Vyas & Goswami, 2018). 

The management of ulcerative colitis is quite complex, and involves 
traditional therapy, which aims to promote the epithelial barrier func-
tion and to reduce exacerbated inflammatory responses in intestinal 
mucosa through food education, nutritional supplementation, use of 
anti-inflammatory agents, immune system suppressors drugs, antibiotics 
and psychosocial therapy (Torres, Danese, & Colombel, 2013). An 
alternative approach takes into account the use of beneficial microor-
ganisms whose benefits are associated with the regulation of the gut 
microbiota, reducing local dysbiosis, stimulating the synthesis of 
anti-inflammatory cytokines and promoting epithelial barrier function 
(Abatemarco Júnior et al., 2018; Acurcio, Sandes, & Bastos, 2017; 
Sandes et al., 2017). In this sense, many probiotic strains have been 
studied, aiming the development of supplemental alternatives to the 
treatment of IBD (Shen, Zuo, & Mao, 2014). In addition, it has been 
shown that some probiotic strains could modulate gut-brain axis, 
reducing depressive and anxiety scores in humans, including IBD pa-
tients (Akkasheh et al., 2016; Butler, Sandhu, Cryan, & Dinan, 2019; 
Pinto-sanchez et al., 2017). 

Previously, we evaluated the probiotic potential of Weissella para-
mesenteroides WpK4 through in vitro, in vivo and ex vivo approaches 
(Alvim et al., 2015; Fonseca et al., 2019; Prado et al., 2020). The safety 
of this strain was assessed by Alvim et al. (2015), where germ-free mice 
were mono-colonized with W. paramesenteroides WpK4. In this study, 
neither bacterial translocation to spleen and liver nor histological 
changes in the structure of intestine was observed, indicating that these 
organs remained healthy over the experimental period. In addition, it 
was shown that WpK4 had only intrinsic resistance to antibiotics, that is, 

a resistance that is not able to be transmitted through sexual repro-
duction (Alvim et al., 2015). In this same study, it was observed that the 
treatment with this strain was able to protect the intestinal mucosa of 
mice with typhoid fever, promoting the function of epithelial barrier, 
modulating humoral responses by reduction of the expression of 
proinflammatory cytokines such as TNF-α and IFN-γ (Alvim et al., 2015). 
In the study by Fonseca et al. (2019), it was observed that treatment with 
WpK4 reduced the parasitic load of Giardia lamblia in gerbils, in such a 
way as to reduce the intestinal damage in the animals with giardiasis 
(Fonseca et al., 2019) and, more recently, Prado et al. (2020) showed 
that treatment with WpK4 reduced diarrhea and the presence of blood in 
the feces, and diminished the area of mucosal necrosis in a murine model 
of amoebic colitis (Prado et al., 2020). Accordingly, this study aimed to 
evaluate the role of Weissella paramesenteroides WpK4 in a murine model 
of ulcerative colitis and in a murine model of chronic stress, taking into 
account physiological, immunological, histological and behavioral 
features. 

2. Materials and methods 

2.1. Mice 

C57BL/6J female mice, five-week-old, were housed in microisolators 
(Alesco Ltd., Monte Mor, Brazil) under controlled lighting (12/12 h, 
light/dark cycles), temperature (22–24 ◦C), and white noise throughout 
the entire experimental period. Four mice were housed in each micro-
isolator having sterile wood shavings. Water and commercial auto-
clavable diet (Nuvilab Ltd, Curitiba, Brazil) were administered ad 
libitum. The Institutional Ethics Committee on Animal Use (CEUA/ 
UFMG) approved all the experiments under protocol number 246/16. 

2.2. WpK4 treatment, colitis induction and chronic stress 

Mice ingested, approximately, 108 colony forming units (CFU) of 
W. paramesenteroides WpK4 through drinking water during 10 days 
before challenge (acute colitis or chronic stress). The strain was main-
tained in De Man, Rogosa and Sharpe (MRS) broth supplemented with 
20% glycerol (v/v) at − 80 ◦C and was cultivated in MRS broth at 37 ◦C 
for 18 hrs. Bacterial concentration was adjusted to 109 CFU/mL in 
phosphate buffered saline and 1 mL was used to inoculate 9 mL of 
drinking water, daily. In acute colitis model, mice ingested, ad libidum, 
drinking water containing dextran sulfate sodium (DSS – 
36,000–50,000 M.Wt., MP Biomedicals, Santa Ana, United States) at 
2.5% concentration (w/v) over 10 days. To induce chronic stress, mice 
were placed, daily, into ventilated 50 mL type falcon tube and were kept 
restrained for two hours over 21 days (Zimprich et al., 2014). During the 
experimental period, mice ingested, on average, 2.0 mL of water in each 
day. A figure about the murine models used in this study can be seen in 
the supplementary material (Supporting Information Fig. S1). 

