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Abstract

Objectives: Gastrointestinal disorders, such as inflammatory bowel diseases (IBD) and
functional gastrointestinal disorders (FGID), involve disrupted homeostatic interactions between
the microbiota and the host. Both disorders are worsened during stress, and in laboratory mice,
stress exposure has been shown to change the composition of the gut microbiome. Stress-induced
changes to the microbiome exacerbate intestinal inflammation and alter intestinal motility in mice.

"Corresponding Author: Ross M. Maltz, M.D., Pediatric Gastroenterology, Nationwide Children’s Hospital, 700 Children’s Drive,
Columbus, OH 43205, P: 614-722-5116 F: 614-722-2979, Ross.Maltz@nationwidechildrens.org. Jeremy Keirsey,
jeremy.keirsey@thermofisher.com, 4120 Kilbannon Way Dublin, OH 43016. Sandra C. Kim, Sandra.Kim@chp.edu, 4401 Penn
Avenue Pittsburgh, PA 15224. Amy R. Mackos, mackos.3@osu.edu, 034H Newton Hall, 1585 Neil Ave, Columbus, OH 43210. Raad
Z. Gharaibeh, rgharaiben@gmail.com, 2033 Mowry Rd. PO Box 103633 Gainesville, Florida 32610. Cathy C. Moore,
CathyMoore@uncc.edu, 9201 University City Blvd Charlotte, NC 28223. Jinyu Xu, Jinyu.Xu@nationwidechildrens.org, 700
Children’s Drive Columbus, OH 43205. Arpad Somogyi, somogyi.16@osu.edu, 281 Biomedical Research Tower (BRT), 460 W. 12th
Street, Columbus, OH 43210. Michael T. Bailey, Michael.Bailey2@nationwidechildrens.org, 700 Children’s Drive Columbus, OH
43205.

Author Contributions

RMM, MTB, SCK, and AS designed research study. RMM, JK, ARM, and CCM conducted experiments. RMM, JK, ARM, RZG, JX,
AS, and MTB analyzed the data. RMM and MTB wrote the paper.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maltz et al. Page 2

However, it is not yet known whether microbiota-derived short chain fatty acids (butyrate,
propionate, and acetate) and their receptors contribute to this effect.

Methods: Mice were exposed to a social disruption (SDR) stress, or left undisturbed as a control.
After the first stress exposure, mice were orally challenged with Citrobacter rodentium or with
vehicle. The levels of SCFAs were measured using gas chromatography-mass spectrometry. SCFA
receptors were measured via real time PCR. Microbial community composition was assessed
using 16S rRNA gene sequencing.

Results: Stress exposure reduced colonic SCFA levels. However, stress exposure and C.
rodentium significantly increased SCFA levels and changed the expression of SCFA receptors. The
levels of SCFAs did not correlate with the severity of colonic inflammation, but the colonic
expression of the SCFA receptor GPR41 was positively associated with inflammatory cytokines
and colonic histopathology scores. The relative abundances of several taxa of colonic bacteria
were significantly changed by stress exposure, including SCFA producers.

Conclusions: Social stress can have a significant effect on infection-induced colonic
inflammation, and stress-induced changes in microbial-produced metabolites and their receptors
may be involved.

Keywords

Microbiome; stress; colitis; GPR41; Citrobacter rodenium; social disruption stress;
Parabacteroides

Introduction:

Inflammatory bowel diseases (IBD) and functional gastrointestinal disorders (FGID) involve
disrupted homeostatic interactions between the gut microbiota and the host leading to
heightened inflammatory responses (in IBD)? or altered pain perception and motility (in
FGIDs)%™. The severity of IBD and self-reported health related quality of life (HRQoL) is
often worsened during stressful periods®8. Likewise, associations between stressful life
events and HRQoL have been found in patients with FGIDs®10,

The microbiota-gut-brain axis involves bidirectional interactions between the gastrointestinal
mucosal immune system, commensal microbiota, and the brainl:11, These host-microbe
interactions can be significantly affected during stress exposurel213, but how stress leads to
homeostatic imbalance in the intestines is not clear. Social stress, such as social disruption
(SDR), significantly increases plasma levels of serum corticosterone, epinephring,
norepinephrine, and affects gut microbiome diversity1214-16 These changes in the gut
microbiome can significantly impact immune system activityl7:18,

Gut microbes ferment carbohydrates to produce short chain fatty acids (SCFAS), including
acetic, propionic, and butyric acids, that affect mucosal inflammation through direct anti-
inflammatory effects on CD4* T cells and increases in the number of regulatory T cells19:20,
SCFAs can activate G-protein coupled receptors on gut epithelial cells, lamina propria
leukocytes, and cells of the enteric nervous system?1:22. We hypothesized that stress would

J Pedliatr Gastroenterol Nutr. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maltz et al.

