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Abstract

The effect of feeding C57BL/6 mice white button (WB) mushrooms or control (CTRL) diets for 6 wk was determined on the
bacterial microflora, urinary metabolome, and resistance to a gastrointestinal (Gl) pathogen. Feeding mice a diet containing
1 g WB mushrooms/100 g diet resulted in changes in the microflora that were evident at 2 wk and stabilized after 4 wk of
WB feeding. Compared with CTRL-fed mice, WB feeding (1 g/100 g diet) increased the diversity of the microflora and
reduced potentially pathogenic (e.g., Clostridia) bacteria in the Gl tract. Bacteria from the Bacteroidetes phylum increased
and the Firmicutes phylum decreased in mushroom-fed mice compared with CTRL. The changes in the microflora were
also reflected in the urinary metabolome that showed a metabolic shift in the WB-fed compared with the CTRL-fed mice.
The WB feeding and changes in the microbiome were associated with fewer inflammatory cells and decreased colitis
severity in the Gl mucosa following Citrobacter rodentium infection compared with CTRL. Paradoxically, the clearance of
C. rodentium infection did not differ even though /fn-y and //-17 were higher in the colons of the WB-fed mice compared
with CTRL. Adding modest amounts of WWB mushrooms (1 g/100 g diet) to the diet changed the composition of the normal
flora and the urinary metabolome of mice and these changes resulted in better control of inflammation and resolution

of infection with C. rodentium. J. Nutr. 143: 5626-532, 2013.

Introduction

Medicinal mushrooms have been used either whole or as
extracts in traditional Oriental therapies. Numerous bioactive
components have been identified and mushroom extracts are
sold worldwide as dietary supplements and make up an over 5
million dollar industry in the US. Understanding the mechanisms
by which mushrooms affect health is complicated by mushroom
variety and the differing purities and compositions of extracts
being tested. There is evidence that edible mushrooms and/or
mushroom extracts regulate the immune system (1,2). The
changes in immune function of healthy mice are small when
ingesting mushrooms (1-10 g/100 g of the diet) (2,3). Chemical
injury induced the production of TNFa and a protective effect of
white button (WB)® mushroom feeding on dextran sodium
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sulfate (DSS)-induced colitis was evident but only after the
injury (3). Understanding how edible mushrooms affect health
and disease is an active area of research.

A population of nearly 100 trillion microbiota (between 500
and 1000 different species) inhabits the human gut (4). Unlike
the genome of a single organism, the metagenome (the combined
genomic content of the intestinal flora) can rapidly vary as a
function of diet, location, and a variety of other factors. The gut
microbiota is essential for normal immune system development,
displacement of pathogens, and extraction of additional energy
(e.g., SCFAs) from otherwise nondigestible dietary substrates
(5-7). Highlighting the importance of the gut microbiota, numer-
ous human diseases and conditions have been attributed to a
substantial change in the normal gut microbiota homeostasis
(6). For example, inflammatory bowel disease (IBD) is associ-
ated with an overgrowth of bacteria that cause severe intestinal
inflammation (8). Patients with active IBD have less diverse
microbial communities than healthy controls (9).

The composition of the gastrointestinal (GI) microflora is a
critical determinant of the severity of experimental colitis in
many models, including DSS colitis (10). DSS treatment of mice
induces inflammation in the GI tract and the inflammation is
most notable in the colon (11). Colitis induced in the DSS model
is characterized by the local overproduction of cytokines and
then repair of the mucosa and recovery of the mice (12,13).
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Feeding mice diets that contained 1-2 g WB mushrooms/100 g
diet resulted in protection from DSS colitis and a decreased time
to recovery (3). In addition to protecting the gut from chemical
injury, the microflora protects the GI tract by preventing in-
fection. Citrobacter rodentium is an extracellular enteric path-
ogen that causes a disease in mice that resembles human
enteropathogenic Escherichia coli. In addition, C. rodentium
infection in mice has been used as a model of IBD, where the
infection causes inflammation in the gut and the inflammatory
mediators, including inducible NO synthase, TNFa, and
IL-12, are all important for regulating the extent of pathology
in the gut (14). Infection and resolution of infection with C.
rodentium in mice are affected by host immunity and the
bacterial communities found in the gut (15).