2.3. Acute colitis assay 

This assay evaluated the effect of WpK4 treatment in clinical signs, 
intestinal permeability and colon damage over an experimental acute 
colitis phase, which was performed using four mice groups (8 mice in 
each one): control group (Ct), in which mice received only water; WpK4 
group (WpK4), in which mice received water containing 108 CFU of 
W. paramesenteroides WpK4 per mL; WpK4Dss group (WpK4Dss), in 
which mice treated with WpK4 ingested drinking water containing DSS; 
and acute colitis mice group (Dss), receiving only water with DSS. 
During 20 days, 10 days of pretreatment, receiving 108 CFU of WpK4, 
before 10 days of challenge, mice were assessed for clinical signs and 
weight change. After that period, mice were euthanized and intestinal 
permeability, colon damage and cytokines expression were measured 
(Supporting Information Fig. S1). 
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2.4. Assessment of colitis severity 

Colitis severity was scored according to Shon, Lee, Shin, Choi, and 
Shin (2015) with small modifications. A disease activity index (DAI) was 
created through daily observation of clinical signs. Mice weight loss 
were categorized in accordance with values as follow: 0 points when 
there was no weight loss, 1 point when weight loss was between 5% and 
10% from initial weight, 2 points when loss was between 11% and 15%, 
3 points when loss was between 16% and 20% and 4 points when weight 
loss was above 21%. Moreover, stool was scored according to consis-
tency (0 points = normal and well formed, 2 points = very soft and 
unformed, 4 points = watery stool) and bleeding (0 points = normal 
color stool, 2 points = normal color stool with occult blood, 4 points =
reddish color stool, and 8 points = bloody stool). Occult blood was 
detected with Hexagon Obscreen kit (Human Diagnostics, Wiesbaden, 
Germany). DAI was calculated daily, when mice began to ingest DSS 
until euthanasia (10 days), and based on scores combination of weight 
loss, stool consistency, and bleeding, ranging from 0 to 16. 

2.5. Intestinal permeability assay 

Intestinal permeability was assessed according to Andrade et al. 
(2016). After experimental phase, mice received 0.1 mL 99mTc-DTPA 
(18.5 MBq activity) by oral gavage. After 4 h, mice were anesthetized 
and 200 μL of blood from axillary plexus was collected, weighed, and 
placed in appropriate tubes for radioactivity determination. Blood 
radioactivity levels were determined using an automated gamma 
counter (PerkinElmer Wallac Wizard 1470-020 Gamma Counter; Per-
kinElmer, Waltham, United States). The results are presented as the 
percentage of radiation dose, which was calculated using the following 
equation: % dose/g = (cpm in g of blood/cpm of standard) × 100, where 
cpm represents the counts of radioactivity per minute. 

2.6. Histological analysis 

Histopathological analyses were performed according to Alvim et al. 
(2015) with small modifications. Entire colon was collected and length 
was measured. Then a distal section (from rectum to 5 cm length) was 
excised and fixed in Bouin’s fluid with glacial acetic acid (2% v/v) for 
10 min at room temperature. Samples were dehydrated, diaphanized, 
infiltrated and included in paraffin. Histological sections of 4 µm 
thickness were stained with hematoxylin and eosin (H&E) and were 
analyzed, taking into account the place and intensity of lesions. More-
over, samples were digitalized and were quantitatively analyzed to 
obtain the ratio of lesion area per mucosal length (µ2 mm− 1). 

2.7. Chronic stress assay 

This assay evaluated the effect of WpK4 treatment in social, anxiety 
and depressive-like behaviors during an experimental chronic stress 
phase, which was performed using four mice groups (8 mice in each 
one): control group (Ct), in which non-stressed mice received only 
water; WpK4 group, in which non-stressed mice were treated with 
W. paramesenteroides WpK4; WpK4Stress group, in which mice treated 
with WpK4 were chronically stressed; and a chronically stressed mice 
group (Stress), receiving only water. In experimental phase, mice were 
pretreated, receiving 108 CFU of W. paramesenteroides WpK4 during 10 
days, followed by 21 days of challenge, being restrained daily 
(O’Mahony, Sweeney, Daly, Dinan, & Cryan, 2010). Social, anxiety-like 
and depressive-like behaviors were assessed at 14th and 21st day from 
challenge start in a soundproofed environment (Supporting Information 
Fig. S1). 

2.8. Assessment of social, anxiety and depressive-like behaviors 

Sociability assay was performed according to O’Tuathaigh et al. 

(2007) and Desbonnet, Clarke, Shanahan, Dinan, and Cryan (2014) with 
small modifications. Mice were placed in a rectangular apparatus (36 ×
20 × 20 cm) made with transparent acrylic and divided into 3 chambers 
(a center chamber with 9 × 20 × 20 cm and side chambers with 
13x20x20 cm) by transparent walls with small rectangular openings. 
The assay was divided in two phases, acclimation phase which tested 
mice was allowed to explore all chambers during 10 min, and sociability 
phase which an unfamiliar mouse was placed into a cage in right 
chamber. Exploration and sociability by tested mice were recorded 
during 10 min. The time spent by tested mice in right chamber was used 
as sociability measurement. 