Page 3

affect the production of SCFAs, the commensal gut microbiome, and the expression of
SCFA receptors.

METHODS:

Experimental design:

Male C57BL/6 mice (Charles River Laboratories), 68 weeks of age were housed 3 per cage
on a 12 hr light:dark schedule (lights on 0600). Standard diet and water were provided ad
libitum. All experimental procedures were approved by and performed in accordance with
The Ohio State University Animal Care and Use Committee.

Mice were exposed to the SDR stress over a 2 hr period (1630-1830) for 6 consecutive
days?3, which involves placing an aggressive male into the experimental animal’s home
cage. Immediately after the first exposure to SDR, % of the stress-exposed and % of non-
stress-exposed mice were challenged with Citrobacter rodentium by oral gavage. Half of the
mice were euthanized the morning after the 61 night of SDR (6 days post-infection) and
remaining mice were euthanized 12 days post-infection. The non-stress-exposed mice were
euthanized at identical times (Fig. 1a and b). The experiments were conducted as discovery
and validation experiments with the discovery experiment consisting of 1 cage (3 mice) per
group and the validation experiment consisting of 2 cages (6 mice) per group. A total of 8
different groups with data combined from discovery and validation experiments (for a total
of 9 mice per group) are presented in the manuscript, with data from individual discovery
and validation experiments shown in the supplement.

Citrobacter rodentium:

Citrobacter rodentium is a Gram-negative bacterium that causes an effacing lesion to the
brush border in mice similar to that in humans with enteropathogenic and enterohemorrhagic
Escherichia col*. 1t induces mild/moderate inflammation in the descending colon?4 that is
dependent upon the amount of C. rodentium administered. Citrobacter rodentium strain
DBS120 (pCRP1::Tn5) was grown in Difco Lennox broth overnight. Mice in the infection
group were challenged via oral gavage with 100 pl of C. rodentium containing 3 x 108 CFU
in PBS. Fecal shedding of C. rodentium was determined on days 6 and 12 post-infection by
plating stool on MacConkey agar with kanamycin (40pg/ml).

Histopathology:

Histopathology was scored in the distal colon in a blinded fashion using a validated scoring
system; a score of 0 represented no inflammation and a score of 4 represented severe
inflammation with lamina propria infiltration, architectural distortion, crypt abscesses, and
ulcers?®.

Semiquantitative real-time PCR:

RNA was isolated from proximal colons using TriZOL26. Real-time PCR was performed on
the ABI Prism 7000 system!4. 18S was used as a housekeeping gene. SYBR green was used
for GPR41, GPR43, GPR109A, IL-1pB, IFN<y, IL-22, and REG3y (Supplemental Table 1).
Data are expressed as a fold change from uninfected-non-stress-exposed group, day 6.

J Pedliatr Gastroenterol Nutr. Author manuscript; available in PMC 2020 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Maltz et al. Page 4

Short chain fatty acid quantification:

Fecal samples were lyophilized for 22 hrs. Extraction and gas chromatography-mass
spectrometry (GC-MS) was performed as previously published?”. The GC-MS consisted of
a Trace Ultra GC with an AS3000 automatic liquid sampler coupled to a DSQ Il mass
spectrometer (Thermo Scientific, Waltham, MA). A stabilwax-DA (Restek, cat# 11023)
highly polar column with polyethylene glycol stationary phase was installed. Split injection
mode with split flow and split ratio set at 10. Ethyl acetate was run between every sample,
and each sample was injected twice. Calculated amounts are the average from two
injections. A standard curve was generated for acetic, butyric, and propionic acid at the
beginning and standards were used throughout each run. SCFA identification was based on
retention times (RT) and EI-MS spectra compared to NIST/EPA/NIH mass spectral libraries
(NIST Mass Spectral Search Program v2.0, 2005)27.

The processing setup module in Xcalibur (Thermo Scientific, Waltham, MA) was used for
rapid quantification of the absolute amount of SCFAs in each sample using data obtained
from the standards. Target ions selected to generate extracted ion chromatograms (EICs) for
quantification of acetic, propionic, and butyric acids were m/z60, 74, and 60. The ICIS peak
detection algorithm was used to detect the highest peak in the expected RT range for acetic
(RT=4.08, 20 second window), propionic (RT = 4.75, 20 second window), and butyric acid
(RT =5.53, 30 second window). The quality of the peaks was validated by enabling the
resolution, symmetry and peak classification parameters.

