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Abstract

Background

Commensal as well as pathogenic bacteria can influence a variety of gut functions, thereby
leading to constipation and diarrhea in severe cases. In fact, several researchers have
reported evidence supporting the association between stool consistency or constipation and
the Gut microbiome (GM) composition and dysbiosis. GM influences the human health and
disease via the gut-brain axis. We thus hypothesized that the pathogenic bacteria increases
pain perception to some extent, which means that there could be an association between
stool consistency or constipation and pain perception of healthy subjects.

Design

Observational study.

Objectives

The aim of the present study was to investigate the association between stool consistency
or constipation and pain perception of healthy subjects.

Methods

Thirty-eight healthy subjects participated in this study. The participants were assessed on
their usual stool form (the Bristol Stool Form Scale: BSFS), constipation (the Cleveland
Clinic Constipation score: CCS), degree of obesity, pain perception by mechanical stimulus,
cold pain threshold, and a questionnaire on psychological state.

Results

The BSFS was significantly and positively associated with pain perception, and showed a
significant association with anxiety states. Furthermore, pain perception was significantly
associated with anxiety states. However, there were no significant associations between the
CCS and any independent variables. In addition, we found that a significant predictor to the
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pain perception was BSFS. Moreover, there were significant relationships among the psy-
chological states, BSFS and obesity.

Conclusion

These results suggest that the stool form is associated with pain perception and anxiety
status.

Introduction

Commensal as well as pathogenic bacteria have been known to influence a variety of gut func-
tions for a long time, thereby leading to constipation and diarrhea in severe cases. Also, the
human microbiome has been recognized as a substantial contributor to human nutrition,
health and disease in the past decade [1]. Accumulating clinical and animal research-based evi-
dence has made us realize the significance of gut microbiome (GM) to the healthy and homeo-
static operation throughout the whole host body. The GM may contribute to the regulation of
multiple neuro-chemical and neuro-metabolic pathways through a complex series of highly
interactive and symbiotic host-microbiome signaling systems that interconnect several organs
such as the gastrointestinal tract and skin with the central nervous system (CNS), thereby
influencing host neuromodulatory, neurotransmission and neuroimmune functions [2, 3].
Therefore, we can imagine that imbalance of the normal GM and dysbiosis has been linked
not only with host gastrointestinal conditions such as irritable bowel syndrome (IBS) and obe-
sity but also with host neuropsychiatric diseases such as anxiety and schizophrenia.

Pain can become intractable when pathophysiological factors such as neural injury and
inflammation are processed in a maladaptive way by psychosocial factors. A process of learn-
ing and sensitization of pain involves activity-dependent changes (that is, plasticity) at many
levels from the molecular to the network level because several neuromodulators indispensably
make the nervous system more sensitive to painful stimulation and increase and strengthen
pain perception, thereby ending up neuroplasticity of pain perception [4, 5]. We thus imagine
that the GM could increase pain perception to some extent.

Commensal as well as pathogenic bacteria can influence a variety of gut functions possibly
mediated by bacterial metabolites or bacterial cell components or through interactions
between bacterial cells and the animal host cells, thereby leading to constipation and diarrhea
in bad cases. In fact, several researchers have reported evidence supporting an association
between stool consistency and the Gut microbiome (GM) composition and dysbiosis. [6, 7].
Since we hypothesized that pathogenic bacteria affects pain perception, the aim of the present
study was to investigate the association between stool consistency and pain perception.

Methods

After receiving approval from the Nagoya Gakuin University Board of Ethics (reference num-
ber: 2016-27) and obtaining written informed consent, 38 healthy subjects (24men and 14
women, 22.5+1.1 years) were recruited for the present study. The exclusion criteria included
serious conditions such as neurological disease (e.g., spinal disc herniation, stroke, and heredi-
tary disease), diabetes, menstruation, or administration of sedatives, analgesics, or other
medication.
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The participants were assessed on their usual stool form, constipation, degree of obesity,
pain sensation by mechanical stimulus, cold pain threshold, and a questionnaire on their psy-
chological states.