Anxiety-like behavior was assessed according to Walf and Frye 
(2007) with small modifications. An elevated plus maze made of opaque 
acrylic, consisting of two open arms perpendicular to two enclosed arms 
(with 15 cm wall) either 35 cm long and 5 cm wide was kept 60 cm 
above the floor (Ugo Basile, Gemonio, Italy). Tested mice were placed at 
junction of open and enclosed arms, allowing him to explore the appa-
ratus during 10 min. The time spent by mice in open arms was used as 
anxiety-like measurement. 

Depressive-like behavior was assessed by tail suspension test, ac-
cording to Can et al. (2011). Tested mice were suspended 45 cm by its 
tail with a tape and escape oriented behavior was recorded during 6 min. 
Immobility time was used as depressive-like measurement. Before 
behavioral assays, mice were placed in testing room, with controlled 
lighting and white noise, for at least 30 min for environmental 
acclimation. 

2.9. Cytokines and inducible nitric oxide synthase 

Total RNA was obtained from colon and hippocampus of C57BL/6J 
mice after experimental period using trizol reagent (Invitrogen, Carls-
bad, United States), according to the instructions of manufacturer. 
Samples were treated with turbo DNAse (Ambion, Austin, United States) 
for cDNA synthesis, which was performed using 1 μg of RNA and high- 
capacity cDNA reverse transcription kit (Applied Biosystems, Foster 
City, United States) according to its manual. 

The quantitative reverse transcription PCR (qRT-PCR) was per-
formed using iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, 
United States) and gene-specific primers for Il1b, Il6, Ifng, Tnfa, Kc 
(Cxcl1), Il18, Tgfb1, Il10, Il22, and inducible nitric oxide synthase (Nos2) 
described by Giulietti et al. (2001), Deriu et al. (2013), and Loonen et al. 
(2013). The housekeeping genes Actb and Gapdh were used as reference 
for normalizations. Experimental approach was optimized by adjusting 
primers concentrations for optimal specificity and efficiency (Support-
ing Information). Amplification reactions were performed in a final 
volume of 10 μL, using 5 μL of iTaq Universal SYBR green super mix 
(Bio-Rad, Hercules, United States) and 10 ng of cDNA. Expression levels 
in control group were used as calibration data. Results are shown 
graphically as fold changes in gene expression, using the means and 
standard deviations of target cytokine expression amount according 
with Hellemans, Mortier, De Paepe, Speleman, and Vandesompele 
(2007) and Acurcio, Wuyts, and de Cicco Sandes (2020). 

2.10. Statistical analysis 

Data were analyzed in GraphPad Prism 6 (GraphPad Software, La 
Jolla, United States) and results were presented as means and standard 
deviations. Shapiro-Wilk test was used to determine data distribution 
and one-way analysis of variance (one-way ANOVA) was used for the 
parametric assays. Tukey’s correction was used as post hoc multiple 
comparison test between the groups, considering a level of significance 
higher than 95% (p < 0.05). 
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3. Results 

3.1. Weissella paramesenteroides WpK4 has improved health in mice with 
colitis 

In this study, it was observed that mice treated with WpK4 and 
challenged with DSS had a weight loss significantly smaller than mice 
challenged with DSS alone (Fig. 1A). Other physiological features such 
as consistency and blood in feces, together with weight variation, were 
used to create a disease activity index (DAI) to assess colitis severity. 
According to Fig. 1B, mice challenged with DSS and treated with WpK4 
showed milder symptoms compared to those only challenged with DSS. 
It was also observed that colitis mice treated with Wpk4 showed longer 
colon length than those challenged with DSS (Fig. 2A), and had a 
reduced intestinal permeability in this same confrontation (Fig. 2B). 

Regarding histopathological analyses, it was observed that colons of 
Ct group showed a healthy histological appearance (Supporting Infor-
mation Fig. S2), which were similar to colons from mice treated with 
WpK4 (not shown). In DSS group, intense lesions in the intestinal wall 
were observed. In several sections of colonic mucosa, areas of crypt loss 
were found and replaced by a granulation in the tissue, which was 
characterized by a neutrophilic infiltrate and by intracryptal micro-
abscesses (Supporting Information Fig. S2). The borders of these regions 
have had total or partial loss of the epithelial layer, with disruption of 
crypts and reduction of goblet cells. The neutrophilic infiltrate extended 
from mucosal layer to submucosa, and often to serous layer. The sub-
mucosa was quite swollen, which led to a significant increase in its 
thickness. This histopathological description features a transmural, 
extensive, and multifocal ulcerative colitis. In WpK4DSS group, the le-
sions induced by DSS (Supporting Information Fig. S2) had a reduced 
intensity. In other words, the loss of the mucosal layer was smaller 
(Fig. 3). 

Immunomodulation triggered by ingestion of WpK4 by mice with or 
without colitis was locally evaluated in colon, where relative expression 
levels of Il1b, Ifng, Tnfa, Kc, Il18, Tgfb1, Il10, Il22, and Nos2 were eval-
uated. In this assay, colitis mice treated with WpK4 had a reduced 
expression of Il1b, Tnfa, Kc, and Nos2, besides an increased Il22 
expression compared to those challenged with DSS alone. No differences 
were observed in Il18, Tgfb1 and Il10 expression among the different 
groups (Fig. 4). 

