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Abstract
Stressor-exposure has been shown to exacerbate inflammation and change the composition of
the gastrointestinal microbiota; however stressor-induced effects on microbiota-derived metabolites and their receptors are unknown. Thus, bacterial-produced short chain fatty acids (SCFAs),
as well as microbial community composition, were assessed in the colons of mice exposed to
stress during infection with Citrobacter rodentium. Mice were exposed to overnight restraint on 7
consecutive nights, or left undisturbed as a control. After the first exposure of restraint, mice
were orally challenged with C. rodentium or with vehicle. Microbial community composition was
assessed using 16S rRNA gene sequencing and SCFA levels measured using gas chromatography-mass spectrometry (GC-MS). Pathogen levels and colonic inflammation were also
assessed 6 days post-infection. Results demonstrated that the microbial community structure
and SCFA production were significantly affected by both stressor exposure and C. rodentiuminfection. Exposure to prolonged restraint in the absence of infection significantly reduced
SCFAs (acetic acid, butyric acid, and propionic acid). Multiple bacterial taxa were affected by
stressor exposure, with the relative abundance of Lactobacillus being significantly reduced and
directly correlated with propionic acid. Lactobacillus abundances were inversely correlated with
colonic inflammation, supporting the contention that Lactobacillus helps to regulate mucosal
inflammatory responses. Our data indicates that restraint stressor can have significant effects
on pathogen-induced colonic inflammation and suggest that stressor-induced changes in the
microbiota, microbial-produced SCFAs and their receptors may be involved.
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Introduction
Exposure to stressful situations disrupts homeostatic interactions between the host and its gut
microbiota. This has been well demonstrated in laboratory animals where exposure to stress
has been shown to both change the composition of the gut microbiota and to exacerbate experimental colonic inflammation [1]. For example, our lab has previously shown that stressor
exposure prior to or during colonic infection increases susceptibility to the pathogen and
worsens the severity of colonic inflammation [2–4]. Stressor-induced exacerbations of colonic
inflammation also occur in mice administered dextran sulfate sodium (DSS) to induce colitis
[5–7]. These findings in laboratory animals are consistent with clinical observations; stressor
exposure has been associated with exaggerated inflammatory diseases in humans. This is wellillustrated in patients with inflammatory bowel disease whose disease severity can be related to
exposure to perceived stress, with stress often being associated with a flare of one’s disease [8,
9].
The complete set of factors that contribute to exacerbation of the colonic immune response
during stressful periods are not yet known, however gut microbiota are thought to be involved.
The gut microbiota includes viruses, fungi, yeasts, protozoa, archaea, and bacteria that are
found in the lumen of the intestines or associated with mucosal tissue. Humans are colonized
by hundreds of different species of bacteria with the largest number of bacteria in the distal
ileum and colon. In total, there are as many bacteria in the human body as there are human
cells [10–14]. The commensal microbiota can significantly affect host physiology, with recent
evidence demonstrating significant interactions between the gut microbiota and the host nervous system (i.e., the so-called brain-gut microbiota axis). A number of animal studies now
indicate that activation of the nervous system (such as through exposure to experimental
stressors) changes the composition of the luminal and mucosa-associated gut microbiota [2,
15–18]. For example, restraint (RST) stressor, which is a prolonged stressor, and social disruption (SDR), which is a social stressor, affect measures of alpha diversity (used to assess microbial diversity within a sample) and beta diversity (used to assess microbial diversity between
samples) [2, 19]. These changes in the colonic microbiota are biologically meaningful and
directly alter mucosal immune responses upon pathogen challenge. This was evident when
germ-free mice that were colonized with stool from stressor-exposed mice had an increased
inflammatory response to the pathogen Citrobacter rodentium in comparison to mice that
were colonized with stool from un-stressed mice prior to pathogen challenge [4]. In addition,
exposure to different types of stressors reduces the relative abundance of Lactobacillus [16, 20–
22]. The probiotic Lactobacillus reuteri has been shown to alleviate the effects of stress on the
colonic inflammatory response during infection in mice [23]. These studies demonstrate that
stressor-induced changes in the microbiota affect the mucosal immune response to colonic
pathogens.
The mechanisms by which stressor-induced changes in the microbiota influence the
immune system are not well understood, but it is suspected that microbiota-produced metabolites from undigested foods influence the immune system. Thus far, no one has assessed
whether exposure to a RST stressor affects the production of microbial metabolites. Short
chain fatty acids (SCFAs), including acetic acid, propionic acid, and butyric acid, are produced
by the commensal microbiota from indigestible carbohydrates and affect the immune system
through multiple mechanisms, including up-regulation of T regulatory (T-reg) cells [24, 25].
SCFAs can act on the immune system or the enteric nervous system via inhibition of histone
deacetylases that regulate gene expression and via the activation of G-protein coupled receptors (e.g., GPR41, GPR43, and GPR109A). G-protein coupled receptors are expressed on multiple cells types and found on many different tissues where they exhibit a variety of functions
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[24, 26–32]. GPR41 is found on enteric neurons, whereas GPR43 is found on immune cells in
the lamina propria, T-reg cells, mucosal mast cells and neutrophils [26, 28, 31]. GPR41 and
GPR43 receptors have been shown to be essential for inducing a Th1 acute inflammatory
response because when mice are deficient in GPR41 and GPR43 in the intestinal epithelium,
mice are not able to mount an inflammatory response to 2,4,6 trinitrobenzene sulfonic acid
(TNBS) or to C. rodentium pathogen challenge [27, 29, 30]. Activation of GPR109A reduces
intestinal inflammation in mice and humans. This anti-inflammatory activity is suspected to
occur via alterations in the commensal gut microbiota [32–35].
The purpose of this study was to assess the effects of a prolonged RST stressor on microbial-produced SCFAs in outbred CD-1 male mice challenged with a colonic infection. The
prolonged RST stressor induces the perception of confinement [36] and activates the autonomic nervous system and the hypothalamic-pituitary-adrenal axis [37, 38]. We focused on
the production of SCFAs in the colon, which are exclusively produced by gut microbes and
can significantly impact host mucosal immune responses. Thus, stressor-induced changes in
SCFAs might be one way in which alterations in the microbiota impact colonic inflammation.
This study aimed to determine if a prolonged restraint stressor decreases SCFA levels during
infection to further understand microbiome changes in animals with stressor-enhanced
colonic inflammation.

Methods
Animals
Male CD-1 mice, 6–8 weeks of age, were purchased from Charles River Laboratories
(Kingston, NY). They were housed in groups of 3 per cage and kept on a 12 hr light:dark
schedule with lights on at 0600. Mice were acclimated to the animal vivarium for a minimum
of 7 days prior to experimentation. Standard chow and water were available ad libitum except
during experimental procedures. All experimental procedures were approved by the Ohio
State University Animal Care and Use Committee. All methods were performed in accordance
with The Ohio State University Animal Care and Use Committee.