Stool form was assessed using the Bristol Stool Form Scale (BSES). The BSES is an ordinal
scale of stool types ranging from the hardest (Type 1) to the softest (Type 7) with pictorial rep-
resentations of each stool type. Types 1 and 2 are considered to be abnormally hard stools (and
in conjunction with other symptoms indicative of constipation) while Types 6 and 7 are con-
sidered abnormally liquid stools (and in conjunction with other symptoms indicative of diar-
rhea). Types 3, 4 and 5 are generally considered to be the most normal stool forms [8].
Constipation was rated using the Cleveland Clinic Constipation score (CCS). The CCS is cal-
culated based on eight factors. These factors consist of frequency of bowel movement, painful
evacuation, incomplete evacuation, abdominal pain, length of time per attempt, assistance for
evacuation, unsuccessful attempts at evacuation per 24 hours and duration of constipation.
Scores for each factor ranged from 0 to 4 (with the exception of ‘assistance for defecation,’
which was 0 to 2) [9, 10]. Degree of obesity was assessed by using the body mass index (BMI).

Pain sensation by mechanical stimuli was evaluated by using the self-made von Frey mono-
filament (VEM). The diameters of VFMs were 1.5 mm in all filaments and the length of each
monofilament (GCK-60" Mitsubishi Reyon Co. Ltd., Japan) was adjusted to produce a differ-
ent force (100g and 600g). Each painful stimulus was given to 2 points on an inter-digital site
(600g to second-third and 100g to fourth-fifth) on the rights hand for 5 seconds [11, 12]. The
intensity of pain for each stimulus was rated using the visual analogue scale (pain-VAS) where
Omm indicated no pain and 100mm the greatest pain possible [11, 12]. Cold pain threshold
(CPT) was assessed by having participants immerse their left hands up to the wrist in cold
water as far as possible for up to 2 minutes. The cold water was maintained up to 10+1°C [13].
We measured the time elapsed from the moment subjects immersed their hands in the cold
water up until the time they first felt pain and removed their hands. Pain assessments were per-
formed in 60-s intervals for each stimulus in a measurement.

Psychological state was assessed by the Hospital Anxiety and Depression Scale (HADS),
the Pain Catastrophizing Scale (PCS) and the State-Trait Anxiety Inventory Questionnaire
(STAI). HADS is a self-report screening instrument for negative moods. HADS consists of 14
items; the anxiety (HADS-A) and depression (HADS-D) subscales each include 7 items.
Again, higher scores (zero to 21 points for anxiety and depression alike) indicate greater
degrees of anxiety and depression [14]. PCS consists of 13 items, and subjects rate how fre-
quently they have catastrophizing about pain, with higher scores (zero to 52 points) indicating
greater degrees of catastrophizing. PCS is composed of three subscales: rumination (e.g., “I
keep thinking about how much it hurts”), magnification (e.g., “I wonder whether something
serious may happen”), and helplessness (e.g., “There is nothing I can do to reduce the intensity
of the pain”) [15]. STAI consists of 40 statements across two subscales; a State anxiety subscale
(STALI-S, items 1-20), and a Trait anxiety subscale (STAI-T, items 1-20). To score, the 20
responses for each scale are tallied and the total score for both ranges from 20 to 80, with a
lower score reflecting a better psychological state [16].

Data analyses

First, we used Gpower software to determine the sample size for this study. The sample size
required a minimum of 34 subjects to show an effect size of 0.4 with a significant level of 0.05
(00 =0.05) and a power of 80% (B = 0.20). All data were analyzed using SPSS Version 20 (IBM,
New York, USA). Data were presented as median and range because each assigned sample
resulted in not only a parametric but also a non-parametric distribution. There were 2 steps to
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Table 1. Participant characteristics.

n=38
Women (%) 36.8
Age (yr) 22 (21-25)
BMI (kg/m?) 21.1(17.4-31.6)
BSFS 4 (1-6)
CCS 3(0-12)
pain-VAS 100g (mm) 10 (0-28)
Pain-VAS 600g (mm) 55 (10-70)
CPT (sec) 23.3(6.4-83.4)
HADS-A 7 (0-16)
HADS-D 5 (0-15)
PCS 15 (0-52)
STAI-S 47 (17-59)
STAI-T 47 (22-57)

Value: median (range)