Weissella paramesenteroides WpK4 reduced anxiety and 
depressive-like behaviors in chronically stressed mice 

Behavioral assays were performed on the 14th, while on the 21st day 
after beginning of the forced restraints. In these assays, it was observed 
that the stressed mice that ingested W. paramensenteroides WpK4 showed 
similar behaviors to those non-stressed. In the sociability tests, no sig-
nificant difference was observed between groups at 14th day (data not 

shown), at 21st day an improved sociability was observed in non- 
stressed mice that ingested WpK4. However, stressed mice which 
ingested Wpk4 were statistically similar to those in the ’stress only’ 
group (Fig. 5A). In the anxiety-like and depression-like assays, the 
psychobiotic role of WpK4 was evident, once stressed mice that ingested 
the microorganism showed behaviors similar to those in the non- 
stressed group (Fig. 5B and C). At 14th day in anxiety test, there were 
no differences between groups (data not shown). Systemic immuno-
modulation triggered by ingestion of WpK4 by stressed or non-stressed 
mice was evaluated in hippocampus, where relative expression levels 
of Il1b and Il6 were assessed. In this assay, stressed mice treated with 
WpK4 had a reduced expression of Il1b and Il6 when compared to those 
only stressed (Fig. 6). 

4. Discussion 

DSS-induced colitis is marked by colon epithelium deformations 
caused by epithelial cells lysis, including goblet cells (de Souza & 
Fiocchi, 2015; Jiminez, Uwiera, Douglas Inglis, & Uwiera, 2015). In this 
topic, the normal structure and function of colon are impaired due to the 
reduction of crypts and mucus layer, promoting an increased mucosal 
permeability (Randhawa, Singh, Singh, & Jaggi, 2014) and gut leakage, 
which could stimulate the immune system and trigger exacerbated in-
flammatory responses by lymphocytes and dendritic cells (Honda & 
Littman, 2016). On the other hand, several studies have attempted to 
elucidate the beneficial roles of some probiotic strains in colitis. In this 
sense, these beneficial effects could pass through the stabilization of 
mucosal barrier by the stimulation of mucus synthesis by goblet cells, by 
the promotion of adhesion between epithelial cells, and by the local and 
systemic immunomodulation (Acurcio et al., 2017; Sandes et al., 2017). 
Ahl et al. (2016), for example, found that protective effect of Lactoba-
cillus reuteri R2LC in a model of colitis induced by DSS was associated 
with the stimulation of MUC2 synthesis by goblet cells and with a 
reduced production of local IL-1β. Kanda et al. (2016) observed a 
reduced expression of inflammatory cytokines such as Il6, Il17a and Ifng 
in mice challenged with DSS and treated with Enterococcus durans TN-3. 
This inflammatory regulation is, usually, associated with development 
of a regulatory T helper responses, characterized by IL-10 synthesis, as 
showed by Jo et al. (2016) when administered Lactobacillus curvatus 
WiKim38 to mice with ulcerative colitis. 

In this study, W. paramesenteroides WpK4 ingestion reduced DAI 
index, improved the epithelial barrier, and reduced the mucosal damage 
of mice with colitis. Moreover, it was observed that this treatment 
modulated the inflammatory responses triggered by DSS. When 
epithelial barrier is impaired, macrophages and local dendritic cells 
perform phagocytosis of luminal antigens and are stimulated to produce 
antimicrobial substances, such as nitric oxide (Abbas, Lichtman, & 

Fig. 1. Body weight change and Disease Activity Index (DAI). (a) Body weight change and (b) DAI between mice belonged to Ct and WpK4 groups were similar. 
Colitis mice treated with WpK4 (WpK4DSS) had lesser body weight reduction and DAI when compared to those colitis mice (Dss - p < 0.01). Different letters indicate 
that comparison between groups were statistically different (p < 0.05). 
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Pillai, 2017). In addition, contact with these antibodies stimulates their 
toll-like receptors (TLR), triggering activation of molecular cascades 
mediated by MyD88 and by TRIF that determine NFκβ and Interferon- 
regulatory factor (IFR) production, which, in turn, stimulate the 
expression of inflammatory cytokines, including Il1b, Tnfa and Ifng 
(Abbas et al., 2017). As further matter, not only TLRs are stimulated, 
NOD-like receptors also take part in inflammatory process, triggering, 
for example, NLRP3-mediated inflammasome pathways, which could 
stimulate IL-1β and IL-18 synthesis (Broz & Dixit, 2016). In this situa-
tion, epithelial tissue undergoes an acute inflammation that, when 
prolonged, could bring structural issues, reducing the normal functions 
of the gut (Broz & Dixit, 2016; Powell, Walker, & Talley, 2017; Rand-
hawa et al., 2014). As seen previously, the immunomodulatory role of 
WpK4 was evidenced, once colitis mice treated with the microorganism 
showed a reduced Nos2, Il1b, Tnfa, and Cxcl1 expression. It is interesting 
to note that the treatment, apparently, did not stimulated a regulatory T 
helper response, since the concomitant expression of Tgfb1 and Il10 was 
not observed. Despite this, treated mice had an increased Il22 

expression, whose role is critical for epithelial barrier maintenance, 
stimulating antimicrobial peptides synthesis by Paneth cells, and 
epithelial cells proliferation to repair mucosal damages (Gao and Xiang, 
2019). 