Experimental design
A total of 36 mice were divided into 6 different groups with 6 mice per group. One-third of the
total mice were allowed to eat standard chow and water ad libitum throughout the entire
experiment; this group was known as the home cage control group (HCC). One-third of the
total mice were food and water deprived (FWD) during experimental procedures only, and 1/
3 of the total mice were exposed to a prolonged restraint (RST) stressor and food and water
deprived during stressor exposure 7 nights in a row. The RST stressor is conducted by placing
the mice in a well ventilated 50 ml conical centrifuge tube with multiple holes for 14 hrs from
1800 to 0800. The FWD control group was only deprived of food and water for the same length
of time as the RST group. The HCC group was not restrained or food and water deprived for
the length of the experiment. After the first exposure to the stressor 1/2 of the total mice were
challenged with C. rodentium. All mice were euthanized via compressed gas CO2 asphyxiation
on day 6 post-challenge (Fig 1A and 1B) [2, 23]. Colonic tissue, cecum, luminal contents,
spleens, and livers were collected, flash frozen in liquid nitrogen, and stored at -80˚C.

Citrobacter rodentium
Citrobacter rodentium strain DBS120(pCRP1::Tn5) was grown in Difco Lennox broth at 37˚C
overnight. Half of the mice were challenged with C. rodentium via oral gavage of 3x106 CFU
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Fig 1. Experiment design. A. Half of the mice were challenged with the infection Citrobacter rodentium by oral gavage. Mice were then divided
into three groups. Either exposed to the restraint (RST), food and water deprived (FWD), or home cage control (HCC). All of the mice were
euthanized the morning after the 7th night of RST. B. Mice exposed to RST were stressed 7 nights in a row. If mice were challenged with
Citrobacter rodentium it occurred after the first episode of stressor exposure.
https://doi.org/10.1371/journal.pone.0196961.g001

suspended in 100 μl PBS after the first round of RST. All data collected are referenced by the
day post-challenge with C. rodentium, with day 0 as the initial day of infection. Fecal shedding
of C. rodentium was determined via culture on day 6 post-challenge by plating stool on MacConkey agar with kanamycin (40ug/ml), in order to enumerate only C. rodentium. Each plate
was incubated at 37˚C with 5% CO₂ for 24 hours. The number of colonies were counted, and
the colony forming units were calculated per gram of stool.
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Histopathology
Distal colons were placed in 10% formalin-buffered phosphate, embedded in paraffin, and
stained with hematoxylin and eosin (H&E). Histopathology scoring was performed by a board
certified veterinary pathologist who was blinded to treatment groups. Each section of colon
was scored using a validated histopathology scoring system [39] that consisted of 5 different
categories: inflammation, edema, hyperplasia, crypt atrophy, and epithelial defects. Each category was scored from a range of 0 to 4 in increments of 0.5. The degree of severity was as follows: 0, absent; 1, mild; 2, moderate; 3, marked; and 4, severe. A total histopathology score was
calculated for each mouse ranging from 0 to 20.

Semiquantitative real-time PCR
RNA was isolated from proximal colon via a standard single-step isolation protocol (TRIzol1
Reagent; Life technologies, Carlsbad, CA) and cDNA synthesized (AMV RT kit; Promega,
Madison, WI). RT-PCR was performed as previous published [2] on the ABI Prism 7000 system using primers targeting mRNA Table 1. Data was expressed as a fold-change from the
uninfected, non-stressor exposed, non-FWD, day 6 control mice (HCC).

Serum corticosterone levels
Corticosterone levels were measured in all groups. Corticosterone levels were assessed in
serum and collected at the same time point when the mice were euthanized, which occurred
after 7 days of stressor exposure. The samples were centrifuged at 5,000 g for 10 mins at 4˚C to
obtain serum, stored at -80˚C until used. Serum corticosterone levels were analyzed using a
commercial ELISA kit (Corticosterone ELISA kit; Abcam, Cambridge, MA) according to the
manufacturer’s instructions.
Table 1. Sequences of primers and probes used for real-time PCR.
Primer or probe

Primer direction

18s

Forward

Sequence
CGGCTACCACATCCAAGGAA

Reverse

GCTGGAATTACCGCGGCT

Probe

TGGCACCAGACTTGCCCTC

TGFβ

Forward

GCAACATGTGGAACTCTACCAGAA

Reverse

GACGTCAAAAGACAGCCACTCA

TNFα

Forward

CTGTCTACTGAACTTCGGGGTGAT

Reverse

CGGA(C/T)GTAAGGGCCGTGC

IL-1β

Forward

GGCCTCAAAGGAAAGAATCTATACC

iNOS

Reverse

GCTCTGGGCCATAGAACTGATG

Probe

ATGAGAAGTTCCCAAATGGCCTCCCTC

Forward

CAGCTGGGCTGTACAAACCTT

Reverse

GTATTGCTTGGGATCCACACTCT

Probe

ATGAAAGACGGCACACCCACCCTG

GPR41

Forward

GTGACCATGGGGACAAGCTTC

Reverse

CCCTGGCTGTAGGTTGCATT

GPR43

Forward

GGCTTCTACAGCAGCATCTA

Reverse

AAGCACACCAGGAAATTAAG

GPR109A

Forward

GGCGTGGTGCAGTGAGCA

Reverse

CTGCAGGACTCTGTCTTCTCAGT

Primers and probes were purchased from (Thermo Fisher, Waltham, MA).
https://doi.org/10.1371/journal.pone.0196961.t001
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Short chain fatty acid assessment
Fecal samples were weighed and placed in a lyophilizer for 22 hrs. Dry fecal samples were suspended in 1 ml of 0.5% phosphoric acid per 0.1 g based on the wet fecal sample [40]. Samples
were aggressively vortexed and centrifuge for 10 mins at 17,000 x g. The supernatant was separated from the fecal pellet and ethyl acetate was used at 1 ml for every ml of supernatant (1:1)
as the extraction solvent. Samples were centrifuged again for 10 mins at 17,000 x g and the
organic extract was removed and stored at -20˚C [41].
GC-MS analysis. The gas chromatography-mass spectrometry (GC-MS) system consisted
of a Trace Ultra GC equipped with an AS3000 auto-sampler coupled to a DSQ II mass spectrometer (Thermo Scientific, Waltham, MA). A stabliwax-DA (Restek, cat# 11023) highly
polar column with polyethylene glycol stationary phase (PEG) was installed on the GC, and
helium was used as the carrier gas at 1 mL/min. Split injection mode was used, with split flow
and split ratio set at 10 and an injection temperature of 250˚C. A blank solvent (ethyl acetate)
was injected between every sample to ensure no memory effects. Each sample was injected
twice to ensure consistency. A standard curve was generated for acetic acid, butyric acid, and
propionic acid using 1000 μM, 800 μM, 400 μM, 200 μM, 100 μM, and 50 μM concentrations
at the beginning of the run. A 400 μM standard (4-methylvaleric acid) was used throughout
the runs to assess the consistency of results [41].
The initial column temperature was set at 90˚C which was increased to 150˚C at a rate of
15˚C/min, then to 170˚C at a rate of 5˚C/min, and to 250˚C at a rate of 20˚C/min. A final temperature hold at 250˚C for 2 min was used to clean the column. A solvent delay of 2.5 min was
applied before collecting MS data in the m/z 50–150 range for 14 min. Electron ionization (EI)
was used at 70 eV and the temperature of the ion source, sample inlet and MS transfer line
were 230˚C, 250˚C and 240˚C, respectively. Identification of differentially eluted SCFAs was
based on varying retention times and the corresponding EI-MS spectra as compared to those
in the NIST/EPA/NIH mass spectral libraries (searched using the NIST Mass Spectral Search
Program v2.0, 2005) [41].
Processing method for SCFA calculated amount. The processing setup module in Xcalibur (Thermo Scientific, Waltham, MA) was used for rapid quantification of the absolute
amount of SCFAs in each fecal sample using data obtained from standards at the start of the
run. The target ions selected to generate extracted ion chromatograms and used for quantification of acetic acid, propionic acid, and butyric acid were m/z 60, 74, and 60 respectively. The
ICIS peak detection algorithm was used to detect the highest peak in the expected retention
time (RT) range for acetic acid (RT = 4.08, 20 second window), propionic acid (RT = 4.75, 20
second window), and butyric acid (RT = 5.53, 30 second window). The quality of the peaks
used for quantitation was validated by enabling the resolution, symmetry and peak classification parameters. The calculated amounts of SCFAs were determined using the average of two
injections of the same sample.