We hypothesized that the beneficial effects of WB feeding
might be due to alterations in the composition of the microbial
flora. We tested the hypothesis using a model of colitis (C.
rodentium infection), where changes in the composition of the
microbial flora have been clearly shown to affect the develop-
ment of colitis symptoms (15,16). Compared with control
feeding, WB feeding resulted in changes to the composition of
the GI microflora, cathecholamine metabolism, and improved
resolution of GI inflammation following an enteric infection.

Materials and Methods

Mice. C57BL/6 male and female mice were bred and maintained at The
Pennsylvania State University. The C57BL/6 breeders were originally
from the Jackson Laboratories. Groups of 6- to 7-wk-old mice were used
for experiments and all of the mice came from 1 of 2 breeding females.
Experiments used both female and male mice or just male mice as
indicated. Several factors are known to affect the composition of the
microflora, including maternal factors and sex. Only male mice were
used for some experiments to eliminate the sex effects on the microbiome.
Groups of 6-8 mice were used in each experiment. All experimental
procedures using mice were approved by the Office of Research Protection
Institutional Animal Care and Use Committee at The Pennsylvania State
University.

Diet. At baseline, mice were fed nonpurified rodent diets from LabDiet
5001 (Animal Specialties and Provisions). For experiments, mice were
started on purified diets complete for all nutrients as previously described
(17,18). Commercially available Agaricus bisporous (or common name
WB) mushrooms were obtained from Modern Mushroom Farm. The
whole mushrooms were freeze-dried and ground into a fine power. One-
half of the mice were fed synthetic diets made in the laboratory [control
(CTRL)], as previously described, and the other half of the mice were fed
the CTRL diet with 1 g WB/100 g CTRL diet (3,18,19). Consistent with
the literature (2,3), there was no effect of WB feeding on the weight of
the mice. Mice were placed in a clean cage without bedding for several
minutes to collect feces left in the cages. Feces, spot urine samples, and
blood were collected at the start of the diet treatment (time 0) and every
2 wk for a total of 6 wk.

Denaturing gradient gel electrophoresis. Total DNA was isolated
from fecal samples using a QIAmp DNA stool minikit (Qiagen). Ex-
tracted fecal DNA was amplified with universal 16S rDNA primers that
target the V3 region of the 16S rDNA, which is highly conserved across
bacterial species (20). Denaturing gradient gel electrophoresis (DGGE)
was performed with a DCode, Universal Mutation Detection System
(Bio-Rad). PCR products were loaded onto the gel. The electrophoresis
conditions were selected based on the results of perpendicular DGGE
and setat 18 hat 70 Vin a linear 30-60% denaturing gradient. Gels were
analyzed using GelCompar II software (Applied Maths). The percent
similarity (number of bands, location, and density) between different
lanes was compared and used to generate clustering analysis that reports
on similarity in DGGE banding patterns between samples. Standards

(STDs) were Clostridium propionicum (ATCC strain 25522), Lactoba-
cillus murinus (ATCC strain 35020), and Parabacteroides distasonis
(ATCC strain 8503). The STDs were DGGE bands generated from DNA
isolated from purified cultures of the 3 organisms and were used so that
gels run on different days and with different samples could be compared
with each other based on the migration of the STDs. The STDs ran from
top to bottom: P. distasonis, L. murinus, and C. propionicum.