BMI: Body Mass Index, BSFS: Bristol Stool Form Scale, CCS: Cleveland Clinic Constipation score, CPT:
Cold Pain Threshold, HADS: Hospital Anxiety and Depression Scale (A; Anxiety, D; Depression), PCS: Pain
Catastrophizing Scale, STAI: State-Trait Anxiety Inventory.

https://doi.org/10.1371/journal.pone.0182859.t001

our linear regression analyses. In the first step, we analyzed the relationship between the pain-
VAS (100g, 600g), the CPT or psychological state (HADS, PCS, STAI) and independent vari-
ables (i.e. BFS, CCS, BMI) using Spearman’s correlation coefficients (p). In the second step, a
stepwise multiple linear regression analysis was performed to predict the pain-VAS, the CPT
or psychological state of the independent variables. A p-value <0.05 was considered statisti-
cally significant.

Results

Participant characteristics are presented in Table 1. The BSFS was significantly and positively
associated with pain-VAS 100g (Table 2). In terms of psychological state, the BSFS showed a
significant association with STAIL BMI showed a significant association with HADS-D and

Table 2. A simple linear regression analysis.

BSFS
pain-VASgog 0.341*
pain-VASgoog 0.268
CPT -0.154
HADS-A -0.027
HADS-D 0.166
PCS -0.041
STAI-S 0.480**
STAI-T 0.500%*

Value: correlation coefficient,
* **:p<0.05,0.01

CCS BMI HADS-A HADS-D PCS STAI-S STAI-T
0.055 0.190 0.196 0.245 0.318 0.357* 0.386*
0.053 0.075 0.098 0.049 0.307 0.360* 0.260
-0.181 -0.008 -0.030 0.051 -0.001 0.053 0.025
0.157 0.288 - - - - -
-0.149 0.487* - - - - -
0.143 0.049 - - - - -
-0.193 0.395* - - - - -
-0.043 0.398* - - - - -

BSFS: Bristol Stool Form Scale, CCS: Cleveland Clinic Constipation score, BMI: Body Mass Index, CPT: Cold Pain Threshold, HADS: Hospital Anxiety and
Depression Scale (A; Anxiety, D; Depression), PCS: Pain Catastrophizing Scale, STAI: State-Trait Anxiety Inventory (S: State anxiety, T: Trait anxiety)

https://doi.org/10.1371/journal.pone.0182859.t002
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Table 3. Multiple linear regression analysis with pain sensation as a dependent variable.

Variables

pain-VAS+og
Constant
BSFS
PCS
pain-VASeoog
Constant
BSFS
CPT none

Adjusted R? B B pvalue 95% Cl for B
Lower limit Upper limit
0.251
-2.230 0.570 -10.117 8.569
2.929 0.427 0005 0.949 4.909
0.181 0.327 0.028 0.021 0.431
0.109
25.277 0.018 4.623 45.931
6.366 0.365 0.024 0.876 11.855

Partial regression coefficient: B, Standard partial regression:
CPT: Cold Pain Threshold, BSFS: Bristol Stool Form Scale, PCS: Pain Catastrophizing Scale

https://doi.org/10.1371/journal.pone.0182859.t003

STAI Furthermore, pain-VASs displayed a significant positive association with STAI

(Table 2). However, there were no significant associations between the CCS and any indepen-
dent variable. In addition, we found that significant predictors to the pain-VAS 100g were
BSES and PCS, while a predictor to the pain-VAS 600g was BSES (Table 3). Moreover, there
were significant relationships between HADS-D and BMI, STAI and BSFES, and STAI and BMI
(Table 4).

Discussion

This study showed that the stool form was associated with pain perception and anxiety status.
Especially, the higher pain sensitivity and anxiety status were, the looser and more watery their
stool was. On the other hand, there were no significant correlations between constipation and
pain perception or psychological status.