16S rRNA gene sequencing
QIAamp DNA minikit protocol (Qiagen, Valencia, CA) was used for DNA recovery from the
mid-colonic section per manufacturer directions. DNA was quantified by using Qubit dsDNA
broad range assay kit.
DNA was amplified targeting the V3-4 hypervariable region of the 16S rRNA gene (F: 5'
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; R:5’GTCTC
GTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC). Libraries were
prepared (NexteraXT kit; Illumina) and equimolar samples pooled. Sequencing was performed
via the Illumina MiSeq platform resulting in 10.6 million paired end reads (MiSeq Reagent Kit
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v3 600cycle; Illumina). Forward and reverse reads were merged using Quantitative Insights
into Microbial Ecology (QIIME) version 1.9.1 with an overlap length of 40 and 95% similarity
in the overlap region. Trimming and filtering at Q20 resulted in approximately 7 million
reads. Trimmed and cleansed reads were loaded into QIIME. Closed reference OTU picking
pipeline along with green genes dataset version 13.8 was used to produce OTUs incorporating
88% of the input reads. De novo OTU picking was performed using AbuandantOTU+ version
0.92b. AbuandantOTU+ incorporated 99% of the input reads after removing chimeric and
contaminant OTUs. Based on Bokulich et al (2013), a taxa was retained if it had  0.005% of
the total count [42]. Linear mixed effect model followed by ANOVA was conducted with
Group and Infection as fixed effects and cage as a random effect [43]. For separate time points
and pairwise comparisons, the model includes only the relevant terms. All P-values were False
Discovery Rate (FDR) corrected. Alpha diversity was assessed using Chao1 and Shannon
indexes using rarefied counts. Beta diversity was assessed using PCoAs designed from BrayCurtis dissimilarity using Log 10 normalized counts according to the following formula:
D

E
raw count
log10 number taxa
ðaverage
number
of
sequences
persampleÞ
þ
1
[43, 44]. This
of sequences in samples
approach was also applied to the forward and the reverse reads independently without merging
to validate the results from the merged reads.

Statistical analysis
Standard two-way ANOVA were used to analyze C. rodentium levels, colonic IL-1β, IL-10,
TNFα, TGFβ, iNOS, histopathology scores, SCFAs (acetic acid, propionic acid, and butyric
acid), colonic SCFA receptors (GPR41, GPR43, and GPR109A), and serum corticosterone levels with stressor exposure (HCC, FWD, RST) and infection exposure (C. rodentium vs. vehicle)
as the between subjects variables. An alpha level of p <0.05 was set as the rejection criteria for
the null hypothesis. All data were analyzed using SPSS statistical software version 21 (IBM
Corp.; Armonk, NY) and presented as treatment means ± standard error of the mean (SEM).
Pearson’s correlation was used to identify significant associations between bacterial genera,
SCFAs, and markers of intestinal inflammation. The Holm procedure was used for correction
of multiple correlation analyses.

Results
Stressor exposure affected SCFAs and G protein coupled receptor
expression
Exposure to the prolonged RST stressor significantly reduced SCFA levels, but the effects of
the stressor were dependent upon whether the animals were exposed to the infection. There
was a significant interaction between stressor exposure and infection exposure on acetic acid
levels in the two factor ANOVA (p<0.05). Post-hoc testing demonstrated that stressor exposure reduced acetic acid levels in uninfected mice, but not in mice challenged with C. rodentium (Fig 2A, p<0.05). There was also a significant interaction between stressor exposure and
infection exposure for propionic acid levels (Fig 2B, p<0.05), with stressor exposure reducing
propionic acid levels in the uninfected mice. This stressor-induced reduction in propionic acid
was not evident in mice exposed to C. rodentium, but exposure to C. rodentium reduced propionic acid levels overall (i.e., main effect of infection exposure in the two factor ANOVA,
p<0.05). Exposure to the stressor also reduced butyric acid levels in both infected and uninfected mice (main effect of stress, Fig 2C, p<0.05). Interestingly, post-hoc testing indicated
that food and water deprivation (used as a control because stressor-exposed mice will not eat
or drink in the restraining tubes) also reduced butyric acid levels (Fig 2C, p<0.05).
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Fig 2. Stressor exposure decreases SCFA levels and increases the receptor expression of GPR109A. A. Acetic acid levels decreased with stressor exposure without
infection ( p<0.05 vs HCC No Infection, FWD No Infection, HCC Infection, and RST Infection). B. Propionic acid levels decreased with stressor exposure without
infection ( p<0.05 vs. HCC No Infection, FWD No Infection, and HCC Infection). Exposure to C. rodentium reduced propionic acid levels overall (#main effect of
infection exposure, p<0.05). C. Butyric acid levels decreased with stressor exposure independent of infection ( main effect of stressor exposure, p<0.05). D. GPR109A
receptor expression was increased in mice exposed to the stressor without infection ( p<0.05 vs HCC No Infection and FWD No Infection). E. Statistically significant
interaction effect between stressor exposure and infection exposure on GPR41 receptor expression ( p<0.05, same stress exposure group but absence of infection). F.
GPR43 receptor expression was not effected by stressor exposure or infection. Data are the mean +/- SEM.
https://doi.org/10.1371/journal.pone.0196961.g002

The expression of the G protein coupled receptors was also affected by stressor exposure.
There was a significant interaction between stressor exposure and infection exposure on
GPR109A expression (Fig 2D, p<0.05). Post-hoc analyses indicated that stressor exposure significantly increased GPR109A levels in uninfected mice, but this stressor-induced increase in
GPR109A did not occur in mice challenged with C. rodentium. There was a trend for C. rodentium challenge to increase GPR109A expression, but this was not statistically significant (Fig
2D, p = 0.07). There was a statistically significant interaction effect between stressor exposure
and infection exposure on GPR41 expression (Fig 2E, p<0.05), but post-hoc testing indicated
that this was due to significant increases in GPR41 in HCC and RST mice (p<0.05), but not
FWD mice, when challenged with C. rodentium. Neither stressor exposure nor infection exposure affected GPR43 expression (Fig 2F) as indicated by the lack of significant main effects or
an interaction effect in the two factor ANOVA.

