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Abstract

Caspase-3 activation in the limbic system and depressive-like symptoms are observed after

an acute myocardial infarction (MI) and studies suggest that inflammation may play a signifi-

cant role. Combined treatment with the probiotic strains Bifidobacterium longum and Lacto-

bacillus helveticus in rats has been shown to attenuate caspase-3 activation and

depressive-like behaviour together with a reduction in pro-inflammatory cytokines. The pres-

ent study was designed to determine the respective contribution of these two strains on cas-

pase-3 activity in the limbic system and on depressive-like behaviour. Sprague-Dawley rats

were assigned to one of four groups: Vehicle, L. helveticus R0052, B. longum R0175 and L.

salivarius HA-118, administered orally for 14 days (109CFU daily) before inducing MI by

occlusion of the left anterior descending artery for 40 min followed by 14 days of reperfusion.

Animals were then tested for socialisation, passive avoidance and forced swim test to

assess depressive-like behaviour. At day 18 the animals were sacrificed; infarct size was

estimated, plasma C-reactive protein concentration and brain caspase-3 activity were mea-

sured. Results indicated that infarct size did not vary across the different treatments. Rats

treated with B. longum spent more time socializing, learned more rapidly the passive avoid-

ance test and spent less time immobile in the forced swim test compared to the vehicle

groups. Caspase-3 activity and plasma C-reactive protein concentrations were reduced in

the lateral and medial amygdala as well as in the dentate gyrus of B. longum-supplemented

animals. The only significant effect in the two groups receiving Lactobacilli compared to

vehicle was that rats receiving L. salivarius learned more rapidly in the step-down passive

avoidance test.

In conclusion, most of the beneficial effects that we previously reported with the combina-

tion of two probiotic strains in our experimentation regarding post-myocardial infarction

depression are related to Bifidobacterium longum.
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Introduction

Myocardial infarction (MI) is an inflammatory disease that has several impacts on the health

of surviving patients [1]. One of the consequences that is regularly observed following myocar-

dial infarction is the development of depression [2] which increases the mortality rate of these

patients over the months that follow [3]. Although the mechanism linking the cardiac tissue

and the brain has not been fully elucidated, inflammation is certainly a key component in this

relationship [4]. In experimental studies, interventions mitigating the inflammatory process

following myocardial infarction have been shown to attenuate depressive-like behaviour. Pen-

toxifylline [4], omega-3 fatty acids [5]and resolvin D1 (RvD1) [6] are among the experimental

interventions that have been shown to reduce post-MI depressive-like behaviour as well as

having an effect on inflammation.

Administration of a probiotic formulation containing Bifidobacterium longum R0175 and

Lactobacillus helveticus R0052 also significantly improves the behaviour of post-MI animals

[7]. In a rat model of post-MI depression-like behaviour, administration of this formulation

significantly reduced the time of immobility in the forced-swim test and the time to learn the

passive avoidance step-down test, and increased the duration of interaction between conge-

ners. Similarly, it has been observed by Li et al. that a multi-strain probiotic formulation,

including B. longum R0175 and L. helveticus R0052, attenuated the chronic mild stress induced

anxiety and depressive-like behaviours [8].

The activity of caspase-3, an enzyme involved in apoptosis, was increased in the limbic sys-

tem following MI [9], an effect that was mitigated by a probiotic combination formulation

[10]. This effect was contemporaneous to a reduction in the level of circulating pro-inflamma-

tory cytokines, such as CCL-2 [5].

B. longum is a member of the Bifidobacterium genus known as fermentative bacteria. It uses

carbohydrate to form acetic and lactic acids. Among the different effects reported for Bifidobac-
teria is a reduction of inflammation caused mainly by a reduction of pro-inflammatory cyto-

kines [11, 12], which could be beneficial to prevent the development of post-MI depression.

L. helveticus is a member of the Lactobacillus genus, which are gram-positive and involved

in the fermentation of lactose. Many studies have reported that Lactobacilli administration has

positive effects on stress and depression [13, 14] through a mechanism that is still undefined.

Both probiotics could be beneficial to attenuate post-MI depressive-like symptoms, but their

individual contributions are, as yet, unknown.

The present study has been designed to determine whether individual strains (B. longum
R0175, L. helveticus R0052) could have positive effects on post-MI behaviour and the activity

of caspase-3 in different regions of the limbic system. In addition to these two strains, L. sali-
varius HA-118, for which no anti-depressant effect was observed [15], was also tested in the

present model to assess for strain-specificity of the effects.

Materials and methods

Ethics statement

The experiments complied with the animal care guidelines published by the Canadian Council

on Animal Care, and the procedures performed were approved by the local Animal Care Com-

mittee of the Hôpital du Sacré-Coeur de Montréal.

Experimental design (Table 1)

Forty male Sprague-Dawley rats from Charles River Canada (Saint-Constant, Quebec, Can-

ada) were used. They were housed in a controlled experimental environment (20–25˚C, 40–

Bifidobacterium longum R0175 and depression

PLOS ONE | https://doi.org/10.1371/journal.pone.0215101 April 22, 2019 2 / 12

of probiotic strains and formulations that support

human health and well-being. Lallemand Health

solutions provided support in the form of salaries

for authors AT and TAT, but did not have any

additional role in the study design, data collection

and analysis, decision to publish, or preparation of

the manuscript.

Competing interests: AT and TAT have read the

journal’s policy and the authors of this manuscript

have the following competing interests: AT is the

scientific writer for Lallemand and TAT is the

Research Director from Lallemand. There are no

patents, products in development or marketed

products associated with this research to declare.