Metagenomic analysis. Four DNA samples from 2 male CTRL-fed
and 2 male WB-fed mice at 6 wk, when the DGGE profiles suggested that
there were no longer changes in the microflora with diet, were sequenced
on a 454 Titanium sequencer. The low numbers of samples sequenced
was due in part to the high cost needed for sequencing. The other
rationale for the low numbers of samples sequenced was that useful
information could be determined using few samples. The goal of the
metagenomic sequencing was to confirm the DGGE analysis that showed
a change in the microflora with WB feeding and to give new information
on the possible changes in phyla and class that occurred with WB
feeding. The sequences obtained were analyzed using the MOTHUR
software (21); all analysis scripts and datasets are available on the Penn
State Bioinformatics Consulting Center Web site (22). The sequencing
reads were filtered to remove reads that had an average read quality of
<35. This initial filtering removed ~30% of the reads, leaving 176,122
reads distributed over the 4 samples. Two additional read quality
filtering steps were done. First, potential chimeric reads were removed
(ChimeraSlayer developed by Broad Institute) and a preclustering step
was applied that merged reads due to pyrosequencing errors. At the end
of the quality filtering steps, 130,232 reads were retained and the read
counts for each group were from 22,827 to 46,692 reads. To determine
operational taxonomic units (OTUs), the filtered data were aligned via
MOTHUR and against the SILVA 16S rRNA database containing 14,956
prealigned representative bacterial references. The resulting alignments
were then clustered according to the furthest neighbor distance metric.
For phylotyping analyses, the filtered data were classified using the
SILVA taxonomy with the Bayesian classification method implemented
in MOTHUR.

Rarefaction curves showed support for the use of the 99% level
sequence similarity for further downstream analysis. At this similarity
measure, 47,000 distinct OTUs were detected. The robustness of the
samples corresponding to biological replicates was determined using the
Jaccard and Bray Curtis similarity measures. The Berger-Parker index
was measured to determine the abundance as a percent of the OTU with
the highest counts.

Metabolomic analysis. Spot urines were collected from mice fed CTRL
or WB diets for 6 wk and profiled using ultra-performance liquid
chromatography coupled with electrospray ionization quadrupole time-
of-flight MS operating in positive ionization mode (Waters). Samples
were prepared by diluting the urine samples with an equal volume of
HPLC-grade water, vortexing, and centrifuging at 4°C at 14,000 X g
to remove any particulates. The supernatant was transferred to an
autosampler and samples were profiled as described (23) using a Waters
ultra-performance liquid chromatography coupled to a Synapt G2S mass
spectrometer (Waters). Peak alignment, deconvolution, and normaliza-
tion were performed using MarkerLynx (Waters) and exported for
analysis by SIMCA P13+ (Umetrics). Supervised orthogonal projection
to latent structures was used to visualize the data and identify dis-
criminating variables. Metabolite identities are based on searching
against the Human Metabolome Database (24) or Metlin (25). Tandem
MS was used to provide further structural information. In this case,
collision energies were ramped from 15 to 45V while selecting for the ion
of interest.

C. rodentium infection. There were no sex differences [(26) and data
not shown] in resistance to C. rodentium in C57BL/6 mice, but because
of the male/female differences in the metabolome, only male mice were
used for the C. rodentium infections. Male mice that were fed WB and
CTRL diets for 6 wk were infected with C. rodentium and 3 mice each
were killed by CO, asphyxiation on d 10 and 14 postinfection. The C.
rodentium strain ICC169 was a kind gift of Gad Frankel (London School
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of Medicine and Dentistry). For inoculations, bacteria were grown
overnight in Luria Bertani broth containing 0.05 g/L nalidixic acid/mL
(EMD Chemicals). Five X 10° CFU were gavaged orally to each mouse.
Mice were individually housed for the C. rodentium infection to avoid
shedding mice from infecting or reinfecting littermates. On d 10 and 14
postinfection, feces were collected, weighed, and suspended in PBS.
Serial dilutions were plated onto nalidixic acid-containing plates.
Bacterial colonies were counted after 24 h.