Stressor exposure and C. rodentium challenge altered the composition of
the gut microbiota
Short chain fatty acids are produced by the commensal microbiota, thus the composition of
the microbiota was analyzed to verify that stressor exposure changed the composition of the
gut microbiota. Alpha diversity measures the richness and evenness of species within a sample,
and was evaluated with two different indexes, the Shannon diversity index (SDI) and the Chao
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Fig 3. Mice exposed to the restraint stressor had a decrease in alpha diversity de novo. A. Shannon diversity significantly decreased with stressor exposure ( main
effect of stressor exposure, FDR p = 0.05). B. Chao1 diversity showed a trend with a decrease in diversity with stressor exposure (FDR p = 0.067). Data are presented as
the median (line), interquartile range (box), and minimum and maximum (whiskers).
https://doi.org/10.1371/journal.pone.0196961.g003

1 index. The SDI evaluates diversity based on operational taxonomic unit (OUT) distribution
and abundance in a sample, whereas the Chao 1 index takes into account the number of rare
classes to evaluate the total richness of the sample. The SDI was significantly different between
the groups (HCC, FWD, and RST) (Fig 3A, FDR p = 0.05). The stressor-exposed group had a
significantly decreased SDI in comparison to the FWD and HCC group indicating a decrease
in richness and evenness of the community. There was a tendency for mice exposed to the
infection to have, a decreased Chao 1, but the difference was not statistically significant
between the groups (Fig 3B, FDR p = 0.067).
Beta diversity measures the difference in OTU composition between different samples and
was assessed using principal coordinate analysis (PCoA) generated from Bray-Curtis dissimilarity at the OUT level generated using QIIME closed reference OTUs. The RST stressor,
FWD, and HCC groups all clustered separately on a PCoA plot with statistically significant differences on PCoA axis 1 and 2 (Fig 4A, FDR p<0.05). Samples separated by whether they were
exposed to the infection on PCoA axis 2 (Fig 4B, FDR p<0.05). Parallel analysis using linear
mixed effect model analysis also showed statistically significant difference between the RST,
HCC, and FWD groups on PCoA axis 1 and 3, and between infection and no infection on
PCoA axis 3 (Data not shown, FDR p<0.05).
Taxonomic analysis at the genus level showed that stressor exposure and infection exposure
had significant effects between RST, FWD, and HCC groups. The relative abundances of Corynebacterium, Jeotgalicoccus, and Staphylococcus were significantly increased with RST stressor
exposure vs HCC, but not vs FWD (Fig 5A–5C, FDR p<0.05). Infection exposure caused an
increase in the relative abundance of Trabulsiella, Flavobacterium, and Aerococcus in all the
groups (Fig 5D–5F, FDR p<0.05). We and others have previously published that stressor exposure affects the relative abundance of Lactobacillus, [18, 20–22, 45]. Thus, we tested our a priori
hypothesis that stressor exposure would change the relative abundance of Lactobacillus. When
stressor exposed mice were challenged with C. rodentium, there was a significant reduction in
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Fig 4. Beta diversity using QIIME closed reference OTUs was significantly affected by stressor exposure and when challenged by the infection. A. Mice exposed to
the RST stressor (depicted with a black circle around) clustered separately from the HCC group and the FWD group. The FWD group also clustered separately from the
HCC group and RST group. The PCoA 1 and 2 scores were significantly different between groups (FDR p<0.05). B. Mice exposed to the infection (depicted with a black
circle around) clustered separately from samples from mice not exposed to the infection (FDR p<0.05 on PCoA axis 2).
https://doi.org/10.1371/journal.pone.0196961.g004

Lactobacilli relative abundance (Fig 6, p<0.05). In the absence of infection, the mean Lactobacillus relative abundance in stressor-exposed animals was lower than in control mice, but this
difference did not reach statistical significance.

The restraint stressor significantly increases C. rodentium levels in the
lumen of the colon
Exposure to the stressor significantly increased C. rodentium levels in the stool by approximately 1000 fold (Fig 7A, p<0.05). Mice that were challenged with C. rodentium, but were not
exposed to the stressor, had lower levels of C. rodentium 6 days post-challenge that just
exceeded the limit of detection of our assays (approximately 1x103 CFU/g). Mice in the FWD
control condition did not have significant increases in C. rodentium levels (Fig 7A).

Exposure to the stressor increased corticosterone levels
Corticosterone levels were significantly increased in mice exposed to the RST stressor regardless if they were exposed to the infection, representing a significant stressor-induced increase
in corticosterone (Fig 7B, P<0.05).

Exposure to the stressor increased C. rodentium-induced colonic
histopathology
Mice exposed to the infection and RST stressor had an average colonic histopathology score of
2.1 out of 20, which is a mild degree of colonic inflammation (Fig 7C). Although mild, this
group had a significantly higher histopathology score in comparison to all other groups
(p<0.05). In the absence of the RST stressor, C. rodentium did not significantly increase
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Fig 5. Stressor exposure and C. rodentium challenge altered the composition of the gut microbiota. The relative abundance of multiple taxa were affected by stressor
exposure and/or C. rodentium challenge, including A. Corynebacterium ( FDR p<0.05 vs HCC). B. Jeotgalicoccus ( FDR p<0.05 vs HCC). C. Staphylococcus ( FDR
p<0.05 vs HCC). D. Aerococcus (#main effect of infection, FDR p<0.05). E. Flavobacterium (#main effect of infection, FDR p<0.05). F. Trabulsiella (#main effect of
infection, FDR p<0.05). Data are presented as the median (line), interquartile range (box), and minimum and maximum (whiskers).
https://doi.org/10.1371/journal.pone.0196961.g005

histopathology scores in HCC or FWD groups. Increases in C. rodentium-induced colonic histopathology were only observed in animals that were also exposed to the RST stressor. Representative histologic sections showing mild inflammation (pathology score of 3.5) and normal
histology (pathology score of 0) are provided (Fig 7D and 7E, respectively).

Stressor exposure and C. rodentium significantly increased inflammatory
markers in the colon
Mice exposed to the RST stressor had significant increases in the expression of inflammatory
cytokines iNOS, TNFα, and IL-1β and an increase in anti-inflammatory cytokine TGFβ (Fig
8A–8D) (main effect of stress, p<0.05). Mice exposed to the infection also had a significant
increase in the expression of IL-1β (main effect of infection, p<0.05).

The gut microbiota and SCFAs are directly associated with stressorinduced increases in intestinal inflammation
To determine whether the microbiota were associated with changes in tissue inflammation
and SCFA levels, the relative abundances of the genera were used in correlation analyses. Lactobacillus had a significant negative association (p<0.001) with GPR109A. Aerococcus demonstrated a significant positive association with iNOS, IL-1β, and histopathology scores
(p<0.001), but a negative trend with propionic acid (p<0.05). Lactobacillus had a significant
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Fig 6. Lactobacillus relative abundance was affected by stressor exposure. Lactobacillus relative abundance was
significantly reduced when exposed to the stressor and challenged with C. rodentium ( p<0.05 vs. HCC No Infection,
FWD No Infection, RST No Infection, HCC Infection, and FWD Infection). Data are presented as the median (line),
interquartile range (box), and minimum and maximum (whiskers).
https://doi.org/10.1371/journal.pone.0196961.g006

negative association with IL-1β (p<0.001) and a negative trend with iNOS (p<0.01). Lactobacillus was also significantly positively associated with propionic acid (p<0.001). Lactobacillus
was not significantly associated with histopathology scores, but had a negative trend (p = 0.09).