This commercial affiliation does not alter the

authors’ adherence to PLOS ONE policies on

sharing data and materials.

https://doi.org/10.1371/journal.pone.0215101


50% humidity, 12 h light per day, lights on at 8:00 am) for three days without intervention to

allow them to acclimatise. Then, the rats were separated into four groups according to the

strains of bacteria to which they were subsequently exposed: vehicle (maltodextrin); Lactoba-
cillus helveticus R0052; Bifidobacterium longum R0175; Lactobacillus salivarius HA-118. The

rats had access to water (containing 109 colonising bacterial units or CFU) renewed and

weighed daily, from which they drank between 40 mL and 60 mL per day. The rats in each

group were maintained under these experimental conditions for 14 days, after which MI was

induced by standardised occlusion of the left anterior coronary artery (LAD) for 40 min. The

rats were then kept under the same conditions as before MI (environment, standard diet, spe-

cific water, daily weighing). Finally, 14 days after the infarction, the rats were subjected to

behavioural tests over a 4-day period (passive avoidance, social interaction, and forced swim-

ming), each aiming to assess typical depressive-like behaviours in rats[16]. Finally, the rats

were sacrificed to collect blood, brain and heart samples on which analyses were performed

(infarct size and quantification of apoptotic protein activity).

Probiotics

L. helveticus R0052, B. longum R0175 or L. salivarius HA-118 were administered by dissolving

the freeze-dried culture or the vehicle only (maltodextrin) in 200 mL of tap water. Each rat in

the probiotic groups received a daily dose of 109 colony-forming units. The drinking solution

was freshly prepared each day for the duration of the experiments. Water intake was moni-

tored throughout the entire investigation to ensure sufficient bacteria were administered.

Surgical procedures

Anesthesia was induced by a solution of ketamine and xylazine (80 mg/kg and 10 mg/kg i.p.,

respectively) and maintained with isoflurane (1%). The animals were intubated and placed on

a respirator. Following left thoracotomy, the left anterior descending coronary artery was

occluded with a 4.0 silk suture and plastic snare. Ischemia was assessed with ST segment alter-

ations and ventricular subepicardial cyanosis. The suture was removed after 40 min of ische-

mia to begin the reperfusion. The thorax was then closed and the rats were injected with

analgesics (2 mg/kg of butorphanol) [17]. Animals were sacrificed by decapitation 18 days fol-

lowing reperfusion to prevent biochemical pathway modifications.

Infarct size measurement

The hearts were removed immediately after euthanasia and placed in dishes kept on crushed

ice. They were washed with saline by retrograde perfusion via the aorta. The left anterior

descending coronary artery was occluded at the same site as for MI induction to map the area

at risk (AR) by Evans blue infusion (0.5%). The hearts were frozen (-80˚C for 5 min), sliced

into 4 transverse 2 mm sections and placed in 2,3,5-triphenyltetrazolium chloride solution

(1%, pH 7.4) at 37˚C for 10 min to better distinguish the area of necrosis (I) from the AR. The

different regions were carefully drawn on a glass plate, photocopied, and cut. Thereafter, the

complete infarct region, AR and left ventricle (LV), were weighed separately to express MI as

Table 1. Sequence and duration of interventions and assessments periods during the entire experimental protocol.

Acclimatisation after arrival: 3

days

Treatment period: 14

days

Acute Myocardial

Infarction

Reperfusion period: 14

days

Behavioural testing: 4 days Sacrifice

Days -2 to 0 Days 1–14 Day 14 Days 14–28 Days 28–32 Day 32

https://doi.org/10.1371/journal.pone.0215101.t001
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percentages of necrosis (I) of the AR (I/AR x 100), and AR as percentages of the LV area (AR/

LV x 100).

Biochemical analyses

Caspase-3 activity. Caspase-3 activity was measured according to the protocol described

previously [17]. Tissues were homogenised by sonication in lysis buffer and incubated for 30

min on ice. The tissue homogenates were centrifuged at 4˚C for 10 min. The enzymatic reac-

tions, each containing 1X reaction buffer with 25 mg of protein (attested by the Bradford

method) and fluorescent substrate (Ac-DEVD-AMC) (40 μM), were incubated in the dark for

3 h at 37˚C. Reactions were stopped by the addition of 0.4 M NaOH and 0.4 M glycine buffer.

Fluorescence was quantified by spectrofluorometry (Photon Technology International, Law-

renceville, NJ, USA) at an excitation wavelength of 365 nm and an emission wavelength of 465

nm.

Behavioural measures

The tests used were selected based on their validity regarding depression-like behaviours. All

tests were conducted individually, in the morning, starting 14 days after MI. The animals were

subjected to one test per day.

Social interaction test

Pairs of rats were placed in a clean shoebox for 10 min. During this period, two observers,

without knowledge of the experimental condition, observed one animal each; the duration and

number of interactions with the other rat were measured. Rats were tested between 9:00 a.m.

and 11:00 a.m.

Forced swim test

Rats were placed individually in a transparent 25 cm diameter pool filled with 30 cm of 22˚C–

25˚C water, with no possible escape. Two observers, without knowledge of the experimental

condition, used identical stopwatches to time the immobile, swim, and escape trial duration

for each animal. The test was conducted over two days; on day 1 rats were allowed 15 min of

habituation, and the actual 5 min test was taken on day 2. Rats were tested between 9:00 a.m.

and 11:00 a.m.

Passive avoidance step-down test

Rats were placed individually in a test chamber (14 cm x 23 cm) on a Plexiglas platform (14 cm

x 19 cm) flanked by an electrifiable grid (14 cm x 14 cm) located 2.5 cm lower than the Plexi-

glas platform. Upon placing four feet on the electrifiable grid, the animal received a mild, brief

shock (5 mA for 1 s) and was removed from the test chamber. After 30 s, it was placed on the

platform again. If the rat remained on the platform without going onto the grid for one min, it

was removed from the test box for 30 s. The criterion was reached when the rat avoided going

onto the grid for three consecutive trials. The number of trials needed to reach the test crite-

rion and the time needed to learn the test were noted. Rats were tested the day before being

sacrificed.