Mucosa-associated microbiome:

The QlAamp DNA minikit protocol (Qiagen, Valencia, CA) was used for DNA recovery of
the colonic mid-section. DNA was amplified targeting the V3—4 hypervariable region of the
16S rRNA gene (F:

5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG; R:
5’GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATC
C). Libraries were prepared (NexteraXT kit; Illumina) and equimolar samples pooled.
Sequencing was performed via the lllumina MiSeq platform resulting in 34 million paired-
end reads (MiSeq Reagent Kit 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 ~8 million reads. Closed reference OTU picking and green genes version 13.8
were used to produce OTUs incorporating 77% of the input reads. De novo OTU picking
was performed using AbundantOTU+ version 0.92b which incorporated 98% of the input
reads after removing chimeric and contaminant OTUs. Taxa were retained if they had =
0.005% of the total count?®. Linear mixed effect model followed by ANOVA was conducted
with Group, Infection, and Day as fixed effects and cage as a random effect?9. All P-values
were FDR corrected. Alpha diversity was assessed using Chaol and Shannon diversity
indexes (SDI) using rarefied counts. Beta diversity was assessed using PCoAs designed from
Bray-Curtis dissimilarity using Log 10 normalized counts29-30,
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Statistical analysis:

Three-way ANOVAs were used with stress exposure (i.e., stress vs. no stress), infection
exposure (i.e., C. rodentiumvs. no C. rodentium), and sac day (i.e., day 6 vs. day 12) as the
between-subjects variables. Modified Bonferroni method was used for multiplicity of
significance tests between groups. Pearson correlation analysis was performed with multiple
regression analysis to determine significant associations. An alpha level of p<.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). Combined data and analyses are shown in
the paper’s main text. Discovery and validation experimental data and analyses are shown in
supplemental figures.

Results:

Stress exposure and infection affects colonic inflammation:

Infection-challenged mice that were not exposed to the stress had low levels of C. rodentium
(approximately 1x10* CFU/g). However, exposure to stress during infection significantly
increased C. rodentium levels by approximately 100 fold on both day 6 and 12 post-
infection (Fig. 2a; p<.05). Mice exposed to the infection and the stress did not exhibit any
differences in stool consistency, weight differences, or observed overt behavioral changes.

Stress exposure regardless of infection increased iNOS, TNFa, and IL-18 mRNA levels in
the colon (Fig. 2b-d; p<.05). C. rodentium also significantly increased iNOS and TNFa
mMRNA levels regardless of stress exposure (Fig. 2b-c; p<.05). In contrast, IFN+y, IL-22, and
REG3y mRNA expression were only increased in mice exposed to stress during infection
(Fig. 2e-g; p<.05).

Exposure to the stress in the absence of C. rodentium did not impact histopathology scores
(Fig. 2h). However, histopathology scores were significantly increased in stress-exposed
mice on day 6 and day 12 post-infection when compared to non-stress exposed mice (p<.
05), even though both groups of mice were challenged with the same dose of C. rodentium.
Mice exposed to stress and C. rodentium had an average colonic pathology score of 3.17 on
day 12, which was significantly different than all other groups (Fig. 2h; p<.05). On day 6
post-infection, histopathology scores were significantly higher in mice exposed to SDR
during infection compared to mice not exposed to the stress (p<.05). Representative
histologic sections are provided in Fig. 2i-k. The effects of stress on colonic gene expression
and histopathology were similar in both discovery and validation experiments (Supplemental
Fig. 1).

SCFA levels and receptors are influenced by stress exposure:

SCFA levels were not significantly changed by C. rodentium alone, but there were
significant interactions between stress exposure and C. rodentium on acetic and butyric acid
(Fig. 3a-b; p<.05). In the absence of infection, acetic and butyric acid levels were reduced on
day 6 in stress-exposed mice compared with non-stressed mice (p<.05). However, in mice
exposed to stress during infection, acetic and butyric acid levels were significantly increased
in comparison to uninfected mice (p<.05). This increase persisted through day 12 for acetic
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acid (p<.05). Propionic acid levels were not affected by C. rodentium, but were significantly
increased in mice exposed to SDR regardless C. rodentium challenge (Fig. 3c; p<.05).