From metabolic point of view, the development of ulcerative colitis 
and depression involves impaired responses of the hypothal-
amic–pituitary–adrenal axis, which could change immune system re-
sponses, triggering a systemic inflammation (Sgambato, Miranda, 
Ranaldo, Federico, & Romano, 2017). One of the most relevant conse-
quences of stress, including depression, is its ability to alter the releasing 
of inflammatory mediators, resulting in an increased intestinal perme-
ability (Kelly et al., 2015; Söderholm et al., 2002). For this reason, 
several studies have suggested that neuropsychiatric stress should 
worsen the natural history of colitis (Frolkis et al., 2018; Gracie et al., 
2018; Kochar et al., 2018; Neuendorf et al., 2016). Besides of their local 
functions, probiotics can exert important systemic roles, such as in gut- 
brain axis, changing some cognitive aspects of the host (Dinan, Stanton, 
& Cryan, 2013). Usually, these systemic functions are triggered when 
the bacteria stimulate the immune system, recruiting antigen-presenting 
cells and triggering increased humoral responses in a time related 
manner, through the agonism of receptors of the innate immune 
response, such as TLR (Sandes et al., 2017). In this context, probiotic 
bacteria are phagocytosed by local dendritic cells that present the an-
tigens to T cells, triggering humoral and adaptive responses, which in-
volves the synthesis of antibodies and cytokines in the mucosa- 
associated lymphoid tissues and potentially reducing the systemic 
inflammation (Sandes et al., 2017). Because of this, several behavioral 
studies in different psychopathological situations were performed, 
evidencing the role of microbiota and of the probiotics in animal and 
human cognition (Fung, Olson, & Hsiao, 2017; Gracie et al., 2018; Liang 
et al., 2015). 

In the behavioral assay, W. paramesenteroides WpK4 ingestion was 
associated to a reduced anxiety-like and depressive-like behaviors in 
stressed mice. Once again, the immunomodulatory effect of WpK4 was 
observed, since stressed mice treated with the microorganism showed a 
reduced, Il1b and Il6 expression. Recently, the role of these molecules in 
the dynamic of neurotransmitters and in the neurocircuits have been 
elucidated. Studies in stressed animal models, for example, demon-
strated that stress is able to promote immunomodulatory changes in 
limbic system, impacting neurogenic activity of hippocampus (Miller & 
Raison, 2016). Another pathway by which inflammatory cytokines are 
involved is in the glutamate metabolism. In this subject, IL-1β and IL-6 
molecules are able to exert their roles stimulating IDO1 synthesis by 
microglial cells, promoting conversion of monoamines precursors, such 
as tryptophan, in kynurenine, reducing amino acids availability for 

Fig. 2. Colon length and intestinal permeability. 
(a) Colon length between mice belonging to Ct, 
WpK4, DSS and WpK4Dss groups were statistically 
different from each other (p < 0.05). (b) Intestinal 
permeability between Ct, WpK4 and WpK4Dss 
groups were similar from each other, evidencing 
the protective role of W. paramesenteroides WpK4 
(WpK4Dss group) in colitis context (Dss group). 
Different letters indicate that comparison between 
groups were statistically different (p < 0.05).   

Fig. 3. Mucosal injured area. Injured area from Ct and WpK4 groups were 
statistically identical, not showing any injury type (not detected - n.d.). Colitis 
mice treated with WpK4 (WpK4Dss) had, in average, an injured area smaller 
than those which were only challenged with DSS (p < 0.05). Different letters 
indicate that comparison between groups were statistically different (p < 0.05). 
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Fig. 4. Mucosal immunomodulation. Colitis mice treated with WpK4 showed a reduced expression of inflammatory cytokines (a, b, c, d and e – p < 0.05), besides an 
increased Il22 expression (i – p < 0.05) when compared with colitis mice. Different letters indicate that comparison between groups were statistically different (p 
< 0.05). 
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serotonin production (Fung et al., 2017) and, therefore, harming the 
cognition. But, if WpK4 ingestion impact these pathways, this still needs 
to be elucidated. Moreover, it has been observed that some probiotic 
strains are able to synthesize and release neuroactive substances, 
including neurotransmitters (Taylor & Holscher, 2020; Tyagi, Tasleem, 
Prakash, & Chouhan, 2020). Among these neuroactive substances, the 
short-chain fatty acids have been extensively studied, evidencing their 
beneficial roles in the gut-brain axis, including the modulation of gut 
permeability and microglial cells inflammation (Taylor & Holscher, 
2020; Tyagi, Tasleem, Prakash, & Chouhan, 2020). However, if the 
beneficial effects triggered by WpK4 ingestion involves the synthesis of 
these substances, this also needs to be clarified. 