Statistical analyses

The results are expressed as the mean ± SEM. Infarct size, AR, behavioural tests and caspase-3

activity were tested using one-way ANOVA, followed by Dunnett’s test post hoc when

Bifidobacterium longum R0175 and depression
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significant. The vehicle group served as the control. When variances were heterogeneous, a

Brown-Forsythe correction was applied to determine if the ANOVA was significant. Plasma

CRP concentrations were not normally distributed and were analysed using the Kruskal-Wal-

lis test followed by the Mann-Whitney U test with a p-level adjusted for the number of com-

parisons with a correction of Bonferroni. All statistical analyses were performed using the

SPSS software v. 24, with p< 0.05 as the significance threshold.

Results

Infarct size

No mortality occurred in rats after the onset of reperfusion in the present study. Weight gain

during the experiment was similar among groups (p> 0.05). Infarct size, expressed as a per-

centage of the area at risk, was similar among groups as presented in Fig 1 (F(3,31) = 2.001;

p> 0.05). No difference was observed for the area at risk between groups and represented

approximately 70% of the left ventricle (F(3,31) = 0.528; p> 0.05).

Behavioural tests

Analyses of social interaction duration revealed a significant effect between groups (F(3,35) =

8.68; p< 0.05; Fig 2). Using the Dunnett test, the post hoc analysis indicated that B. longum
significantly increased the time of interaction between congeners compared to the vehicle

group. No difference was observed with the other strains.

The results of the forced swim test (Fig 3) showed a significant difference among the groups

for the immobility time (F(3,35) = 2.94; p< 0.05), but not for the swimming or escape times.

Further analyses indicated a significant difference between the B. longum-and vehicle-supple-

mented groups. No other differences were detected among the groups.

In the passive avoidance step-down test, results showed that rats receiving B. longum or L.

salivarius learned the test faster than those in the vehicle group (F(3,15.5) = 4.09; p< 0.05). No

difference was observed between the L. helveticus and the vehicle group (Fig 4).

Caspase-3 activity

Three regions showed a significant difference between the groups: medial amygdala (F(3,16) =

3.406, p< 0.05), lateral amygdala (F(3,25) = 3.66, p< 0.05) and dentate gyrus (F(3,18) = 7.55,

p< 0.05). For each region, the difference was significant between the B. longum group and the

Fig 1. Infarct size (IS) expressed as a percentage of the area at risk (AR), and AR as a percentage of the left

ventricle (LV) after a 24 h reperfusion. Note: n = 8–9 rats per group.

https://doi.org/10.1371/journal.pone.0215101.g001
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vehicle (p< 0.05), whereas no other differences were detected. For the CA1 region, none of

the strains had an effect on caspase-3 activity (Fig 5).

Plasma CRP concentrations

Since plasma CRP concentrations did not follow a normal distribution, a Kruskal-Wallis test

was used. The analysis showed a significant difference between the groups (p = 0.016). Pairwise

comparisons showed that the animals of the B. longum group had a lower plasma CRP concen-

tration than the vehicle group. No other difference was observed between the probiotics and

control groups (Fig 6).

Discussion

This study was aimed at assessing the effects of three individual bacterial strains on the behav-

iour and biochemical changes in the brain after myocardial infarction. In this context, B.

Fig 2. Social interaction. Rats receiving B. longum (Bl) interacted more with other rats than those receiving vehicle.

Rats treated with Lactobacillus strains interacted similarly as those receiving the vehicle. Note: n = 9–10/group:
�p< 0.05 vs. vehicle group: Lh, L. helveticus; Ls, L. salivarius.

https://doi.org/10.1371/journal.pone.0215101.g002

Fig 3. Forced swimming test. MI rats receiving B. longum (Bl) were less immobile than controls. Lactobacillus-
supplemented animals presented insignificant differences with the vehicle groups. Note: n = 9–11 per group; �p< 0.05

vs. vehicle group; Lh, L. helveticus; Ls, L. salivarius.

https://doi.org/10.1371/journal.pone.0215101.g003
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longum mitigated the depressive-like symptoms assessed by three different behaviour tests and

reduced caspase-3 activity in the limbic system. Administration of the two Lactobacillus strains

did not affect these parameters compared to controls, except for L. salivarius in the passive

avoidance step-down test. These effects were independent of the infarct size since no difference

was detected between the groups.

Previous studies from our team indicated that the activity of caspase-3, an enzyme involved

in apoptosis, was increased in the limbic system, mainly in the hippocampus and amygdala,

soon after myocardial infarction [18, 19]. Reduction of apoptosis in the limbic system after MI

may have important long-term repercussions on health, although this hypothesis still needs to

be tested. It was proposed that neuron loss, which is associated with a reduction of neuronal

activity of trophic support [20, 21], could amplify the level of depression or contribute to the

pathophysiology of dementia [22].

Fig 4. Passive avoidance step-down test. MI rats receiving B. longum (Bl) or L. salivarius completed the test faster

than vehicle control rats (p< 0.05). Animals supplemented with L. helveticus showed no significant difference with

those in the vehicle group. Note: n = 8 per group; �p< 0.05 vs. vehicle group; Lh, L. helveticus; Ls, L. salivarius.

https://doi.org/10.1371/journal.pone.0215101.g004

Fig 5. Caspase-3 activity. Caspase-3 activity in the hippocampus (CA1, DG), medial amygdala (MA) and lateral

amygdala (LA) of the different groups. Caspase-3 activity was lower in the B. longum group compared to vehicle;

caspase-3 activity was not different between rats receiving either one of the Lactobacillus strains or vehicle. Note:

n = 4–8 per group; �p< 0.05 vs. vehicle group; Lh, L. helveticus; Ls, L. salivarius.

https://doi.org/10.1371/journal.pone.0215101.g005
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Our previous data pointed toward an effect of myocardial infarction-induced inflammation