Challenge with C. rodentium reduced mRNA expression for the SCFA receptor GPR43
regardless of stress exposure (Fig. 3d; p<.05). However, the effects on GPR41 and
GPR109A were dependent on whether the mice were stress-exposed during infection (Fig.
3e-f). GPR41 mRNA was significantly reduced on days 6 and 12 in infection-exposed mice
not exposed to the stress vs infected-stress-exposed mice (p<.05). However, infected-stress-
exposed mice exposed GPR41 mRNA expression on day 12 was significantly increased in
comparison to all groups not exposed to stress (p<.05). GPR109A mRNA exposure was
significantly reduced in mice challenged with C. rodentium in the absence of stress exposure
compared to infected-stress-exposed mice (p<.05). Although there was considerable
variability when samples were analyzed separately based on whether they were collected as
part of the discovery or validation experiments, the patterns of SCFA levels and receptor
gene expression were similar in the replicate experiments (Supplemental Fig. 2).

Stress exposure and C. rodentium altered the composition of the mucosa-associated
microbiome:

Alpha diversity, which measures species diversity within a sample, was assessed using the
SDI and Chaol index. It was only significantly affected by infection and it was lower in
mice infected with C. rodentium compared to mice that were not infected (Fig. 4a-b; p<.05).
Alpha diversity was not significantly affected by stress exposure.

Beta diversity was significantly different in stress-exposed mice. The samples clustered
separately from mice not exposed to the stress regardless of C. rodentium (Fig. 4c¢) with
significant differences on PCoA axis 1 and 2 (p<.05). When samples were classified only
based upon infection, it was evident that infected mice clustered separately from uninfected
mice on PCoA axis 1 and 2 (Fig. 4d; p<.05).

Taxonomic analyses at the genus level showed main effects of stress-exposure on the relative
abundances of Akkermansia, Anaerostipes, Butyricicoccus, Coprococcus, Parabacteroides,
and SMB53that were decreased in stress-exposed mice (Supplemental Fig. 3a-f; p<.05).
Bacteroides and Butyricimonas relative abundances were decreased with stress exposure and
infection-exposure (Supplemental Fig. 3g and h; p<.05). There were also main effects of
stress-exposure on the relative abundances of Odoribacter, Sutterela, AF12, Helicobacter,
and Prevotella that were increased in stress-exposed mice (Supplemental Fig. 3i and j and
Supplemental Fig. 4a-c; p<.05). AF12, Helicobacter, and Prevotellarelative abundances
were also decreased with a main effect of infection-exposure (p<.05). Anaerococcus,
Anaeroplasma, Bradyrhizobium, Enhydrobacter, Mucispirillum, Oscillospira, Peptoniphilus,
and Roseburia relative abundances decreased with infection-exposure (Supplemental Fig.
4d-k; p<.05). Enterobacter, Flavobacterium, Flexispira, and Trabulsiella relative abundances
were increased in infected mice (Supplemental Fig. 41-0; p<.05). Similar patterns were
evident in both discovery and validation experiments (Supplemental fig. 5-8).

Multiple regression analysis indicated that the expression of GPR41 was positively
associated with inflammatory cytokines TNFa and iNOS (p<.001) and colonic
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histopathology scores (p<.001). Propionic acid was also positively associated with
inflammatory cytokines TNFa and iNOS (p<.001) and colonic histopathology scores (p<.
01), but not associated with GPR41. Analyses were performed to determine whether specific
genera were associated with SCFA levels and histopathology scores. Sequences classified at
the genus level were normalized by finding the square root of the proportion of total
sequences, followed by the arcsine of the square root. Propionic acid was positively
correlated with Sutterella (p<.001), whereas butyric acid correlated with Anaerofustis,
Anaerotruncus, Butyricicoccus, Clostridium, Coprococcus, Dehalobacterium, Dorea,
Oscillospira, and Ruminococcus (p<.006). Increases in the percentages of Dehalobacterium
and Dorea were associated with higher concentrations of acetic acid (p<.006). In addition,
there was a negative association between Parabacteroides and histopathology scores (p<.01).