In summary and based on the observations of this study, it is possible 
to state that W. paramesenteroides WpK4 acted as an immunobiotic, 
regulating inflammatory immune responses at local and systemic levels. 
In colitis mice, WpK4 improved health, by promoting the epithelial 
barrier and reducing gut leakage, which may have determined a milder 
mucosal inflammatory response. Moreover, WpK4 ingestion triggered 
an increased Il22 expression, which could have contributed to mucosal 
healing. This immunomodulatory role of WpK4 could have had systemic 
consequences, reducing expression of inflammatory cytokines in hip-
pocampus, which should have improved animal behavior, reducing 
anxiety-like and depressive-like behaviors. Therefore, these results 
encourage us to carry out more in-depth studies regarding the beneficial 
effects of WpK4 in the gut-brain axis, in such a way as to precisely 

elucidate the metabolic pathways related to these beneficial effects. In 
addition, we hope to perform studies in human subjects, aiming to 
develop an alternative management to IBD, in such a way as to improve 
the welfare of the patients. 
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Fig. 5. Behavioral assessment. (a) In sociability assay, mice belonging to Ct, WpK4Stress and Stress were statistically similar from each other. (b) In anxiety assay, 
time spent in opened arms by mice belonging to Ct, WpK4 and WpK4Stress groups were statistically similar from each other. (c) In depression assay, mice belonging 
to Ct, WpK4 and WpK4Stress groups had immobility time statistically similar. Different letters indicate that comparison between groups were statistically different (p 
< 0.05). Social, anxiety-like and depressive-like behaviors were assessed at 14th and 21st day from challenge start. In sociability and anxiety assays, differences 
between groups were observed only on 21st day. 

Fig. 6. Hippocampal immunomodulation. Chronically stressed mice treated with WpK4 (WpK4Stress) had (a) Il6 and (b) Il1b expression reduced when compared 
with stressed mice (Stress – p < 0.05). Different letters indicate that comparison between groups were statistically different (p < 0.05). 
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Fonseca, J. F., Alvim, L. B., Nunes, Á. C., Oliveira, F. M. S., Amaral, R. S., Caliari, M. V., 
… Gomes, M. A. (2019). Probiotic effect of Bifidobacterium longum 51A and Weissella 
paramesenteroides WpK4 on gerbils infected with Giardia lamblia. Journal of Applied 
Microbiology, 127(4), 1184–1191. https://doi.org/10.1111/jam.14338 

Frolkis, A. D., Vallerand, I. A., Shaheen, A.-A., Lowerison, M. W., Swain, M. G., 
Barnabe, C., … Kaplan, G. G. (2018). Depression increases the risk of inflammatory 
bowel disease, which may be mitigated by the use of antidepressants in the 
treatment of depression. Gut, 68, 1606–1612. https://doi.org/10.1136/gutjnl-2018- 
317182 

Fung, T. C., Olson, C. A., & Hsiao, E. Y. (2017). Interactions between the microbiota, 
immune and nervous systems in health and disease. Nature Neuroscience, 20(2), 
145–155. https://doi.org/10.1038/nn.4476 

Gao, B., & Xiang, X. (2019). Interleukin-22 from bench to bedside: A promising drug for 
epithelial repair. Cellular & Molecular Immunology, 16(7), 666–667. https://doi.org/ 
10.1038/s41423-018-0055-6 

Gerlach, K., McKenzie, A. N., Neurath, M. F., & Weigmann, B. (2015). IL-9 regulates 
intestinal barrier function in experimental T cell-mediated colitis. e983777–e983777 
Tissue Barriers, 3(1–2). https://doi.org/10.4161/21688370.2014.983777. 

Ghia, J., Blennerhassett, P., Deng, Y., Verdu, E. F., Khan, W. I., & Collins, S. M. (2009). 
Reactivation of inflammatory bowel disease in a mouse model of depression. 
Gastroenterology, 136(7), 2280–2288.e4. https://doi.org/10.1053/j. 
gastro.2009.02.069 

Giulietti, A., Overbergh, L., Valckx, D., Decallonne, B., Bouillon, R., & Mathieu, C. 
(2001). An overview of real-time quantitative PCR: Applications to quantify cytokine 
gene expression. Methods, 25(4), 386–401. https://doi.org/10.1006/ 
meth.2001.1261 

Gracie, D. J., Guthrie, E. A., Hamlin, P. J., & Ford, A. C. (2018). Bi-directionality of brain- 
gut interactions in patients with inflammatory bowel disease. Gastroenterology, 154 
(6), 1635–1646.e3. https://doi.org/10.1053/j.gastro.2018.01.027 

Graff, L. A., Walker, J. R., & Bernstein, C. N. (2009). Depression and anxiety in 
iflammatory bowel disease: A review of comorbidity and management. Inflammatory 
Bowel Diseases, 15(7), 1105–1118. https://doi.org/10.1002/ibd.20873 

Hall, B. J., Hamlin, P. J., Gracie, D. J., & Ford, A. C. (2018). The effect of antidepressants 
on the course of inflammatory bowel disease. Canadian Journal of Gastroenterology & 
Hepatology, 2018, 2047242. https://doi.org/10.1155/2018/2047242 