[1, 23] underlying the increase in caspase-3 activity [4, 5]. Treatment with molecules harbour-

ing anti-inflammatory properties, such as omega-3 fatty acids[5], the A2A adenosine receptor

agonist CGS-21680 [17] or RvD1 [24], has been shown to reduce caspase-3 activity in the lim-

bic region after MI. This hypothesis is supported by the results obtained in the present study

since the administration of the B. longum R0175 reduced caspase-3 activity in some limbic

regions in parallel with a reduction in plasma CRP concentrations. These results also indicated

that the microbiota may participate in the evolution of the post-MI consequences through

modulation of the inflammatory state. On the other hand, we are unable to observe any effect

of the two Lactobacillus strains that we evaluated although it seems that in specific models

some Lactobacillus strains may attenuate inflammation [25]. This observation suggests that the

mechanism that triggered the inflammation in our model may not be affected by the tested

Lactobacillus strains. However, in other models of depression where inflammation is not a

major issue, Lactobacillus strains can be efficient [26] alone or in combination [8].

To document the effect of our different probiotic strains on depressive-like behaviour, we

used different tests to obtain converging evidence of a reduction of the depressive behaviour

(socialisation, validation of the anti-depression therapy, response to an aversive repeated stim-

ulus)[16]. In accordance with biochemical and physiological analyses, only the B. longum
strain could improve the performance of the rats in these different tests compared to the vehi-

cle group, with one exception; L. salivarius reduced the time to succeed in the passive avoid-

ance step-down test. These data suggest that L. salivarius may affect some structures involved

in aversive memory and learning other than the amygdala or hippocampus, or by a mechanism

that we have not evaluated. This observation warrants further investigation.

Studies reported that interaction between the gut and brain may be possible by humoral,

neuronal, immune, and endocrine pathways [27]. One target in our experimental model was

the HPA (hypothalamic-pituitary-adrenal) axis, since the dysregulation of the HPA axis partic-

ipates in the pathophysiology of depression. The dysregulated activation of the glucocorticoid

receptors (GR) by agonists induces apoptotic death in neurons [28] whereas anti-depressants

increase the expression and function of the GR [29]. It was observed that in the presence of

Bifidobacterium longum R0175, the GR mRNA levels were elevated in the different regions of

Fig 6. Plasma C-reactive protein (CRP) concentration. Plasma CRP concentration (ng/ml) assessed by ELISA assay

after a 24-h reperfusion period (5–6 rats per group). CRP concentrations were significantly lower in the B. longum
group compared to the vehicle group. No differences were observed between groups receiving a Lactobacillus strain or

vehicle. Note: � p< 0.05 vs. vehicle group; Lh L. helveticus; Ls L. salivarius.

https://doi.org/10.1371/journal.pone.0215101.g006
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the brain in a model of repeated exposure to water exposure avoidance stress, whereas the

presence of L. helveticus did not affect the GR expression [30]. Similarly, the presence of B.

longum reduced the plasma corticosterone levels, whereas the concentration observed in the

presence of L. helveticus did not differ from the positive control. These results suggest that the

HPA axis could be considered as a potential target of B. longum R0175.

Another beneficial effect of B. longum R0175 demonstrated by the results of this study is its

effect on inflammation. Myocardial infarction is an inflammatory pathology, and in the pres-

ence of B. longum R0175, the plasma CRP concentrations were reduced compared to the Lac-
tobacillus strains tested. Some studies and meta-analyses demonstrated the link between CRP

levels and depression, highlighting the key role of inflammation in depression [31–33].

Our experimental model previously showed an elevation of pro-inflammatory cytokines [5,

7]. This elevation of pro-inflammatory cytokines could impact CRP levels through the activa-

tion of different kinases and phosphatases that can lead to the translocation of transcription

factors and the increase of CRP protein expression [34].

Interestingly, it was observed that the administration of probiotics resulted in a reduction

of the production of pro-inflammatory cytokines [5, 7]. This reduction of pro-inflammatory

cytokines by probiotics may result from an effect on the composition of the gut microbiota,

the integrity of the intestinal barrier or through the vagus nerve.

Changes in the gut microbiota were reported after MI in rats [35] with an increase of some

strains associated with inflammation [36]. Moreover, this change has been associated with

intestinal barrier impairment [35]. This data is important since we previously observed in our

model that the presence of probiotics had a positive effect on intestinal barrier integrity, which

was shown by a reduction in the plasma concentrations of orally administered fluorescein iso-

thiocyanate-dextran (FITC-dextran) [7]. The beneficial effect of B. longum R0175 in this study

could be due to the barrier integrity maintenance and inflammation reduction. Also, some

positive effects of the probiotics seem to be related to the activation of the vagus nerve [37],

although this theory is not universally accepted [38]. Stimulation of the vagus nerve has been

associated with anti-inflammatory properties, which may partly explain the effect of probiotics

in post-MI depression [39–43]. These observations are important since some of the effects of

the combination of B. longum R0175 and L. helveticus R0052 in our post-MI depression model

depend on the vagus nerve [15].

Overall, most of the beneficial effects that we previously reported with the combination of

B. longum R0175 and L. helveticus R0052 in our experimental model of post-myocardial infarc-

tion depression are observed using B. longum R0175 alone, probably via the interference with

the inflammatory response.

Supporting information

S1 Table. Infarct size and Area at risk. Infarct size (I) expressed as percent of area at risk(AR)

and area at risk expressed as percent of the left ventricle (LV) for each group.

(DOCX)

S2 Table. Social interaction. Interactions between animals in seconds

(DOCX)

S3 Table. Forced swimming test–Escape time, immobility time and swim time in seconds.

(DOCX)

S4 Table. Passive avoidance step-down test. Time to succeed the test (in seconds)

(DOCX)

Bifidobacterium longum R0175 and depression

PLOS ONE | https://doi.org/10.1371/journal.pone.0215101 April 22, 2019 9 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s004
https://doi.org/10.1371/journal.pone.0215101


S5 Table. Activity of caspase-3 in different regions (% of the control) MA Medial amyg-

dala; LA Lateral amygdala; DG Dentate gyrus.