Discussion:

Stress exposure has a profound effect on microbiome diversity, multiple genera, and mucosal
inflammation, which are significantly affected when mice are challenged with C.
rodeniun?=7:13.31.32. Stress prior to pathogen challenge increased the susceptibility to, and
severity of, colonic inflammation!4. Although C. rodentium levels were increased, stress led
to dysregulation of the colonic inflammatory response, which was not directly related to
pathogen load. In our previous study, we showed that administering the probiotic L. reuteri
prevented the exacerbating effects of stress on colonic inflammation, even though pathogen
levels remained high in stress-exposed micel8. This suggests that an increase in pathogen
load is not the only factor contributing to excessive inflammatory responses. In fact, using
experimental fecal transplants, we have found that the gut microbiota contribute to
dysregulation of mucosal inflammatory responses during stresst’. In the current study, stress
during infection increased inflammation and this was negatively associated with the
abundance of Parabacteroides. Interestingly, similar inverse associations have been seen in
patients with IBD where the abundance of Parabacteroides was decreased in patients with
inflammation vs healthy control groups33. The negative association between Parabacteroides
and degree of inflammation suggests this genus has protective effects in the colon, but the
exact effects are not known.

Changes in the microbiome in stress exposed mice could also be due to contamination/
coprophagy of aggressor stool. Helicobacterwas increased in stress-exposed mice, and some
species of Helicobacter can exacerbate colonic inflammation34. We cannot rule out that this
increase in Helicobacteris not due to direct contamination from the aggressor because the
microbiome of the aggressor was not assessed. It is known that Helicobacter growth can be
increased by stress-induced hormones such as epinephrine and norepinephrine32. Other
stress paradigms, such as prolonged restraint, which do not involve contamination from
other mice, also affect microbiome composition3¢. Thus, we do not believe that all of the
effects of stress exposure on microbial community composition are due to contamination/
coprophagy of aggressor stool and follow up research is necessary to understand the factors
that lead to the increase in Helicobacter.

Stress led to a decrease in known SCFA producing genera Anaerostipes, Butyricicoccus,
Coprococcus, Parabacteroides, and Butyricimonas, but an increase in Odoribacters’1,
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whereas infection led to a significant decrease in known SCFA producers Butyricimonas,
Anaerococcus, and Roseburia®*142 and increase in Enterobacter. Several studies have
suggested that SCFAs play a protective role in the intestines. For example, intestinal
inflammation improved in mice treated with butyric and acetic acid*3, and clinically, SCFA
enemas have been successfully used to treat diversion colitis and proctosigmoiditis**4°. The
benefits of SCFAs are likely due to an increase in regulatory T cells, since SCFASs given to
germ-free mice cause an increase in regulatory T cells20:46,

We showed that exposure to stress leads to a decrease in butyric and acetic acid levels, as
well as an increase in propionic acid levels after 6 days of stress exposure, but only in the
absence of the infection. In contrast, mice exposed to stress during infection had an increase
in SCFA levels, particularly on day 6. This was somewhat surprising given the importance of
SCFAs in other models, and clinical cases, of colonic inflammation. We have also seen
similar results when mice are exposed to a restraint stress, which led to decreases in acetic,
butyric, and propionic acids in the absence of infection, but increases during infection3®.
These unexpected results may be due to the nature of the C. rodentium challenge.
Inflammation starts in the cecum and spreads distally to cause mild/moderate colonic
hyperplasia in the descending colon?. In mice, the cecum is a key location for microbial
fermentation, thus, murine models of colitis that cause pancolitis may affect SCFA
production to a greater degree than C. rodentium-induced colitis, a hypothesis worth testing
in future studies.

In our study, receptor expression, rather than SCFA levels, were more directly related to the
severity of colonic inflammation. SCFAs exert their mechanism of action via G-protein
coupled receptors and through inhibition of histone deacetylases*347. Stress exposure during
infection significantly changed SCFA receptor expression. Infection led to a down regulation
of GPR41, GPR43, and GPR109A receptor expression. These mice had little evidence of
inflammation. However, mice exposed to stress during infection had significant increases in
SCFA receptors and intestinal inflammation, suggesting that SCFA receptors play a role in
stress-induced exacerbation of colonic inflammation. In particular, GPR41 had a positive
association with TNFa and iNOS mRNA, as well as histopathology. Our results suggest that
stress-induced upregulation of GPR41 contributes to enhanced disease pathology in C.
rodentium-challenged mice. A pro-inflammatory role of GPR41 is consistent with studies in
GPR41-/- mice showing significant improvements in colonic inflammation22.

It is not yet clear why SCFA levels did not significantly decrease in the colon when the
relative abundance of SCFA-producing taxa was significantly reduced. However, this may
reflect a strong limitation of studies that use 16S rRNA gene sequencing to access the
mucosa-associated microbiome. While 16S rRNA gene sequencing can identify differences
in community diversity and the relative abundance of specific bacterial genera, it is often not
predictive of bacterial function/activity8. Future studies will use additional methods to
identify microbial gene functions and metabolic activities.