Discussion
This study confirms and extends results from our previous studies that have shown that the
RST stressor changes the composition of the gut microbiota and leads to heightened colonic
inflammation after pathogen challenge [2, 17, 18]. Importantly, this study further demonstrates that the RST stressor significantly affects the levels of SCFA’s in the gut. There was a
decrease in acetic acid, propionic acid, and butyric acid with prolonged RST stressor exposure,
which is consistent with observations in inbred C57BL/6 mice exposed to an acute social
stressor (Maltz et al., Manuscript Under Review). C. rodentium challenge also decreased propionic acid levels, whereas C. rodentium did not significantly affect butyric acid or acetic acid levels. The lack of a pathogen effect on butyric acid and acetic acid was unexpected. However, a
decrease in SCFAs right after stressor exposure, and at the time of pathogen challenge, could
set the stage for the enhanced inflammatory process that was evident in stressor-exposed mice,
since SCFAs have been used to reduce inflammation [24, 46].
Stressor exposure also caused an increase in the expression of the SCFA receptor GPR109A
in mice that were not challenged with the colonic pathogen. There was also a trend for pathogen challenge to increase GPR109A. The expression of GPR109A has been reported to be
induced by the gut microbiota [32, 33]. In our study, the relative abundance of Lactobacillus
was inversely correlated with GPR109A. GPR109A has been shown to reduce intestinal inflammation in animal models [34], thus the tendency for GPR109A expression to be increased with
stress and infection, and to be positively correlated with markers of intestinal inflammation,
was unexpected. However, the only known ligands for GPR109A are butyrate and niacin [32,
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Fig 7. Stressor exposure increases C. rodentium levels and colonic histopathology scores. A. Citrobacter levels significantly
increased in feces of stressor exposed mice ( p<0.05, vs HCC Infection and FWD Infection). B. Corticosterone levels were
significantly increased in mice exposed to the RST stressor ( p<0.05, main effect of stress). C. Mice exposed to the infection
and exposed to the RST stressor had a significant increase in histopathology scores ( p<0.05, vs HCC No Infection, FWD No
Infection, RST No Infection, HCC Infection, and FWD Infection). D. A representative image of the histopathology for a mouse
with mild disease exposed to the infection and RST stressor. E. A representative image of the histopathology for a mouse with
no inflammation. All representative histologic sections are from the distal colon and are shown at the same magnification of
20X. Data are the mean +/- SEM.
https://doi.org/10.1371/journal.pone.0196961.g007

33, 47, 48]. Butyrate levels in stressor-exposed mice were significantly reduced in the current
study. It is not known if niacin was also reduced by stressor exposure, but endogenous levels of
niacin are typically too low to activate GPR109A which has a low affinity for niacin [32, 33, 47,
48]. Thus, although GPR109A expression was increased, the ligands for the receptor were
reduced in stressor-exposed mice, thus decreasing the likelihood that the GPR109A receptor
was actually activated.
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Fig 8. Restraint stressor exposure and C. rodentium significantly increased inflammatory markers in the colon. A. qPCR analysis stressor exposure significantly
increased iNOS expression ( main effect of stressor exposure, p<0.05). B. qPCR analysis stressor exposure significantly increased TNFα expression ( main effect of
stressor exposure, p<0.05). C. qPCR analysis stressor exposure and infection exposure significantly increased IL-1β expression ( main effect of stressor exposure,
p<0.05) (#main effect of infection exposure, p<0.05). D. qPCR analysis stressor exposure significantly increased TGFβ expression ( main effect of stressor exposure,
p<0.05). Data are the mean +/- SEM.
https://doi.org/10.1371/journal.pone.0196961.g008

GPR41 and GPR43 were not significantly reduced by stressor exposure, nor where they significantly associated with colonic inflammation. However, propionic acid which can bind to
both GPR41 and GPR43 [49, 50], was reduced in mice when exposed to the stressor and challenged with C. rodentium. Activation of GPR41 and GPR43 has been shown to reduce colonic
inflammatory responses [27, 30, 51], and in the current study propionic acid levels were
inversely correlated with markers of colonic inflammation. This suggests that although GPR41
and GPR43 expression was not changed, reduced activation of these receptors due to low levels
of propionic acid may have contributed to stressor-induced increases in colonic inflammation.
Such a role for propionic acid and GPR41/GPR43 requires further studying.
Although not assessed in the current study, SCFAs can also affect colonic inflammatory
responses through their effects on histone deacetylases (HDAC) [52–54]. In particular, butyrate and propionate are well recognized to inhibit class I HDACs [32, 34]. Severe colonic
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inflammation is often associated with overexpression of HDAC, leading to epigenetic modifications in the colon [55, 56]. Inhibition of HDAC through SCFAs can reduce epigenetic modifications, and in turn reduce inflammation. Thus, future studies should assess whether
epigenetic modifications are associated with the observed stressor-enhanced colonic inflammatory responses.
It is possible that SCFAs, as well as their receptors, were not directly involved in stressorenhanced colonic inflammation, but instead reflected dysbiosis in the colon. We have
shown that alpha and beta diversity were significantly affected by the RST stressor [18], but
whether pathogen challenge further affects the microbiota of restrained mice has not been
previously tested. In previous studies, stressor-induced changes in the microbiota were
found to lead to increased severity of colonic inflammation in pathogen-challenged mice;
germ-free mice colonized with microbiota from stressor-exposed mice had increased
colonic inflammation upon pathogen challenge [17]. The current study has confirmed
results from previous studies that stressor exposure, and now stressor exposure with pathogen challenge, reduces the relative abundance of bacteria in the genus Lactobacillus.
Stressor-induced reductions in Lactobacillus have been found in mice, nonhuman primates,
as well as humans [4, 18, 20–22, 45]. Reductions in Lactobacillus could be contributing to
increased colonic inflammation during stressor exposure, since previous studies have found
that administering probiotic Lactobacillus ameliorates colonic inflammation, including
iNOS and TNFα [4, 23, 57–60]. Lactobacillus given as a probiotic in a DSS model of inflammation also led to a decrease in clinical scores, histopathology, and inflammatory cytokines
(IFNγ, TNFα, IL-6, and IL-1β) [58]. In the current study, lower relative abundances of commensal lactobacilli were significantly correlated with higher expression of IL-1β (with
trends for being correlated with higher iNOS). In support of a potential protective role of
propionic acid, Lactobacillus relative abundances were directly correlated with propionic
acid levels; propionic acid levels were low when lactobacilli levels were low. This is perhaps
not surprising since Lactobacillus spp. are prolific producers of lactic acid that can be readily
converted to propionic acid [61]. However, further work is needed to understand the relationship between low lactobacilli and stressor-enhanced colonic inflammation.
When considered together, this study shows that exposure to the RST stressor leads to an
increase in corticosterone and leads to changes in microbial community alpha and beta diversity, with relative abundances of specific genera (primarily Aerococcus and Lactobacillus) being
associated with the onset of pathogen-induced colonic inflammation and with SCFA levels. It
is possible that alterations in SCFAs, including butyric acid and propionic acid, are involved in
stressor-induced increases in colonic inflammatory responses, since stressor and pathogen
exposure changed SCFA levels. Lactobacillus was inversely correlated with GPR109A expression, and when activated, GPR109A can reduce colonic inflammation. However, the primary
ligand for GPR109A (i.e., butyric acid) was significantly reduced in this study, suggesting that
increased GPR109A would not reduce inflammatory responses. Lactobacillus directly correlated with propionic acid, which can have anti-inflammatory effects when acting through
GPR41 or GPR43. Both Lactobacillus and propionic acid were inversely associated with colonic
inflammation, supporting the contention that Lactobacillus-associated propionic acid helps to
regulate the mucosal inflammatory response. These results offer some insight to better understand interactions between gut microbiota and colonic inflammatory responses during stressful periods.