(DOCX)

S6 Table. Plasma CRP concentrations. Plasma CRP concentrations (ng/ml) assessed by

ELISA assay after a 24-h reperfusion period.

(DOCX)

Author Contributions

Conceptualization: Roger Godbout, Guy Rousseau.

Data curation: François Trudeau.

Formal analysis: François Trudeau, Kim Gilbert, Guy Rousseau.

Funding acquisition: Thomas A. Tompkins, Guy Rousseau.

Investigation: François Trudeau, Kim Gilbert.

Methodology: François Trudeau, Kim Gilbert, Guy Rousseau.

Resources: Thomas A. Tompkins.

Supervision: Kim Gilbert, Guy Rousseau.

Validation: Annie Tremblay, Roger Godbout.

Writing – original draft: François Trudeau.

Writing – review & editing: Kim Gilbert, Annie Tremblay, Thomas A. Tompkins, Roger

Godbout, Guy Rousseau.

References
1. Bartekova M, Radosinska J, Jelemensky M, Dhalla NS. Role of cytokines and inflammation in heart

function during health and disease. Heart Fail Rev. 2018; 23(5):733–58. Epub 2018/06/05. https://doi.

org/10.1007/s10741-018-9716-x PMID: 29862462.

2. Frasure-Smith N, Lespérance F, Talajic M. Depression following myocardial infarction. Impact on 6-

month survival. JAMA. 1993; 270(15):1819–25. Epub 1993/10/20. PMID: 8411525.

3. Frasure-Smith N, Lespérance F, Talajic M. Depression and 18-month prognosis after myocardial infarc-

tion. Circulation. 1995; 91(4):999–1005. Epub 1995/02/15. PMID: 7531624.

4. Bah TM, Kaloustian S, Rousseau G, Godbout R. Pretreatment with pentoxifylline has antidepressant-

like effects in a rat model of acute myocardial infarction. Behav Pharmacol. 2011; 22(8):779–84. Epub

2011/10/06. https://doi.org/10.1097/FBP.0b013e32834d1385 PMID: 21971020.

5. Gilbert K, Arseneault-Breard J, Flores Monaco F, Beaudoin A, Bah TM, Tompkins TA, et al. Attenuation

of post-myocardial infarction depression in rats by n-3 fatty acids or probiotics starting after the onset of

reperfusion. Br J Nutr. 2013; 109(1):50–6. Epub 2012/10/17. https://doi.org/10.1017/

S0007114512003807 PMID: 23068715.

6. Gilbert K, Bernier J, Godbout R, Rousseau G. Resolvin d1, a metabolite of omega-3 polyunsaturated

Fatty Acid, decreases post-myocardial infarct depression. Marine drugs. 2014; 12(11):5396–407. Epub

2014/11/18. https://doi.org/10.3390/md12115396 PMID: 25402828; PubMed Central PMCID:

PMCPmc4245537.

7. Arseneault-Breard J, Rondeau I, Gilbert K, Girard S-A, Tompkins TA, Godbout R, et al. Combination of

Lactobacillus helveticus R0052 and Bifidobacterium longum R0175 reduces post-myocardial infarction

depression symptoms and restores intestinal permeability in a rat model. British Journal of Nutrition.

2012; 107(12):1793–9. https://doi.org/10.1017/S0007114511005137 WOS:000306092400008. PMID:

21933458

8. Li N, Wang Q, Wang Y, Sun A, Lin Y, Jin Y, et al. Oral Probiotics Ameliorate the Behavioral Deficits

Induced by Chronic Mild Stress in Mice via the Gut Microbiota-Inflammation Axis. Frontiers in behavioral

Bifidobacterium longum R0175 and depression

PLOS ONE | https://doi.org/10.1371/journal.pone.0215101 April 22, 2019 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0215101.s006
https://doi.org/10.1007/s10741-018-9716-x
https://doi.org/10.1007/s10741-018-9716-x
http://www.ncbi.nlm.nih.gov/pubmed/29862462
http://www.ncbi.nlm.nih.gov/pubmed/8411525
http://www.ncbi.nlm.nih.gov/pubmed/7531624
https://doi.org/10.1097/FBP.0b013e32834d1385
http://www.ncbi.nlm.nih.gov/pubmed/21971020
https://doi.org/10.1017/S0007114512003807
https://doi.org/10.1017/S0007114512003807
http://www.ncbi.nlm.nih.gov/pubmed/23068715
https://doi.org/10.3390/md12115396
http://www.ncbi.nlm.nih.gov/pubmed/25402828
https://doi.org/10.1017/S0007114511005137
http://www.ncbi.nlm.nih.gov/pubmed/21933458
https://doi.org/10.1371/journal.pone.0215101


neuroscience. 2018; 12:266. Epub 2018/11/22. https://doi.org/10.3389/fnbeh.2018.00266 PMID:

30459574; PubMed Central PMCID: PMCPMC6232506.

9. Wann B, Boucher M, Kaloustian S, Nim S, Godbout R, Rousseau G. Apoptosis detected in the amyg-

dala following myocardial infarction in the rat. Biological Psychiatry. 2006; 59(5):430–3. https://doi.org/

10.1016/j.biopsych.2005.07.018 WOS:000235850400007. PMID: 16202395

10. Girard S-A, Bah TM, Kaloustian S, Lada-Moldovan L, Rondeau I, Tompkins TA, et al. Lactobacillus hel-

veticus and Bifidobacterium longum taken in combination reduce the apoptosis propensity in the limbic

system after myocardial infarction in a rat model. British Journal of Nutrition. 2009; 102(10):1420–5.

https://doi.org/10.1017/S0007114509990766 WOS:000272920100008. PMID: 19563693

11. Vieira AT, Galvao I, Amaral FA, Teixeira MM, Nicoli JR, Martins FS. Oral treatment with Bifidobacterium

longum 51A reduced inflammation in a murine experimental model of gout. Beneficial microbes. 2015; 6

(6):799–806. Epub 2015/09/01. https://doi.org/10.3920/BM2015.0015 PMID: 26322542.