Colonic mRNA analyses. The proximal colon was collected and
weighed and mRNA was extracted using an RNeasy mini kit (Qiagen).
c¢DNA was reverse transcribed and real-time PCR was conducted using a
ABI 7500 Fast RT PCR machine (Applied Biosystems). The analyses
included Ifn-y, I-12, II-17, 1I- 22, 1I-23, and Gapdh expression.

Histological analysis of colon tissue. The terminal colon was
removed and fixed in 10% formalin. Paraffin-embedded sections were
prepared and stained with hematoxylin and eosin at The Pennsylvania
State University. For histological grading of colitis, 6 criteria were used:
cryptitis, goblet cell hyperplasia, inflammation, erosion, ulcers, and
edema. The lesions were scored from 0 to 4, where 0 = no colitis/
epithelial thickening; 1 = increased number of leukocytes in the mucosa
and/or slight epithelial cell hyperplasia; 2 = multiple loci of inflamma-
tion, leukocytic infiltration of mucosa and submucosa and/or pro-
nounced epithelial cell hyperplasia (2- to 3-fold increase in crypts); 3 =
extensive leukocytic infiltrate in mucosa, submucosa, ulceration, deple-
tion of mucin-secreting goblet cells, and/or marked epithelial cell
hyperplasia (3- to 10-fold increase in crypts); and 4 = extensive
transmural leukocytic infiltrate, crypt abscesses, and/ or marked epithe-
lial cell hyperplasia (crypts >10-fold or greater).

Statistics. Two-tailed Student’s ¢ tests were used to calculate differences
between CTRL and WB groups for the metabolomics analyses. Males
and females were tested separately for cinnamoylglycine, dopamine
glucuronide, and hippuric acid variables only. Two-way ANOVA with
Bonferroni post hoc tests were used to calculate diet X time effects for all
of the other analyses using Prism software (GraphPad). Variables with
unequal variance (several of the cytokine mRNA values) were log-
transformed to normally distribute them prior to evaluating the data for
significance by ANOVA. Pearson chi-square goodness-of-fit tests were
done for metagenomic analyses. P = 0.05 was considered significant.
Values are presented as mean * SE.

Results

DGGE banding patterns. The DGGE banding patterns of
individual mice fed a nonpurified diet at baseline had banding
patterns that showed 70 % similarity across the samples (Fig. 1A,
B) (lanes 1-8). Mice fed the CTRL (lanes 1-4) or WB (lanes 5-8)
diet for 2 wk experienced a shift in the bacterial species in their
feces that is reflected in a change in the detectable DGGE bands
(Fig. 1A). The CTRL DGGE banding patterns were 78-99%
similar to each other (CTRL lanes 1-4) and the WB DGGE
banding patterns were 77-95% similar to each other (WB lanes
5-8) (Fig. 1B). Male mice (95-99 % similarity; WB lanes 5 and 6,
CTRL lanes 1 and 2) had greater similarity to each other than
female mice (77-78% similarity; WB lanes 7 and 8, CTRL lanes
3 and 4) at 2 wk fed either the WB or CTRL diet (Fig. 1B).
Samples from mice fed the same diets or at baseline were more
similar to each other than to samples from mice in the other
groups (Fig. 1B). WB mushrooms altered the composition of the
microflora at 2 wk (Fig. 1B). The diet effects persisted at 4 and
6 wk, with WB and CTRL DGGE banding patterns being more
similar within groups than across groups (data not shown).
Changes in diet resulted in alterations in the DGGE banding
patterns of bacterial DNA in the feces.
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FIGURE 1 The DGGE banding pattern of bacterial DNA collected
from the feces of mice at baseline and 2 wk after feeding 1 g/100 g
WB or CTRL diets. (A) DGGE of the fecal bacterial DNA from 4 male
(lanes 1, 2, 5, and 6) and 4 female (lanes 3, 4, 7, and 8) mice at B and 2
wk after they were switched to CTRL (lanes 1-4) or WB (lanes 5-8)
diets. (B) Cluster analysis shows the relatedness of the banding
profiles of the DGGE gels at B and after 2 wk of CTRL or WB feeding.
The experiment was conducted using 8 mice and n = 4 samples/group
and time point. One representative of 2 experiments is shown. B,
baseline; CTRL, control; DGGE, denaturing gradient gel electrophore-
sis; STD, standard; WB, white button.