Hellemans, J., Mortier, G., De Paepe, A., Speleman, F., & Vandesompele, J. (2007). qBase 
relative quantification framework and software for management and automated 
analysis of real-time quantitative PCR data. Genome Biology, 8(2), R19. https://doi. 
org/10.1186/gb-2007-8-2-r19 

Honda, K., & Littman, D. R. (2016). The microbiota in adaptive immune homeostasis and 
disease. Nature, 535, 75. https://doi.org/10.1038/nature18848 

Jiminez, J. A., Uwiera, T. C., Douglas Inglis, G., & Uwiera, R. R. E. (2015). Animal models 
to study acute and chronic intestinal inflammation in mammals. Gut Pathogens, 7(1), 
29. https://doi.org/10.1186/s13099-015-0076-y 

Jo, S. G., Noh, E. J., Lee, J. Y., Kim, G., Choi, J. H., Lee, M. E., … Park, J. H. (2016). 
Lactobacillus curvatus WiKim38 isolated from kimchi induces IL-10 production in 
dendritic cells and alleviates DSS-induced colitis in mice. Journal of Microbiology, 54 
(7), 503–509. https://doi.org/10.1007/s12275-016-6160-2 

Kanda, T., Nishida, A., Ohno, M., Imaeda, H., Shimada, T., Inatomi, O., … Andoh, A. 
(2016). Enterococcus durans TN-3 induces regulatory T cells and suppresses the 
development of dextran sulfate sodium (DSS)-induced experimental colitis. 
e0159705 PLoS ONE, 11(7). https://doi.org/10.1371/journal.pone.0159705. 

Kelly, J. R., Kennedy, P. J., Cryan, J. F., Dinan, T. G., Clarke, G., & Hyland, N. P. (2015). 
Breaking down the barriers: The gut microbiome, intestinal permeability and stress- 
related psychiatric disorders. Frontiers in Cellular Neuroscience, 9, 392. https://doi. 
org/10.3389/fncel.2015.00392 

Kochar, B., Barnes, E. L., Long, M. D., Cushing, K. C., Galanko, J., Martin, C. F., … 
Sandler, R. S. (2018). Depression is associated with more aggressive inflammatory 
bowel disease. The American Journal of Gastroenterology, 113(1), 80–85. https://doi. 
org/10.1038/ajg.2017.423 

Liang, S., Wang, T., Hu, X., Luo, J., Li, W., Wu, X., … Jin, F. (2015). Administration of 
Lactobacillus helveticus NS8 improves behavioral, cognitive, and biochemical 
aberrations caused by chronic restraint stress. Neuroscience, 310, 561–577. https:// 
doi.org/10.1016/j.neuroscience.2015.09.033 

Loonen, L. M. P., Stolte, E. H., Jaklofsky, M. T. J., Meijerink, M., Dekker, J., van 
Baarlen, P., & Wells, J. M. (2013). REG3γ-deficient mice have altered mucus 
distribution and increased mucosal inflammatory responses to the microbiota and 
enteric pathogens in the ileum. Mucosal Immunology, 7, 939. https://doi.org/ 
10.1038/mi.2013.109 

Martin-Subero, M., Anderson, G., Kanchanatawan, B., Berk, M., & Maes, M. (2016). 
Comorbidity between depression and inflammatory bowel disease explained by 
immune-inflammatory, oxidative, and nitrosative stress; tryptophan catabolite; and 
gut–brain pathways. CNS Spectrums, 21(2), 184–198. https://doi.org/10.1017/ 
S1092852915000449 

Miller, A. H., & Raison, C. L. (2016). The role of inflammation in depression: From 
evolutionary imperative to modern treatment target. Nature Reviews. Immunology, 16 
(1), 22–34. https://doi.org/10.1038/nri.2015.5 

Neuendorf, R., Harding, A., Stello, N., Hanes, D., & Wahbeh, H. (2016). Depression and 
anxiety in patients with inflammatory bowel disease: A systematic review. Journal of 
Psychosomatic Research, 87, 70–80. https://doi.org/10.1016/j. 
jpsychores.2016.06.001 

O’Mahony, C. M., Sweeney, F. F., Daly, E., Dinan, T. G., & Cryan, J. F. (2010). Restraint 
stress-induced brain activation patterns in two strains of mice differing in their 
anxiety behaviour. Behavioural Brain Research, 213(2), 148–154. https://doi.org/ 
10.1016/j.bbr.2010.04.038 