12. Laparra JM, Sanz Y. Bifidobacteria inhibit the inflammatory response induced by gliadins in intestinal

epithelial cells via modifications of toxic peptide generation during digestion. J Cell Biochem. 2010; 109

(4):801–7. Epub 2010/01/07. https://doi.org/10.1002/jcb.22459 PMID: 20052669.

13. Davis DJ, Doerr HM, Grzelak AK, Busi SB, Jasarevic E, Ericsson AC, et al. Lactobacillus plantarum

attenuates anxiety-related behavior and protects against stress-induced dysbiosis in adult zebrafish.

Scientific reports. 2016; 6:33726. Epub 2016/09/20. https://doi.org/10.1038/srep33726 PMID:

27641717; PubMed Central PMCID: PMCPMC5027381.

14. Cowan CS, Callaghan BL, Richardson R. The effects of a probiotic formulation (Lactobacillus rhamno-

sus and L. helveticus) on developmental trajectories of emotional learning in stressed infant rats. Transl

Psychiatry. 2016; 6(5):e823. Epub 2016/06/01. https://doi.org/10.1038/tp.2016.94 PMID: 27244232;

PubMed Central PMCID: PMCPMC5545650.

15. Ait-Belgnaoui A, Colom A, Braniste V, Ramalho L, Marrot A, Cartier C, et al. Probiotic gut effect pre-

vents the chronic psychological stress-induced brain activity abnormality in mice. Neurogastroenterol

Motil. 2014; 26(4):510–20. Epub 2014/01/01. https://doi.org/10.1111/nmo.12295 PMID: 24372793.

16. Rousseau G, Bah TM, Godbout R. Post-myocardial infarction depression. In: Lakshmanadoss U, editor.

Novel Strategies in Ischemic Heart Disease. Rijeka, Croatia: InTech; 2012. p. 333–62.

17. Boucher M, Wann BP, Kaloustian S, Cardinal R, Godbout R, Rousseau G. Reduction of apoptosis in

the amygdala by an A2A adenosine receptor agonist following myocardial infarction. Apoptosis. 2006;

11(7):1067–74. Epub 2006/07/13. https://doi.org/10.1007/s10495-006-6313-6 PMID: 16832713.

18. Kaloustian S, Wann BP, Bah TM, Girard SA, Apostolakis A, Ishak S, et al. Apoptosis time course in the

limbic system after myocardial infarction in the rat. Brain Research. 2008; 1216:87–91. https://doi.org/

10.1016/j.brainres.2008.04.019 WOS:000257421700009. PMID: 18495089

19. Wann BP, Boucher M, Kaloustian S, Nim S, Godbout R, Rousseau G. Apoptosis detected in the amyg-

dala following myocardial infarction in the rat. Biol Psychiatry. 2006; 59(5):430–3. Epub 2005/10/06.

S0006-3223(05)00906-6 [pii] https://doi.org/10.1016/j.biopsych.2005.07.018 PMID: 16202395.

20. Deckwerth TL, Elliott JL, Knudson CM, Johnson EM Jr., Snider WD, Korsmeyer SJ. BAX is required for

neuronal death after trophic factor deprivation and during development. Neuron. 1996; 17(3):401–11.

Epub 1996/09/01. PMID: 8816704.

21. Jacobson MD, Weil M, Raff MC. Programmed cell death in animal development. Cell. 1997; 88(3):347–

54. Epub 1997/02/07. S0092-8674(00)81873-5 [pii]. PMID: 9039261.

22. Malick M, Gilbert K, Brouillette J, Godbout R, Rousseau G. Cognitive Deficits Following a Post-Myocar-

dial Infarct in the Rat Are Blocked by the Serotonin-Norepinephrine Reuptake Inhibitor Desvenlafaxine.

Int J Mol Sci. 2018; 19(12). Epub 2018/11/30. https://doi.org/10.3390/ijms19123748 PMID: 30486235;

PubMed Central PMCID: PMCPMC6320895.

23. Moro C, Jouan MG, Rakotovao A, Toufektsian MC, Ormezzano O, Nagy N, et al. Delayed expression of

cytokines after reperfused myocardial infarction: possible trigger for cardiac dysfunction and ventricular

remodeling. Am J Physiol Heart Circ Physiol. 2007; 293(5):H3014–9. Epub 2007/09/18. 00797.2007

[pii] https://doi.org/10.1152/ajpheart.00797.2007 PMID: 17873014.

24. Gilbert K, Malick M, Madingou N, Godbout R, Rousseau G. Resolvin D1 decreases caspase-3 activa-

tion in the limbic system after myocardial infarction. PharmaNutrition. 2015; 3(3):78–82. https://doi.org/

10.1016/j.phanu.2015.05.003

25. Wu Q, Liu MC, Yang J, Wang JF, Zhu YH. Lactobacillus rhamnosus GR-1 Ameliorates Escherichia coli-

Induced Inflammation and Cell Damage via Attenuation of ASC-Independent NLRP3 Inflammasome

Activation. Appl Environ Microbiol. 2015; 82(4):1173–82. Epub 2015/12/15. https://doi.org/10.1128/

AEM.03044-15 PMID: 26655757; PubMed Central PMCID: PMCPMC4751844.

26. Liang S, Wang T, Hu X, Luo J, Li W, Wu X, et al. Administration of Lactobacillus helveticus NS8

improves behavioral, cognitive, and biochemical aberrations caused by chronic restraint stress.