In the past decade, the human microbiome has been recognized as a contributor to the
health status of the host body. The GM may contribute to the regulation of multiple neuro-
chemical and neuro-metabolic pathways. On the other hand, pain is a multidimensional expe-
rience that incorporates nociceptive, affective, and cognitive networks [17] and thus pain can
become intractable when pathophysiological factors are processed in a maladaptive way by
psychosocial factors. That is, most of patients with intractable pain experience physical and
psychological stress, and psychologically impaired states (e.g., depression, anxiety). A process
of learning and sensitization of pain involves activity-dependent changes (that is, plasticity) at
many levels from the molecular to the network level because several neuromodulators indis-
pensably increase and strengthen pain perception, thereby ending up neuroplasticity of pain
perception [4, 5]. In addition, risk factors for pain include obesity [18], and there is a relation-
ship between obesity and higher levels of pain intensity [19]. Our present study showed that
there was an association between pain sensation and anxiety states. BMI showed a relationship
with the psychological states, but was not related to pain perception. However, interestingly,
our results revealed that there were some relationships between pain perception or psychologi-
cal states and the BSFS score. The BSFS score is known to be associated with GM composition,
dysbiosis, and this score is negatively correlated with gut species richness [6, 7].

Current studies focus on describing the relationship between the GM and disease states
(e.g., obesity-related disease, liver disease, colorectal cancer and IBS) [20]. For example, disre-
gulation of host responses secondary to dysbiosis within the gut lumen could affect distant
anatomical sites through activation of host immune responses. This may be a mechanism in
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Table 4. Multiple linear regression analysis with the psychological scale as a dependent variable.

Variables Adjusted R? B B p value 95% Cl for B
Lower limit Upper limit
HADS-A none
HADS-D 0.146
Constant -6.352 0.147 -15.054 2.349
BMI 5.190 0.411 0.010 0.130 0.908
PCS none
STAI-S 0.361
Constant 8.550 0.372 -10.639 27.739
BSFS 4.929 0.534 0.000 2.455 7.403
BMI 0.851 0.287 0.037 0.057 1.646
STAI-T 0.421
Constant 10.320 0.230 -6.839 27.478
BSFS 5.156 0.594 0.000 2.944 7.368
BMI 0.741 0.266 0.041 0.031 1.452

Partial regression coefficient: B, Standard partial regression:
HADS: Hospital Anxiety and Depression Scale (A; Anxiety, D; Depression), PCS: Pain Catastrophizing Scale, STAI: State-Trait Anxiety Inventory (S: State
anxiety, T: Trait anxiety), BMI: Body Mass Index, BSFS: Bristol Stool Form Scale

https://doi.org/10.1371/journal.pone.0182859.t1004

rheumatoid arthritis [21]. In another study, by fecal transplantation from hypertensive human
donors to germ-free mice, the recipient mice exhibited significantly higher blood pressure as
compared to controls. This result showed that the hypertension might be affected by the GM
[22].

Furthermore, the GM appears to influence the development of emotional behavior, stress-
and pain-modulation systems, and brain neurotransmitter systems [3]. Previous studies in ani-
mal models have suggested behavioral changes following manipulation of the GM, including
effects on behavior associated with stress [23], anxiety [24], and depression [25]. Naseriba-
frouei et al. observed a general underrepresentation of the Bacteroidetes phylum in depressed
patients [26]. In addition, in several studies, researchers observed that the probiotic bacteria
influenced the pain perception during colorectal distension [27, 28].

A bidirectional communication between the brain and gut exists, which is referred to as the
gut-brain axis. There are many potential direct and indirect pathways through which the GM
can modulate the gut-brain axis. They include neurotransmission (e.g., catecholamine, seroto-
nin, dynorphin, and cytokines) and neuronal pathway (e.g., vagus and enteric nervous system)
[29, 30]. For example, approximately 95% of serotonin in the human body is contained within
the gut [31]. Peripheral serotonin is involved in the regulation of pain perception [32], mood
and cognition [33]. These studies supported the neuronal control of the gut-brain axis transits
between the CNS and enteric nervous system via autonomic- and peripheral-nervous systems
[30]. This has implications for pain perception. For example, IBS is a functional gastrointesti-
nal disorder that is characterized by chronic or recurrent abdominal pain associated with
abnormal bowel movements. As mentioned above, IBS also may be affected by neurotransmis-
sions (e.g. serotonin, catecholamine, endocannabinoid, and cytokines) [34]. Besides, there is a
tendency for IBS patients to harbour a higher average count of Bacteroidetes compared to
healthy controls [32]. Furthermore, abdominal pain was positively correlated with Bacteroi-
detes in IBS patients [35]. In addition, the Bacteroidetes is positively associated with the
BSES score [7]. Our results showed that the BSES score was positively correlated with pain
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sensitization and psychologically low states. Thus, the microbiota dysbiosis might increase
pain perception and anxiety states not only in IBS but also in healthy subjects.