Metagenomic analyses. To identify which phyla/classes of
organisms were shifting in response to WB feeding, 2 of the
DNA samples from each CTRL and WB group were sequenced.
Because of the greater similarity of male samples to each other
(Fig. 1), samples from male mice were sequenced. Jaccard and
Bray Curtis similarity measures showed that microbial commu-
nities from the CTRL-fed samples were more similar to each
other than the microbial communities found in the WB-fed
samples. These analyses confirmed the less quantitative analyses
using a larger number of mice and at different time points by
DGGE (Fig. 1B). For further analyses, the 2 biological replicas
were combined. The Berger-Parker index suggested that the
CTRL group had substantially higher dominance than the WB
group. Because the total numbers of sequences were close to being
equal between the WB and CTRL groups, the results suggested
that the CTRL group contained microbial communities that were
less diverse than those present in the WB-fed group.

The frequencies of the bacteria at the phylum level present in
the WB and CTRL samples after 6 wk showed that Firmicutes
species were decreased in the WB-fed group (Fig. 2A). The
decrease in Firmicutes phylum was associated with an increase
in Bacteroidetes and the presence of Verrucomicrobia that was
unique to the WB-fed mice. The data were plotted to show
significant changes in the number of sequences identified in each
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FIGURE 2 Bacterial metagenomic analysis of the phylum and
class level differences evident in the DNA isolated from the feces of
2 male mice fed CTRL or 2 male mice fed WB diets for 6 wk. (A) The
frequency of the different phyla sequenced from CTRL- and WB-fed
mice. (B) Relative change in the class of bacteria found in WB-fed
mice relative to CTRL. Values are the mean frequencies of the
bacterial sequences from 2 mice in each treatment group. Values
that are negative show class-level species that are inhibited by WB
feeding. Values that are positive show class-level species that are
more prevalent in WB-fed mice. Only significant changes are
graphed (P < 0.001). CTRL, control; WB, white button.

phyla, order, and class as a result of the diet, and the class level
plot is shown (Fig. 2B). The data were scaled logarithmically
on the vertical axis to allow high and low abundance changes on
the same plots. At the class level, bacteria belonging to the
Erysipelotrichi, Deferribacteres, and Clostridia classes were de-
creased in the gut by the WB diets along with increased populations
of Mollicutes, Epsilon-, Delta-, and Gamma Proteobacteria, and
Verrucomicrobia.

Urinary metabolome. Principal component analysis showed
that the WB diets altered the urinary metabolome in male (Fig.
3A) and female (Fig. 3B) mice. Interestingly, male samples
showed more variability than females (Fig. 3A), as indicated by
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the increased scatter of the urine samples collected from males.
Metabolites putatively identified by accurate mass and tandem
MS fragmentography included hippuric acid, dopamine glucu-
ronide, and cinnamoylglycine (Fig. 3; Table 1). Hippuric acid
was identified as 105.034+ (hippuric acid fragment), 202.049+
(hippuric acid sodium adduct), and 180.066+ (hippuric acid)
(Fig. 4; Table 1). Dopamine glucuronide was identified as the
metabolite corresponding to 330.117+ and cinnamoylglycine
was identified as the metabolite corresponding to 228.065+ (Fig.
4; Table 1). The concentrations of dopamine glucoranide were
significantly higher in the WB-fed male and female urine
samples, whereas the concentrations of hippuric acid were
significantly higher only in males (Fig. 4).