Bifidobacterium longum R0175 and depression

PLOS ONE | https://doi.org/10.1371/journal.pone.0215101 April 22, 2019 11 / 12

https://doi.org/10.3389/fnbeh.2018.00266
http://www.ncbi.nlm.nih.gov/pubmed/30459574
https://doi.org/10.1016/j.biopsych.2005.07.018
https://doi.org/10.1016/j.biopsych.2005.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16202395
https://doi.org/10.1017/S0007114509990766
http://www.ncbi.nlm.nih.gov/pubmed/19563693
https://doi.org/10.3920/BM2015.0015
http://www.ncbi.nlm.nih.gov/pubmed/26322542
https://doi.org/10.1002/jcb.22459
http://www.ncbi.nlm.nih.gov/pubmed/20052669
https://doi.org/10.1038/srep33726
http://www.ncbi.nlm.nih.gov/pubmed/27641717
https://doi.org/10.1038/tp.2016.94
http://www.ncbi.nlm.nih.gov/pubmed/27244232
https://doi.org/10.1111/nmo.12295
http://www.ncbi.nlm.nih.gov/pubmed/24372793
https://doi.org/10.1007/s10495-006-6313-6
http://www.ncbi.nlm.nih.gov/pubmed/16832713
https://doi.org/10.1016/j.brainres.2008.04.019
https://doi.org/10.1016/j.brainres.2008.04.019
http://www.ncbi.nlm.nih.gov/pubmed/18495089
https://doi.org/10.1016/j.biopsych.2005.07.018
http://www.ncbi.nlm.nih.gov/pubmed/16202395
http://www.ncbi.nlm.nih.gov/pubmed/8816704
http://www.ncbi.nlm.nih.gov/pubmed/9039261
https://doi.org/10.3390/ijms19123748
http://www.ncbi.nlm.nih.gov/pubmed/30486235
https://doi.org/10.1152/ajpheart.00797.2007
http://www.ncbi.nlm.nih.gov/pubmed/17873014
https://doi.org/10.1016/j.phanu.2015.05.003
https://doi.org/10.1016/j.phanu.2015.05.003
https://doi.org/10.1128/AEM.03044-15
https://doi.org/10.1128/AEM.03044-15
http://www.ncbi.nlm.nih.gov/pubmed/26655757
https://doi.org/10.1371/journal.pone.0215101


Neuroscience. 2015; 310:561–77. Epub 2015/09/27. https://doi.org/10.1016/j.neuroscience.2015.09.

033 PMID: 26408987.

27. Crumeyrolle-Arias M, Jaglin M, Bruneau A, Vancassel S, Cardona A, Dauge V, et al. Absence of the gut

microbiota enhances anxiety-like behavior and neuroendocrine response to acute stress in rats. Psy-

choneuroendocrinology. 2014; 42:207–17. Epub 2014/03/19. https://doi.org/10.1016/j.psyneuen.2014.

01.014 PMID: 24636517.

28. Crochemore C, Lu J, Wu Y, Liposits Z, Sousa N, Holsboer F, et al. Direct targeting of hippocampal neu-

rons for apoptosis by glucocorticoids is reversible by mineralocorticoid receptor activation. Mol Psychia-

try. 2005; 10(8):790–8. Epub 2005/06/09. 4001679 [pii] https://doi.org/10.1038/sj.mp.4001679 PMID:

15940303.

29. Pariente A, Fourrier-Reglat A, Ducruet T, Farrington P, Beland SG, Dartigues JF, et al. Antipsychotic

use and myocardial infarction in older patients with treated dementia. Arch Intern Med. 2012; 172

(8):648–53; discussion 54–5. Epub 2012/03/28. https://doi.org/10.1001/archinternmed.2012.28 PMID:

22450214.

30. Ait-Belgnaoui A, Payard I, Rolland C, Harkat C, Braniste V, Theodorou V, et al. Bifidobacterium longum

and Lactobacillus helveticus Synergistically Suppress Stress-related Visceral Hypersensitivity Through

Hypothalamic-Pituitary-Adrenal Axis Modulation. Journal of neurogastroenterology and motility. 2018;

24(1):138–46. Epub 2018/01/03. https://doi.org/10.5056/jnm16167 PMID: 29291614; PubMed Central

PMCID: PMCPMC5753912.

31. Low CA, Cunningham AL, Kao AH, Krishnaswami S, Kuller LH, Wasko MC. Association between C-

reactive protein and depressive symptoms in women with rheumatoid arthritis. Biol Psychol. 2009; 81

(2):131–4. Epub 2009/05/12. S0301-0511(09)00029-5 [pii] https://doi.org/10.1016/j.biopsycho.2009.

02.003 PMID: 19428978.

32. Song BM, Lee JM, Choi W, Youm Y, Chu SH, Park YR, et al. Association between C reactive protein

level and depressive symptoms in an elderly Korean population: Korean Social Life, Health and Aging

Project. BMJ open. 2015; 5(2):e006429. Epub 2015/02/26. https://doi.org/10.1136/bmjopen-2014-

006429 PMID: 25712819; PubMed Central PMCID: PMCPMC4342593.

33. Horn SR, Long MM, Nelson BW, Allen NB, Fisher PA, Byrne ML. Replication and reproducibility issues in

the relationship between C-reactive protein and depression: A systematic review and focused meta-analysis.

Brain Behav Immun. 2018. Epub 2018/06/22. https://doi.org/10.1016/j.bbi.2018.06.016 PMID: 29928963.

34. Eklund CM. Proinflammatory cytokines in CRP baseline regulation. Advances in clinical chemistry.

2009; 48:111–36. Epub 2009/10/07. PMID: 19803417.

35. Wu ZX, Li SF, Chen H, Song JX, Gao YF, Zhang F, et al. The changes of gut microbiota after acute

myocardial infarction in rats. PLoS One. 2017; 12(7):e0180717. Epub 2017/07/08. https://doi.org/10.

1371/journal.pone.0180717 PMID: 28686722; PubMed Central PMCID: PMCPMC5501596.