S. Sandes et al.                                                                                                                                                                                                                                  

https://doi.org/10.1016/j.foodres.2020.109741
https://doi.org/10.1016/j.foodres.2020.109741
https://doi.org/10.3389/fmicb.2018.02856
https://doi.org/10.3389/fmicb.2018.02856
http://refhub.elsevier.com/S0963-9969(20)30766-3/h0010
http://refhub.elsevier.com/S0963-9969(20)30766-3/h0010
https://doi.org/10.1111/apha.12695
https://doi.org/10.1111/apha.12695
https://doi.org/10.1016/j.nut.2015.09.003
https://doi.org/10.1016/j.nut.2015.09.003
https://doi.org/10.3920/BM2015.0093
https://doi.org/10.3920/BM2015.0093
https://doi.org/10.1038/nrgastro.2017.136
https://doi.org/10.1038/ctg.2016.69
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.1038/nri.2016.58
https://doi.org/10.12968/hmed.2019.80.3.139
https://doi.org/10.3791/3769
https://doi.org/10.3791/3769
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1016/j.chom.2013.06.007
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1016/j.biopsych.2013.05.001
https://doi.org/10.1016/j.biopsych.2013.05.001
https://doi.org/10.1111/jam.14338
https://doi.org/10.1136/gutjnl-2018-317182
https://doi.org/10.1136/gutjnl-2018-317182
https://doi.org/10.1038/nn.4476
https://doi.org/10.1038/s41423-018-0055-6
https://doi.org/10.1038/s41423-018-0055-6
https://doi.org/10.4161/21688370.2014.983777
https://doi.org/10.1053/j.gastro.2009.02.069
https://doi.org/10.1053/j.gastro.2009.02.069
https://doi.org/10.1006/meth.2001.1261
https://doi.org/10.1006/meth.2001.1261
https://doi.org/10.1053/j.gastro.2018.01.027
https://doi.org/10.1002/ibd.20873
https://doi.org/10.1155/2018/2047242
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1186/gb-2007-8-2-r19
https://doi.org/10.1038/nature18848
https://doi.org/10.1186/s13099-015-0076-y
https://doi.org/10.1007/s12275-016-6160-2
https://doi.org/10.1371/journal.pone.0159705
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.3389/fncel.2015.00392
https://doi.org/10.1038/ajg.2017.423
https://doi.org/10.1038/ajg.2017.423
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1038/mi.2013.109
https://doi.org/10.1038/mi.2013.109
https://doi.org/10.1017/S1092852915000449
https://doi.org/10.1017/S1092852915000449
https://doi.org/10.1038/nri.2015.5
https://doi.org/10.1016/j.jpsychores.2016.06.001
https://doi.org/10.1016/j.jpsychores.2016.06.001
https://doi.org/10.1016/j.bbr.2010.04.038
https://doi.org/10.1016/j.bbr.2010.04.038


Food Research International 137 (2020) 109741

9

O’Tuathaigh, C. M. P., Babovic, D., O’Sullivan, G. J., Clifford, J. J., Tighe, O., 
Croke, D. T., … Waddington, J. L. (2007). Phenotypic characterization of spatial 
cognition and social behavior in mice with ‘knockout’ of the schizophrenia risk gene 
neuregulin 1. Neuroscience, 147(1), 18–27. https://doi.org/10.1016/j. 
neuroscience.2007.03.051 

Pinto-sanchez, M. I., Hall, G. B., Ghajar, K., Nardelli, A., Bolino, C., Lau, J. T., … 
Bercik, P. (2017). Probiotic Bifidobacterium longum NCC3001 reduces depression 
scores and alters brain activity: A pilot study in patients with irritable bowel 
syndrome. Gastroenterology, 153(2), 448–459.e8. https://doi.org/10.1053/j. 
gastro.2017.05.003 

Prado, G. K. S., Torrinha, K. C., Cruz, R. E., Gonçalves, A. B. B., Silva, C. A. V., 
Oliveira, F. M. S., … Caliari, M. V. (2020). Weissella paramesenteroides WpK4 
ameliorate the experimental amoebic colitis by increasing the expression of MUC-2 
and the intestinal epithelial regeneration. Journal of Applied Microbiology. https:// 
doi.org/10.1111/jam.14671 

Powell, N., Walker, M. M., & Talley, N. J. (2017). The mucosal immune system: Master 
regulator of bidirectional gut–brain communications. Nature Reviews 
Gastroenterology & Hepatology, 14, 143. https://doi.org/10.1038/nrgastro.2016.191 

Randhawa, P. K., Singh, K., Singh, N., & Jaggi, A. S. (2014). A review on chemical- 
induced inflammatory bowel disease models in rodents. Korean Journal of Physiology 
and Pharmacology, 18(4), 279–288. https://doi.org/10.4196/kjpp.2014.18.4.279 

Sajadinejad, M. S., Asgari, K., Molavi, H., Kalantari, M., & Adibi, P. (2012). Psychological 
issues in inflammatory bowel disease: An overview. Gastroenterology Research and 
Practice, 2012. https://doi.org/10.1155/2012/106502 

Salameh, E., Meleine, M., Gourcerol, G., do Rego, J.C., do Rego, J.L., Legrand, R., … 
Marion-Letellier, R. (2019). Chronic colitis-induced visceral pain is associated with 
increased anxiety during quiescent phase. American Journal of Physiology- 
Gastrointestinal and Liver Physiology, 316(6), G692–G700. https://doi.org/ 
10.1152/ajpgi.00248.2018. 

Sandes, S., Alvim, L., Silva, B., Acurcio, L., Santos, C., Campos, M., … Nunes, Á. (2017). 
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