Author Contributions
Conceptualization: Ross M. Maltz, Sandra C. Kim, Michael T. Bailey.

PLOS ONE | https://doi.org/10.1371/journal.pone.0196961 May 9, 2018

15 / 19

Restraint stressor exposure affects the microbiota and short chain fatty acids

Data curation: Ross M. Maltz, Jeremy Keirsey, Amy R. Mackos, Cathy C. Moore, Vasudevan
Bakthavatchalu.
Formal analysis: Ross M. Maltz, Jeremy Keirsey, Amy R. Mackos, Raad Z. Gharaibeh, Jinyu
Xu, Arpad Somogyi, Michael T. Bailey.
Funding acquisition: Michael T. Bailey.
Investigation: Ross M. Maltz, Jeremy Keirsey, Amy R. Mackos, Arpad Somogyi.
Methodology: Ross M. Maltz, Sandra C. Kim, Arpad Somogyi, Michael T. Bailey.
Project administration: Ross M. Maltz.
Resources: Arpad Somogyi, Michael T. Bailey.
Supervision: Sandra C. Kim, Amy R. Mackos, Arpad Somogyi, Michael T. Bailey.
Writing – original draft: Ross M. Maltz.
Writing – review & editing: Ross M. Maltz, Jeremy Keirsey, Sandra C. Kim, Amy R. Mackos,
Raad Z. Gharaibeh, Cathy C. Moore, Jinyu Xu, Vasudevan Bakthavatchalu, Arpad Somogyi,
Michael T. Bailey.

References
1.

Reber SO, Peters S, Slattery DA, Hofmann C, Scholmerich J, Neumann ID, et al. Mucosal immunosuppression and epithelial barrier defects are key events in murine psychosocial stress-induced colitis.
Brain, behavior, and immunity. 2011; 25(6):1153–61. https://doi.org/10.1016/j.bbi.2011.03.004 PMID:
21397685

2.

Bailey MT, Dowd SE, Parry NM, Galley JD, Schauer DB, Lyte M. Stressor exposure disrupts commensal microbial populations in the intestines and leads to increased colonization by Citrobacter
rodentium. Infection and immunity. 2010; 78(4):1509–19. https://doi.org/10.1128/IAI.00862-09
PMID: 20145094

3.

Galley JD, Mackos AR, Varaljay VA, Bailey MT. Stressor exposure has prolonged effects on colonic
microbial community structure in Citrobacter rodentium-challenged mice. Scientific reports. 2017;
7:45012. https://doi.org/10.1038/srep45012 PMID: 28344333

4.

Galley JD, Parry NM, Ahmer BM, Fox JG, Bailey MT. The commensal microbiota exacerbate infectious
colitis in stressor-exposed mice. Brain, behavior, and immunity. 2017; 60:44–50. https://doi.org/10.
1016/j.bbi.2016.09.010 PMID: 27633986

5.

Reber SO, Birkeneder L, Veenema AH, Obermeier F, Falk W, Straub RH, et al. Adrenal insufficiency
and colonic inflammation after a novel chronic psycho-social stress paradigm in mice: implications and
mechanisms. Endocrinology. 2007; 148(2):670–82. https://doi.org/10.1210/en.2006-0983 PMID:
17110427

6.

Reber SO, Obermeier F, Straub RH, Falk W, Neumann ID. Chronic intermittent psychosocial stress
(social defeat/overcrowding) in mice increases the severity of an acute DSS-induced colitis and impairs
regeneration. Endocrinology. 2006; 147(10):4968–76. https://doi.org/10.1210/en.2006-0347 PMID:
16794011

7.

Veenema AH, Reber SO, Selch S, Obermeier F, Neumann ID. Early life stress enhances the vulnerability to chronic psychosocial stress and experimental colitis in adult mice. Endocrinology. 2008; 149
(6):2727–36. https://doi.org/10.1210/en.2007-1469 PMID: 18308845

8.

Bernstein CN, Singh S, Graff LA, Walker JR, Miller N, Cheang M. A prospective population-based study
of triggers of symptomatic flares in IBD. The American journal of gastroenterology. 2010; 105(9):1994–
2002. https://doi.org/10.1038/ajg.2010.140 PMID: 20372115

9.

Traue HC, Kosarz P. Everyday stress and Crohn’s disease activity: a time series analysis of 20 single
cases. International journal of behavioral medicine. 1999; 6(2):101–19. https://doi.org/10.1207/
s15327558ijbm0602_1 PMID: 16250682

10.

Sender R, Fuchs S, Milo R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to
Host Cells in Humans. Cell. 2016; 164(3):337–40. https://doi.org/10.1016/j.cell.2016.01.013 PMID:
26824647

PLOS ONE | https://doi.org/10.1371/journal.pone.0196961 May 9, 2018

16 / 19

Restraint stressor exposure affects the microbiota and short chain fatty acids

11.

Gill SR, Pop M, Deboy RT, Eckburg PB, Turnbaugh PJ, Samuel BS, et al. Metagenomic analysis of the
human distal gut microbiome. Science. 2006; 312(5778):1355–9. https://doi.org/10.1126/science.
1124234 PMID: 16741115

12.

Berg RD. The indigenous gastrointestinal microflora. Trends in microbiology. 1996; 4(11):430–5. PMID:
8950812

13.

Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial mutualism in the human
intestine. Science. 2005; 307(5717):1915–20. https://doi.org/10.1126/science.1104816 PMID:
15790844

14.

Turnbaugh PJ, Ley RE, Hamady M, Fraser-Liggett CM, Knight R, Gordon JI. The human microbiome
project. Nature. 2007; 449(7164):804–10. https://doi.org/10.1038/nature06244 PMID: 17943116

15.

Bailey MT, Dowd SE, Galley JD, Hufnagle AR, Allen RG, Lyte M. Exposure to a social stressor alters
the structure of the intestinal microbiota: implications for stressor-induced immunomodulation. Brain,
behavior, and immunity. 2011; 25(3):397–407. https://doi.org/10.1016/j.bbi.2010.10.023 PMID:
21040780

16.

Galley JD, Nelson MC, Yu Z, Dowd SE, Walter J, Kumar PS, et al. Exposure to a social stressor disrupts
the community structure of the colonic mucosa-associated microbiota. BMC microbiology. 2014;
14:189. https://doi.org/10.1186/1471-2180-14-189 PMID: 25028050

17.

Galley JD, Parry NM, Ahmer BM, Fox JG, Bailey MT. The commensal microbiota exacerbate infectious
colitis in stressor-exposed mice. Brain, behavior, and immunity. 2016.

18.

Galley JD, Yu Z, Kumar P, Dowd SE, Lyte M, Bailey MT. The structures of the colonic mucosa-associated and luminal microbial communities are distinct and differentially affected by a prolonged murine
stressor. Gut microbes. 2014; 5(6):748–60. https://doi.org/10.4161/19490976.2014.972241 PMID:
25536463

19.