There were several limitations to the present study because this study included elements of
a qualitative study. First, we did not measure GM and short chain fatty acids. There is emerg-
ing evidence that changes in microbiota diversity lead to variations in short chain fatty acids
[36]. Secondly, this study was conducted on young healthy subjects. We need further evalua-
tion for the relation between GM and pain perception in older adults and chronic pain
patients.

In conclusion, the present study showed that the stool form was correlated with pain per-
ception and anxiety status. Especially, abnormally liquid stool was more related to pain sensiti-
zation and anxiety status than hard stool. These findings indicate that the microbiota dysbiosis
might be involved in pain sensitization and psychologically low states. Thus, our results sug-
gest that assessing stool form in patients with chronic pain is important.

Ethical approval

Receiving approval from the Nagoya Gakuin University Board of Ethics (reference number:
2016-27).

Supporting information

S1 File. The data are provided as its supporting information.
(XLSX)

Acknowledgments

The authors would like to express their gratitude to Matthew McLaughlin for assistance as lan-
guage editor.

Author Contributions

Conceptualization: Yukiko Shiro, Young-Chang Arai.

Data curation: Yukiko Shiro, Kazuhiro Hayashi.

Formal analysis: Yukiko Shiro, Tatsunori Ikemoto, Kazuhiro Hayashi.
Investigation: Yukiko Shiro, Tatsunori Ikemoto, Kazuhiro Hayashi.
Methodology: Young-Chang Arai, Tatsunori Ikemoto.

Project administration: Young-Chang Arai.

Software: Kazuhiro Hayashi.

Supervision: Young-Chang Arai.

Validation: Young-Chang Arai, Tatsunori Ikemoto.

Writing - original draft: Yukiko Shiro, Kazuhiro Hayashi.
Writing - review & editing: Young-Chang Arai.

References

1. Mayer EA. Gut feelings: the emerging biology of gut-brain communication. Nat Rev Neurosci. 2011 Jul
13; 12(8):453-66. https://doi.org/10.1038/nr3071 PMID: 21750565

PLOS ONE | https://doi.org/10.1371/journal.pone.0182859  August 9, 2017 7/9


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182859.s001
https://doi.org/10.1038/nrn3071
http://www.ncbi.nlm.nih.gov/pubmed/21750565
https://doi.org/10.1371/journal.pone.0182859

@° PLOS | ONE

Pain perception and stool form

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Bravo JA, Julio-Pieper M, Forsythe P, Kunze W, Dinan TG, Bienenstock J, et al. Communication
between gastrointestinal bacteria and the nervous system. Curr Opin Pharmacol. 2012 Dec; 12(6):667—
72. https://doi.org/10.1016/j.coph.2012.09.010 PMID: 23041079

Mayer EA, Tillisch K, Gupta A. Gut/brain axis and the microbiota. J Clin Invest. 2015 Mar 2; 125(3):926—
38. https://doi.org/10.1172/JCI176304 PMID: 25689247

Ultsch A, Kringel D, Kalso E, Mogil JS, Lotsch J. A data science approach to candidate gene selection
of pain regarded as a process of learning and neural plasticity. Pain. 2016 Dec; 157(12):2747-2757.
https://doi.org/10.1097/j.pain.0000000000000694 PMID: 27548044

Jutzeler CR, Curt A, Kramer JL. Relationship between chronic pain and brain reorganization after deaf-
ferentation: A systematic review of functional MRl findings. Neuroimage Clin. 2015 Oct 3; 9:599-606.
https://doi.org/10.1016/j.nicl.2015.09.018 PMID: 26740913

Tigchelaar EF, Bonder MJ, Jankipersadsing SA, Fu J, Wijmenga C, Zhernakova A. Gut microbiota com-
position associated with stool consistency. Gut. 2016 Mar; 65(3):540-2. https://doi.org/10.1136/gutjnl-
2015-310328 PMID: 26276682