C. rodentium infection. The weights of CTRL- and WB-fed
mice did not differ following C. rodentium infection. There were
no differences in the numbers of C. rodentium in the feces of
WB- and CTRL-fed mice at either d 10 or 14 postinfection (Fig.
5A). CTRL mice had significant induction of inflammation and
hyperplasia in the colon at d 10 postinfection (Fig. 5B). Severe
inflammation and an ulcer were found in CTRL sections at d 10
postinfection (Fig. 5B and Supplemental Fig. 1). There was
significantly more inflammation in the d 14 than in the d 10
histopathology sections from both groups (Fig. 5C). In addition,
significantly more severe colitis was noted in colons of the
CTRL-fed mice compared with those of WB-fed mice (at both d
10 and 14 postinfection) (Fig. SC). A DGGE analysis of the
changes in the microbiota at d 14 postinfection showed that
samples from the WB-fed mice clustered together (84% similar-
ity) and separately (68% similarity between WB and CTRL)
from the CTRL group (Supplemental Fig. 2).

Cytokine mRNA expression. I1l-22 and II-23 did not differ in
colons from the CTRL- and WB-fed mice, nor did they change
with time (Fig. 6A,B). II-12 mRNA was not different in colons
from WB-fed mice compared with CTRL-fed mice at d 10
postinfection and the expression was higher at d 10 than 14
postinfection in the colons of the WB-fed mice (Fig. 6C). Ifn-y
mRNA was higher at d 14 postinfection compared with d 10
postinfection and higher in the WB samples compared with
CTRL (Fig. 6D). II-17 did not change between the d 10 and 14
time points but was significantly higher in the colon from
WB-fed mice compared with CTRL (Fig. 6). At 10 d postinfec-
tion, II-12 was produced that corresponded with the increased
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FIGURE 3 The urinary metabolites in male and female mice fed WB or CTRL diets for 6 wk. The scatter plot from the orthogonal projection to
latent structure analysis is shown for urine samples from male WB-fed and CTRL-fed mice (A) and female WB-fed and CTRL-fed mice (B).
Variables having a p(corr)[1] value >0.8 or <—0.8 are shaded gray in the loadings plots from males (C) and females (D). Variables depleted in
WB-fed males did not meet the cutoff criteria and are therefore not shown. p[1] is a measure of covariance and p(corr)[1] a measure of model fit.
White circles indicate variables that met the cutoff criteria in one gender but not the other. Variable labels I, II, Ill, IV, and V are described in Table
1. Values for A and B are individual data points for n = 4-6 mice/group and treatment. CTRL, control; PC, principal component; WB, white button.
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TABLE 1
diets for 6 wk by tandem MS fragmentography'

Putative identities of urinary metabolites in mice fed 1 g WB mushrooms/100 g and CTRL

Variable Observed m/z Retention Empirical Mass Putative
identification [M+H]+ time formula error identification
min ppm
| 105.034 22 C7H50 0 Hippuric acid fragment
Il 202.049 2.2 C9HINO3Na 7 Hippuric acid [Na*] adduct
Il 180.066 22 C9H10NO3 2 Hippuric acid
vV 330.117 0.3 C14H20NO8 4 Dopamine glucuronide
\% 228.065 39 C11H11NO3Na 8 Cinnamoylglycine

[Na*] adduct

" CTRL, control; WB, white button.

Ifn-y response at d 14 (Fig. 6). Conversely, I-22 and 1I-23 were
produced at constant levels between d 10 and 14 (Fig. 6). Colons
from WB-fed mice had more Ifn-y and II-17 than those from
CTRL-fed mice (Fig. 6).