Green BT, Lyte M, Chen C, Xie Y, Casey MA, Kulkarni-Narla A, et al. Adrenergic modulation of Escherichia coli O157:H7 adherence to the colonic mucosa. American journal of physiology Gastrointestinal
and liver physiology. 2004; 287(6):G1238–46. https://doi.org/10.1152/ajpgi.00471.2003 PMID:
15534374

20.

Knowles SR, Nelson EA, Palombo EA. Investigating the role of perceived stress on bacterial flora activity and salivary cortisol secretion: a possible mechanism underlying susceptibility to illness. Biological
psychology. 2008; 77(2):132–7. https://doi.org/10.1016/j.biopsycho.2007.09.010 PMID: 18023961

21.

Bailey MT, Coe CL. Maternal separation disrupts the integrity of the intestinal microflora in infant rhesus
monkeys. Developmental psychobiology. 1999; 35(2):146–55. PMID: 10461128

22.

Bailey MT, Lubach GR, Coe CL. Prenatal stress alters bacterial colonization of the gut in infant monkeys. Journal of pediatric gastroenterology and nutrition. 2004; 38(4):414–21. PMID: 15085020

23.

Mackos AR, Eubank TD, Parry NM, Bailey MT. Probiotic Lactobacillus reuteri attenuates the stressorenhanced severity of Citrobacter rodentium infection. Infection and immunity. 2013; 81(9):3253–63.
https://doi.org/10.1128/IAI.00278-13 PMID: 23798531

24.

Smith PM, Howitt MR, Panikov N, Michaud M, Gallini CA, Bohlooly YM, et al. The microbial metabolites,
short-chain fatty acids, regulate colonic Treg cell homeostasis. Science. 2013; 341(6145):569–73.
https://doi.org/10.1126/science.1241165 PMID: 23828891

25.

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart S, et al. Impact of diet in shaping gut microbiota revealed by a comparative study in children from Europe and rural Africa. Proceedings of the National Academy of Sciences of the United States of America. 2010; 107(33):14691–6.
https://doi.org/10.1073/pnas.1005963107 PMID: 20679230

26.

Karaki S, Mitsui R, Hayashi H, Kato I, Sugiya H, Iwanaga T, et al. Short-chain fatty acid receptor,
GPR43, is expressed by enteroendocrine cells and mucosal mast cells in rat intestine. Cell and tissue
research. 2006; 324(3):353–60. https://doi.org/10.1007/s00441-005-0140-x PMID: 16453106

27.

Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH. Short-chain fatty acids activate GPR41 and
GPR43 on intestinal epithelial cells to promote inflammatory responses in mice. Gastroenterology.
2013; 145(2):396–406 e1-10. https://doi.org/10.1053/j.gastro.2013.04.056 PMID: 23665276

28.

Le Poul E, Loison C, Struyf S, Springael JY, Lannoy V, Decobecq ME, et al. Functional characterization
of human receptors for short chain fatty acids and their role in polymorphonuclear cell activation. The
Journal of biological chemistry. 2003; 278(28):25481–9. https://doi.org/10.1074/jbc.M301403200
PMID: 12711604

29.

Macia L, Tan J, Vieira AT, Leach K, Stanley D, Luong S, et al. Metabolite-sensing receptors GPR43 and
GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the inflammasome.
Nature communications. 2015; 6:6734. https://doi.org/10.1038/ncomms7734 PMID: 25828455

PLOS ONE | https://doi.org/10.1371/journal.pone.0196961 May 9, 2018

17 / 19

Restraint stressor exposure affects the microbiota and short chain fatty acids

30.

Maslowski KM, Vieira AT, Ng A, Kranich J, Sierro F, Yu D, et al. Regulation of inflammatory responses
by gut microbiota and chemoattractant receptor GPR43. Nature. 2009; 461(7268):1282–6. https://doi.
org/10.1038/nature08530 PMID: 19865172

31.

Nohr MK, Pedersen MH, Gille A, Egerod KL, Engelstoft MS, Husted AS, et al. GPR41/FFAR3 and
GPR43/FFAR2 as cosensors for short-chain fatty acids in enteroendocrine cells vs FFAR3 in enteric
neurons and FFAR2 in enteric leukocytes. Endocrinology. 2013; 154(10):3552–64. https://doi.org/10.
1210/en.2013-1142 PMID: 23885020

32.

Thangaraju M, Cresci GA, Liu K, Ananth S, Gnanaprakasam JP, Browning DD, et al. GPR109A is a Gprotein-coupled receptor for the bacterial fermentation product butyrate and functions as a tumor suppressor in colon. Cancer research. 2009; 69(7):2826–32. https://doi.org/10.1158/0008-5472.CAN-084466 PMID: 19276343

33.

Cresci GA, Thangaraju M, Mellinger JD, Liu K, Ganapathy V. Colonic gene expression in conventional
and germ-free mice with a focus on the butyrate receptor GPR109A and the butyrate transporter
SLC5A8. Journal of gastrointestinal surgery: official journal of the Society for Surgery of the Alimentary
Tract. 2010; 14(3):449–61.

34.

Singh N, Gurav A, Sivaprakasam S, Brady E, Padia R, Shi H, et al. Activation of Gpr109a, receptor for
niacin and the commensal metabolite butyrate, suppresses colonic inflammation and carcinogenesis.
Immunity. 2014; 40(1):128–39. https://doi.org/10.1016/j.immuni.2013.12.007 PMID: 24412617

35.

Digby JE, Martinez F, Jefferson A, Ruparelia N, Chai J, Wamil M, et al. Anti-inflammatory effects of nicotinic acid in human monocytes are mediated by GPR109A dependent mechanisms. Arteriosclerosis,
thrombosis, and vascular biology. 2012; 32(3):669–76. https://doi.org/10.1161/ATVBAHA.111.241836
PMID: 22267479

36.

Cavigelli SA, McClintock MK. Fear of novelty in infant rats predicts adult corticosterone dynamics and
an early death. Proceedings of the National Academy of Sciences of the United States of America.
2003; 100(26):16131–6. https://doi.org/10.1073/pnas.2535721100 PMID: 14673078

37.

Glavin GB, Pare WP, Sandbak T, Bakke HK, Murison R. Restraint stress in biomedical research: an
update. Neuroscience and biobehavioral reviews. 1994; 18(2):223–49. PMID: 8058215

38.

Plotsky PM, Meaney MJ. Early, postnatal experience alters hypothalamic corticotropin-releasing factor
(CRF) mRNA, median eminence CRF content and stress-induced release in adult rats. Brain research
Molecular brain research. 1993; 18(3):195–200. PMID: 8497182

39.

McBee ME, Zheng PZ, Rogers AB, Fox JG, Schauer DB. Modulation of acute diarrheal illness by persistent bacterial infection. Infection and immunity. 2008; 76(11):4851–8. https://doi.org/10.1128/IAI.
00745-08 PMID: 18710857

40.

Zhao G, Nyman M, Jonsson JA. Rapid determination of short-chain fatty acids in colonic contents and
faeces of humans and rats by acidified water-extraction and direct-injection gas chromatography. Biomedical chromatography: BMC. 2006; 20(8):674–82. https://doi.org/10.1002/bmc.580 PMID: 16206138

41.