The samples for this study were collected during two experiments, a discovery experiment
and a follow-up validation experiment, and data from the experiments were combined for
our primary analysis. Although the majority of findings showed the same patters when
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discovery, validation, and combined data were assessed, the results from the discovery
samples (which contained an n=3) did not match the validated samples when comparing
Citrobacter quantification, butyric acid, propionic acid, and GPR109A. When considered
together, the findings support previous findings indicating that stress-induced changes of the
mucosa-associated microbiome influence colonic immune responses. Because the
exploratory nature of this study, further in depth investigations is warranted to confirm the
important implications for Gl illnesses and conditions that are associated with differences in
the gut microbiome (such as IBD or FGIDs) and are often worsened during stressful periods.
It was predicted that bacterial-produced SCFAs would be directly correlated with disease
severity. However, only changes in the SCFA receptor GPR41 were directly related to
colonic inflammation. Our results, along with findings that GPR41-/- mice have reduced
colonic inflammation22 have led us to surmise GPR41 plays an important role in linking the
gut microbiome to stress-induced exacerbation of colonic inflammation. Ongoing studies are
utilizing additional models of murine inflammation that are similar to IBD, and are
prospectively assessing IBD and FGID patients, to better understand the effects of stress on
the microbiome and metabolome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Whats is Known:

. Inflammatory bowel diseases (IBD) and functional gastrointestinal disorders
(FGID) are worsened with stress exposure and both involve a dysbiotic
microbiome.

. Stress exposure has been shown to change the composition of the gut

microbiome and worsen intestinal inflammation.
What is New:

. Social stress induced an upregulation of GPR41 and was associated with
colonic inflammation.

. The relative abundances of short chain fatty acid producing bacteria and short
chain fatty acid levels were significantly affected by exposure to social stress.

. Negative associations between histopathology scores and the abundance of
Parabacteroides in this study are similar to associations seen in IBD patients.
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Figure 1: Experimental design
a and b. Mice were exposed to the stress for 6 nights in a row. After the first exposure to

SDR, half of the stress exposed and half of non-stress exposed mice were challenged with
Citrobacter rodentium by oral gavage. Half of the mice exposed to SDR were euthanized the
morning after the 61 night of SDR. The other mice exposed to SDR were euthanized on 12
days post-challenge. The non-stress exposed mice were euthanized at the identical time
points. N=9 mice per group.
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Figure 2: Stress exposure increased C. rodentium levels and inflammation
a. Citrobacter rodentium levels increased with stress (p<.05). b and c. iINOS and TNFa main

effect of stress and infection exposure (p<.05). d. IL-1p main effect of stress exposure (p<.
05). e. IFNy *p<.05 stress x infection interaction. f. IL-22 *p<.05 stress X infection
interaction. g. REG3y *p<.05 stress X infection interaction. h. Histopathology *p<.05 vs no
infection same day. i-k. Representative images i. mild inflammation, infection exposed
euthanized day 6. j. moderate inflammation, infection and stress exposed euthanized day 6.
k. severe inflammation, infection and stress exposed euthanized day 12. 20X magnification.
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Figure 3: C. rodentium and stress exposure affects SCFA levels and SCFA receptor expression
a. Acetic acid analysis *p<.05 stress x infection interaction. b. Butyric acid analysis *p<.05

stress X infection interaction. c. Propionic acid analysis main effect of stress (p<.05). d.
GPRA43 receptor expression gPCR analysis main effect of infection exposure (p<.05). e.
GPRA41 receptor expression gPCR analysis *p<.05 stress x infection interaction. f.
GPR109A receptor expression qPCR analysis *p<.05 stress x infection interaction.
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Figure 4: Stress exposure and infection effected alpha and beta diversity
a. SDI decreased when exposed to the infection (*p<.05). b. Chaol diversity decreased when

exposed to the infection (*p<.05). c. All samples depicted on a PCoA separated by stress
exposure. Mice exposed to the stress (black circle around) clustered separately from not
exposed to the stress regardless of infection, significant PCoA axis 1 and 2 (p<.05). d. All
samples depicted on a PCoA separated by infection. Mice challenged with the infection
clustered separately from mice not exposed to the infection (black circle around) regardless

of stress exposure had a significant PCoA axis 1 and 2 (p<.05).
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