Vandeputte D, Falony G, Vieira-Silva S, Tito RY, Joossens M, Raes J. Stool consistency is strongly
associated with gut microbiota richness and composition, enterotypes and bacterial growth rates. Gut.
2016 Jan; 65(1):57-62. https://doi.org/10.1136/gutjnl-2015-309618 PMID: 26069274

Martinez AP, de Azevedo GR. The Bristol Stool Form Scale: its translation to Portuguese, cultural adap-
tation and validation. Rev Lat Am Enfermagem. 2012 May-Jun; 20(3):583-9. PMID: 22991122

Agachan F, Chen T, Pfeifer J, Reissman P, Wexner SD. A constipation scoring system to simplify evalu-
ation and management of constipated patients. Dis Colon Rectum. 1996 Jun; 39(6):681-5. PMID:
8646957

WuJ, LiuB, LiN, SunJ, Wang L, Wang L, et al. Effect and safety of deep needling and shallow needling
for functional constipation: a multicenter, randomized controlled trial. Medicine (Baltimore). 2014 Dec;
93(28):e284.

Hayashi K, lkemoto T, Ueno T, Arai YC, Shimo K, Nishihara M, et al. Regional differences of repeatabil-
ity on visual analogue scale with experimental mechanical pain stimuli. Neurosci Lett. 2015 Jan 12;
585:67—71. https://doi.org/10.1016/j.neulet.2014.11.032 Epub 2014 Nov 25 PMID: 25432024

Hayashi K, lkemoto T, Ueno T, Arai YC, Shimo K, Nishihara M, et al. Higher pain rating results in lower
variability of somatosensory cortex activation by painful mechanical stimuli: An fMRI study. Clin Neuro-
physiol. 2016 Apr; 127(4):1923-8. https://doi.org/10.1016/j.clinph.2016.01.008 Epub 2016 Jan 23.
PMID: 26971472

von Baeyer CL, Piira T, Chambers CT, Trapanotto M, Zeltzer LK. Guidelines for the cold pressor task
as an experimental pain stimulus for use with children. J Pain. 2005 Apr; 6(4):218-27. https://doi.org/
10.1016/}.jpain.2005.01.349 PMID: 15820909

Matsudaira T, Igarashi H, Kikuchi H, Kano R, Mitoma H, Ohuchi K| et al. Factor structure of the Hospital
Anxiety and Depression Scale in Japanese psychiatric outpatient and student populations. Health Qual
Life Outcomes. 2009 May 17; 7:42. https://doi.org/10.1186/1477-7525-7-42 PMID: 19445722

Matsuoka H, Sakano Y. Assessment of cognitive aspect of pain: Development, reliability, and validation
of Japanese version of Pain Catastrophizing Scale. Jpn J Psychosom Med. 2007; 47:95—102.
(Japanese)

Nakazato K, Shimonaka Y The Japanese State-Trait Anxiety Inventory: age and sex differences. Per-
cept Mot Skills. 1989 Oct; 69(2):611—7. https://doi.org/10.2466/pms.1989.69.2.611 PMID: 2813009

Tajerian M, Clark JD. Nonpharmacological Interventions in Targeting Pain-Related Brain Plasticity.
Neural Plast. 2017; Epub 2017 Feb 16.

Okifuji A, Hare BD. The association between chronic pain and obesity. J Pain Res. 2015 Jul 14; 8:399—
408. https://doi.org/10.2147/JPR.S55598 PMID: 26203274

Eslami V, Katz MJ, White RS, Sundermann E, Jiang JM, Ezzati A, et al. Pain Intensity and Pain Interfer-
ence in Older Adults: Role of Gender, Obesity and High-Sensitivity C-Reactive Protein. Gerontology.
2017;63(1):3—12. Epub 2016 Aug 4. https://doi.org/10.1159/000446651 PMID: 27486843

Marchesi JR, Adams DH, Fava F, Hermes GD, Hirschfield GM, Hold G, et al. The gut microbiota and
host health: a new clinical frontier. Gut. 2016 Feb; 65(2):330-9. https://doi.org/10.1136/gutjnl-2015-
309990 PMID: 26338727

Cho |, Blaser MJ. The human microbiome: at the interface of health and disease. Nat Rev Genet. 2012
Mar 13; 13(4):260-70. https://doi.org/10.1038/nrg3182 PMID: 22411464