Garcia-Villalba R, Gimenez-Bastida JA, Garcia-Conesa MT, Tomas-Barberan FA, Carlos Espin J, Larrosa M. Alternative method for gas chromatography-mass spectrometry analysis of short-chain fatty
acids in faecal samples. Journal of separation science. 2012; 35(15):1906–13. https://doi.org/10.1002/
jssc.201101121 PMID: 22865755

42.

Bokulich NA, Subramanian S, Faith JJ, Gevers D, Gordon JI, Knight R, et al. Quality-filtering vastly
improves diversity estimates from Illumina amplicon sequencing. Nature methods. 2013; 10(1):57–9.
https://doi.org/10.1038/nmeth.2276 PMID: 23202435

43.

McCafferty J, Muhlbauer M, Gharaibeh RZ, Arthur JC, Perez-Chanona E, Sha W, et al. Stochastic
changes over time and not founder effects drive cage effects in microbial community assembly in a
mouse model. The ISME journal. 2013; 7(11):2116–25. https://doi.org/10.1038/ismej.2013.106 PMID:
23823492

44.

Arthur JC, Gharaibeh RZ, Muhlbauer M, Perez-Chanona E, Uronis JM, McCafferty J, et al. Microbial
genomic analysis reveals the essential role of inflammation in bacteria-induced colorectal cancer.
Nature communications. 2014; 5:4724. https://doi.org/10.1038/ncomms5724 PMID: 25182170

45.

Zijlmans MA, Korpela K, Riksen-Walraven JM, de Vos WM, de Weerth C. Maternal prenatal stress is
associated with the infant intestinal microbiota. Psychoneuroendocrinology. 2015; 53:233–45. https://
doi.org/10.1016/j.psyneuen.2015.01.006 PMID: 25638481

46.

Mishiro T, Kusunoki R, Otani A, Ansary MM, Tongu M, Harashima N, et al. Butyric acid attenuates intestinal inflammation in murine DSS-induced colitis model via milk fat globule-EGF factor 8. Laboratory
investigation; a journal of technical methods and pathology. 2013; 93(7):834–43. https://doi.org/10.
1038/labinvest.2013.70 PMID: 23752130

47.

Soga T, Kamohara M, Takasaki J, Matsumoto S, Saito T, Ohishi T, et al. Molecular identification of nicotinic acid receptor. Biochemical and biophysical research communications. 2003; 303(1):364–9. PMID:
12646212

PLOS ONE | https://doi.org/10.1371/journal.pone.0196961 May 9, 2018

18 / 19

Restraint stressor exposure affects the microbiota and short chain fatty acids

48.

Wise A, Foord SM, Fraser NJ, Barnes AA, Elshourbagy N, Eilert M, et al. Molecular identification of high
and low affinity receptors for nicotinic acid. The Journal of biological chemistry. 2003; 278(11):9869–74.
https://doi.org/10.1074/jbc.M210695200 PMID: 12522134

49.

Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L, Daniels D, et al. The Orphan G proteincoupled receptors GPR41 and GPR43 are activated by propionate and other short chain carboxylic
acids. The Journal of biological chemistry. 2003; 278(13):11312–9. https://doi.org/10.1074/jbc.
M211609200 PMID: 12496283

50.

Tazoe H, Otomo Y, Kaji I, Tanaka R, Karaki SI, Kuwahara A. Roles of short-chain fatty acids receptors,
GPR41 and GPR43 on colonic functions. Journal of physiology and pharmacology: an official journal of
the Polish Physiological Society. 2008; 59 Suppl 2:251–62.

51.

Masui R, Sasaki M, Funaki Y, Ogasawara N, Mizuno M, Iida A, et al. G protein-coupled receptor 43
moderates gut inflammation through cytokine regulation from mononuclear cells. Inflammatory bowel
diseases. 2013; 19(13):2848–56. https://doi.org/10.1097/01.MIB.0000435444.14860.ea PMID:
24141712

52.

Do A, Reid RC, Lohman RJ, Sweet MJ, Fairlie DP, Iyer A. An HDAC6 Inhibitor Confers Protection and
Selectively Inhibits B-Cell Infiltration in DSS-Induced Colitis in Mice. The Journal of pharmacology and
experimental therapeutics. 2017; 360(1):140–51. https://doi.org/10.1124/jpet.116.236711 PMID:
27827303

53.

Lu LF, Kim DH, Lee IH, Hong J, Zhang P, Yoon IN, et al. Potassium Acetate Blocks Clostridium difficile
Toxin A-Induced Microtubule Disassembly by Directly Inhibiting Histone Deacetylase 6, Thereby Ameliorating Inflammatory Responses in the Gut. Journal of microbiology and biotechnology. 2016; 26
(4):693–9. https://doi.org/10.4014/jmb.1511.11063 PMID: 26809801

54.

Glauben R, Batra A, Fedke I, Zeitz M, Lehr HA, Leoni F, et al. Histone hyperacetylation is associated
with amelioration of experimental colitis in mice. J Immunol. 2006; 176(8):5015–22. PMID: 16585598

55.

Turgeon N, Gagne JM, Blais M, Gendron FP, Boudreau F, Asselin C. The acetylome regulators Hdac1
and Hdac2 differently modulate intestinal epithelial cell dependent homeostatic responses in experimental colitis. American journal of physiology Gastrointestinal and liver physiology. 2014; 306(7):
G594–605. https://doi.org/10.1152/ajpgi.00393.2013 PMID: 24525021

56.

Turgeon N, Blais M, Gagne JM, Tardif V, Boudreau F, Perreault N, et al. HDAC1 and HDAC2 restrain
the intestinal inflammatory response by regulating intestinal epithelial cell differentiation. PloS one.
2013; 8(9):e73785. https://doi.org/10.1371/journal.pone.0073785 PMID: 24040068

57.

Schreiber O, Petersson J, Phillipson M, Perry M, Roos S, Holm L. Lactobacillus reuteri prevents colitis
by reducing P-selectin-associated leukocyte- and platelet-endothelial cell interactions. American journal
of physiology Gastrointestinal and liver physiology. 2009; 296(3):G534–42. https://doi.org/10.1152/
ajpgi.90470.2008 PMID: 19147805

58.

Park JS, Joe I, Rhee PD, Jeong CS, Jeong G. A lactic acid bacterium isolated from kimchi ameliorates
intestinal inflammation in DSS-induced colitis. J Microbiol. 2017.

59.

Mackos AR, Galley JD, Eubank TD, Easterling RS, Parry NM, Fox JG, et al. Social stress-enhanced
severity of Citrobacter rodentium-induced colitis is CCL2-dependent and attenuated by probiotic Lactobacillus reuteri. Mucosal immunology. 2016; 9(2):515–26. https://doi.org/10.1038/mi.2015.81 PMID:
26422754

60.

Eaton KA, Honkala A, Auchtung TA, Britton RA. Probiotic Lactobacillus reuteri ameliorates disease due
to enterohemorrhagic Escherichia coli in germfree mice. Infection and immunity. 2011; 79(1):185–91.
https://doi.org/10.1128/IAI.00880-10 PMID: 20974822

61.

Louis P, Flint HJ. Formation of propionate and butyrate by the human colonic microbiota. Environmental
microbiology. 2017; 19(1):29–41. https://doi.org/10.1111/1462-2920.13589 PMID: 27928878

PLOS ONE | https://doi.org/10.1371/journal.pone.0196961 May 9, 2018

19 / 19