36. Zeng H, Ishaq SL, Zhao FQ, Wright AG. Colonic inflammation accompanies an increase of beta-catenin

signaling and Lachnospiraceae/Streptococcaceae bacteria in the hind gut of high-fat diet-fed mice. J Nutr

Biochem. 2016; 35:30–6. Epub 2016/07/01. https://doi.org/10.1016/j.jnutbio.2016.05.015 PMID: 27362974.

37. Malick M, Gilbert K, Daniel J, Arseneault-Breard J, Tompkins TA, Godbout R, et al. Vagotomy prevents

the effect of probiotics on caspase activity in a model of postmyocardial infarction depression. Neuro-

gastroenterol Motil. 2015; 27(5):663–71. https://doi.org/10.1111/nmo.12540 PMID: 25786501.

38. van der Kleij H, O’Mahony C, Shanahan F, O’Mahony L, Bienenstock J. Protective effects of Lactobacil-

lus reuteri and Bifidobacterium infantis in murine models for colitis do not involve the vagus nerve. Am J

Physiol Regul Integr Comp Physiol. 2008; 295(4):R1131–7. Epub 2008/08/01. 90434.2008 [pii] https://

doi.org/10.1152/ajpregu.90434.2008 PMID: 18667710.

39. Ay I, Lu J, Ay H, Gregory Sorensen A. Vagus nerve stimulation reduces infarct size in rat focal cerebral

ischemia. Neurosci Lett. 2009; 459(3):147–51. Epub 2009/05/19. https://doi.org/10.1016/j.neulet.2009.

05.018 PMID: 19446004.

40. Bonaz B, Bazin T, Pellissier S. The Vagus Nerve at the Interface of the Microbiota-Gut-Brain Axis. Fron-

tiers in neuroscience. 2018; 12:49. Epub 2018/02/23. https://doi.org/10.3389/fnins.2018.00049 PMID:

29467611; PubMed Central PMCID: PMCPMC5808284.

41. Diaz-Guemes I, Sanchez FM, Luis L, Sun F, Pascual S, Uson J. Continuous vagus nerve stimulation

effects on the gut-brain axis in Swine. Neuromodulation. 2007; 10(1):52–8. Epub 2007/01/01. https://

doi.org/10.1111/j.1525-1403.2007.00087.x PMID: 22151812.

42. Howland RH. Vagus Nerve Stimulation. Current behavioral neuroscience reports. 2014; 1(2):64–73.

Epub 2014/05/17. https://doi.org/10.1007/s40473-014-0010-5 PMID: 24834378; PubMed Central

PMCID: PMC4017164.

43. Breit S, Kupferberg A, Rogler G, Hasler G. Vagus Nerve as Modulator of the Brain-Gut Axis in Psychiat-

ric and Inflammatory Disorders. Frontiers in psychiatry. 2018; 9:44. Epub 2018/03/30. https://doi.org/

10.3389/fpsyt.2018.00044 PMID: 29593576; PubMed Central PMCID: PMCPMC5859128.

Bifidobacterium longum R0175 and depression

PLOS ONE | https://doi.org/10.1371/journal.pone.0215101 April 22, 2019 12 / 12

https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.neuroscience.2015.09.033
http://www.ncbi.nlm.nih.gov/pubmed/26408987
https://doi.org/10.1016/j.psyneuen.2014.01.014
https://doi.org/10.1016/j.psyneuen.2014.01.014
http://www.ncbi.nlm.nih.gov/pubmed/24636517
https://doi.org/10.1038/sj.mp.4001679
http://www.ncbi.nlm.nih.gov/pubmed/15940303
https://doi.org/10.1001/archinternmed.2012.28
http://www.ncbi.nlm.nih.gov/pubmed/22450214
https://doi.org/10.5056/jnm16167
http://www.ncbi.nlm.nih.gov/pubmed/29291614
https://doi.org/10.1016/j.biopsycho.2009.02.003
https://doi.org/10.1016/j.biopsycho.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19428978
https://doi.org/10.1136/bmjopen-2014-006429
https://doi.org/10.1136/bmjopen-2014-006429
http://www.ncbi.nlm.nih.gov/pubmed/25712819
https://doi.org/10.1016/j.bbi.2018.06.016
http://www.ncbi.nlm.nih.gov/pubmed/29928963
http://www.ncbi.nlm.nih.gov/pubmed/19803417
https://doi.org/10.1371/journal.pone.0180717
https://doi.org/10.1371/journal.pone.0180717
http://www.ncbi.nlm.nih.gov/pubmed/28686722
https://doi.org/10.1016/j.jnutbio.2016.05.015
http://www.ncbi.nlm.nih.gov/pubmed/27362974
https://doi.org/10.1111/nmo.12540
http://www.ncbi.nlm.nih.gov/pubmed/25786501
https://doi.org/10.1152/ajpregu.90434.2008
https://doi.org/10.1152/ajpregu.90434.2008
http://www.ncbi.nlm.nih.gov/pubmed/18667710
https://doi.org/10.1016/j.neulet.2009.05.018
https://doi.org/10.1016/j.neulet.2009.05.018
http://www.ncbi.nlm.nih.gov/pubmed/19446004
https://doi.org/10.3389/fnins.2018.00049
http://www.ncbi.nlm.nih.gov/pubmed/29467611
https://doi.org/10.1111/j.1525-1403.2007.00087.x
https://doi.org/10.1111/j.1525-1403.2007.00087.x
http://www.ncbi.nlm.nih.gov/pubmed/22151812
https://doi.org/10.1007/s40473-014-0010-5
http://www.ncbi.nlm.nih.gov/pubmed/24834378
https://doi.org/10.3389/fpsyt.2018.00044
https://doi.org/10.3389/fpsyt.2018.00044
http://www.ncbi.nlm.nih.gov/pubmed/29593576
https://doi.org/10.1371/journal.pone.0215101