LiJ, Zhao F, Wang Y, Chen J, Tao J, Tian G, et al. Gut microbiota dysbiosis contributes to the develop-
ment of hypertension. Microbiome. 2017 Feb 1; 5(1):14. https://doi.org/10.1186/s40168-016-0222-x
PMID: 28143587

PLOS ONE | https://doi.org/10.1371/journal.pone.0182859  August 9, 2017 8/9


https://doi.org/10.1016/j.coph.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23041079
https://doi.org/10.1172/JCI76304
http://www.ncbi.nlm.nih.gov/pubmed/25689247
https://doi.org/10.1097/j.pain.0000000000000694
http://www.ncbi.nlm.nih.gov/pubmed/27548044
https://doi.org/10.1016/j.nicl.2015.09.018
http://www.ncbi.nlm.nih.gov/pubmed/26740913
https://doi.org/10.1136/gutjnl-2015-310328
https://doi.org/10.1136/gutjnl-2015-310328
http://www.ncbi.nlm.nih.gov/pubmed/26276682
https://doi.org/10.1136/gutjnl-2015-309618
http://www.ncbi.nlm.nih.gov/pubmed/26069274
http://www.ncbi.nlm.nih.gov/pubmed/22991122
http://www.ncbi.nlm.nih.gov/pubmed/8646957
https://doi.org/10.1016/j.neulet.2014.11.032
http://www.ncbi.nlm.nih.gov/pubmed/25432024
https://doi.org/10.1016/j.clinph.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26971472
https://doi.org/10.1016/j.jpain.2005.01.349
https://doi.org/10.1016/j.jpain.2005.01.349
http://www.ncbi.nlm.nih.gov/pubmed/15820909
https://doi.org/10.1186/1477-7525-7-42
http://www.ncbi.nlm.nih.gov/pubmed/19445722
https://doi.org/10.2466/pms.1989.69.2.611
http://www.ncbi.nlm.nih.gov/pubmed/2813009
https://doi.org/10.2147/JPR.S55598
http://www.ncbi.nlm.nih.gov/pubmed/26203274
https://doi.org/10.1159/000446651
http://www.ncbi.nlm.nih.gov/pubmed/27486843
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1136/gutjnl-2015-309990
http://www.ncbi.nlm.nih.gov/pubmed/26338727
https://doi.org/10.1038/nrg3182
http://www.ncbi.nlm.nih.gov/pubmed/22411464
https://doi.org/10.1186/s40168-016-0222-x
http://www.ncbi.nlm.nih.gov/pubmed/28143587
https://doi.org/10.1371/journal.pone.0182859

@° PLOS | ONE

Pain perception and stool form

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu XN, et al. Postnatal microbial colonization programs
the hypothalamic-pituitary-adrenal system for stress response in mice. J Physiol. 2004 Jul 1; 558(Pt
1):263-75. https://doi.org/10.1113/jphysiol.2004.063388 PMID: 15133062

Neufeld KA, Kang N, Bienenstock J, Foster JA. Effects of intestinal microbiota on anxiety-like behavior.
Commun Integr Biol. 2011 Jul; 4(4):492—4 PMID: 21966581

Bravo JA, Forsythe P, Chew MV, Escaravage E, Savignac HM, Dinan TG, et al. Ingestion of Lactobacil-
lus strain regulates emotional behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc Natl Acad Sci U S A. 2011 Sep 20; 108(38):16050-5. https://doi.org/10.1073/pnas.
1102999108 PMID: 21876150

Naseribafrouei A, Hestad K, Avershina E, Sekelja M, Linlgkken A, Wilson R, et al. Correlation between
the human fecal microbiota and depression. Neurogastroenterol Motil. 2014 Aug; 26(8):1155-62.
https://doi.org/10.1111/nmo.12378 PMID: 24888394

Kamiya T, Wang L, Forsythe P, Goettsche G, Mao Y, Wang Y, et al. Inhibitory effects of Lactobacillus
reuteri on visceral pain induced by colorectal distension in Sprague-Dawley rats. Gut. 2006 Feb; 55
(2):191-6. https://doi.org/10.1136/gut.2005.070987 PMID: 16361309

Ma X, Mao YK, Wang B, Huizinga JD, Bienenstock J, Kunze W. Lactobacillus reuteri ingestion prevents
hyperexcitability of colonic DRG neurons induced by noxious stimuli. Am J Physiol Gastrointest Liver
Physiol. 2009 Apr; 296(4):G868-75. https://doi.org/10.1152/ajpgi.90511.2008 PMID: 19179624

Cryan JF, Dinan TG. More than a gut feeling: the microbiota regulates neurodevelopment and behavior.
Neuropsychopharmacology. 2015 Jan; 40(1): 241-2. https://doi.org/10.1038/npp.2014.224 PMID:
25482171

Rhee SH, Pothoulakis C, Mayer EA. Principles and clinical implications of the brain-gut-enteric micro-
biota axis. Nat Rev Gastroenterol Hepatol. 2009 May; 6(5):306—14. https://doi.org/10.1038/nrgastro.
2009.35 PMID: 19404271

Burokas A, Moloney RD, Dinan TG, Cryan JF. Microbiota regulation of the Mammalian gut-brain axis.
Adv Appl Microbiol. 2015; 91:1-62. https://doi.org/10.1016/bs.aambs.2015.02.001 PMID: 25911232

McLean PG, Borman RA, Lee K. 5-HT in the enteric nervous system: gut function and neuropharmacol-
ogy. Trends Neurosci. 2007 Jan; 30(1):9-13. https://doi.org/10.1016/j.tins.2006.11.002 PMID:
17126921

Cryan JF, Leonard BE. 5-HT1A and beyond: the role of serotonin and its receptors in depression and
the antidepressant response. Hum Psychopharmacol. 2000 Mar; 15(2):113-135. https://doi.org/10.
1002/(SICI)1099-1077(200003)15:2<113::AID-HUP150>3.0.CO;2-W PMID: 12404340

Cheung CK, Wu JC. Genetic polymorphism in pathogenesis of irritable bowel syndrome. World J Gas-
troenterol. 2014 Dec 21; 20(47):17693-8 PMID: 25548468

Pozuelo M, Panda S, Santiago A, Mendez S, Accarino A, Santos J, et al. Reduction of butyrate- and
methane-producing microorganisms in patients with Irritable Bowel Syndrome.

Morrison DJ, Preston T. Formation of short chain fatty acids by the gut microbiota and their impact on
human metabolism. Gut Microbes. 2016; 7:189-200. https://doi.org/10.1080/19490976.2015.1134082
PMID: 26963409

PLOS ONE | https://doi.org/10.1371/journal.pone.0182859  August 9, 2017 9/9


https://doi.org/10.1113/jphysiol.2004.063388
http://www.ncbi.nlm.nih.gov/pubmed/15133062
http://www.ncbi.nlm.nih.gov/pubmed/21966581
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
http://www.ncbi.nlm.nih.gov/pubmed/21876150
https://doi.org/10.1111/nmo.12378
http://www.ncbi.nlm.nih.gov/pubmed/24888394
https://doi.org/10.1136/gut.2005.070987
http://www.ncbi.nlm.nih.gov/pubmed/16361309
https://doi.org/10.1152/ajpgi.90511.2008
http://www.ncbi.nlm.nih.gov/pubmed/19179624
https://doi.org/10.1038/npp.2014.224
http://www.ncbi.nlm.nih.gov/pubmed/25482171
https://doi.org/10.1038/nrgastro.2009.35
https://doi.org/10.1038/nrgastro.2009.35
http://www.ncbi.nlm.nih.gov/pubmed/19404271
https://doi.org/10.1016/bs.aambs.2015.02.001
http://www.ncbi.nlm.nih.gov/pubmed/25911232
https://doi.org/10.1016/j.tins.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17126921
https://doi.org/10.1002/(SICI)1099-1077(200003)15:2<113::AID-HUP150>3.0.CO;2-W
https://doi.org/10.1002/(SICI)1099-1077(200003)15:2<113::AID-HUP150>3.0.CO;2-W
http://www.ncbi.nlm.nih.gov/pubmed/12404340
http://www.ncbi.nlm.nih.gov/pubmed/25548468
https://doi.org/10.1080/19490976.2015.1134082
http://www.ncbi.nlm.nih.gov/pubmed/26963409
https://doi.org/10.1371/journal.pone.0182859