Discussion

Feeding mice modest amounts of WB mushrooms protected the
gut from injury and hastened the resolution of inflammation
following infection with C. rodentium. Previously, we reported
that WB feeding resulted in protection from DSS-induced colitis
(3). In this study, the beneficial effects of WB feeding were
evident in a second model of Gl injury (infection). The effects of
the WB feeding are likely due to shared protective mechanisms
present in both models. For both DSS colitis and C. rodentium
infection, the composition of the GI microflora is critical for
determining host susceptibility.

There was no effect of the WB feeding on the numbers of C.
rodentium isolated from the feces. Therefore, the WB-mediated
effect is not a result of more rapid clearance of the pathogen.
Instead, protection corresponded to the increased diversity of
the microflora in the gut of WB-fed mice. The Bacteroidetes
phylum increased and Firmicutes phylum, including Clostridia,
decreased following WB feeding. IBD is associated with an
overgrowth of bacteria that cause severe intestinal inflammation
(8). Patients with active IBD have less diverse microbial
communities than healthy controls (9). Treatments that alter
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FIGURE 4 Urinary metabolites identified from o4
Table 1 by accurate mass and tandem MS fragmen- e 2
tography in 6-wk-old male and female mice fed WB )
or CTRL diets, n = 4-6 mice/group. (A D) DG, (B,E) oo
HA, and (C,A) C. A, B, and C are males and D, E, and
F are from females. Values are individual data points
and mean = SE of n = 4-6 mice/group and D
treatment. *WB-fed mice different from CTRL-fed 210,
mice, P < 0.05 (2-tailed Student’s t test). C, 58 o
cinnamoylglycine; CTRL, control; DG, dopamine % 6
glucronide; HA, hippuric acid; WB, white button. =} 4
e
8o

the composition of the gut microflora have been shown to be
effective in some patients with IBD (27).

The intestinal microbiota also controls susceptibility to C.
rodentium infection in mice (16,28). Others have reported that
lower numbers of the Bateroidetes phylum corresponded to
increased susceptibility to C. rodentium (28) and the WB
treatment increased the numbers of Bateroidetes. Also indicative
of a shift in the bacterial microflora are the changes in hippuric
acid and cinnamoylglycine in the urine of WB-fed mice.
Germfree mice have been shown to have higher concentrations
of tryptophan and lower concentrations of hippicuric acid and
cinnamoylglycine than conventional mice, suggesting that
changes in these metabolites are indicative of changes in the
bacterial microflora (29). The increased frequency of Bateroi-
detes and greater diversity of the microflora in the WB-fed mice
(compared with CTRL fed) was associated with the protection
and healing of the GI tract.

Dopamine metabolites and tryptophan concentrations in-
creased in the urine of WB- compared with CTRL-fed mice.
Dopamine is produced from tryptophan and mushrooms have
been shown to be a source of several indole compounds,
including tryptophan (30). In addition, inflammatory cytokines
induce production of catecholamines, which, like dopamine,
increase the growth of E. coli in vitro and in vivo (31). The
growth of C. rodentium, however, was not affected by WB
feeding in vivo even though higher amounts of catecholamine
metabolites were found in the urine. Instead, the increase in
catecholamines may have been the result of increased inflam-
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FIGURE 5 The shedding of C. rodentium in the feces and histopathology scores of male mice fed WB or CTRL diets for 6 wk. (A) The numbers
of C. rodentium isolated from the feces of CTRL- and WB-fed mice at d 10 and 14 postinfection. (B) A representative histopathology section
(provided in color as Supplemental Fig. 1) of the colons of CTRL- (scored 3) or WB- (scored 2) fed mice at d 10 postinfection. *An ulcer in the
section from the CTRL-fed mouse. No ulcers were found in WB sections of the colon. (C) A summary of the histopathology scores given for
CTRL- and WB-fed mice d 10 and 14 post-C. rodentium infection. One representative experiment of 2 experiments is shown. Values are
individual data points and mean = SE of n = 3-6 mice/group and treatment. CTRL, control; WB, white button.

mation (Fig. 6). Among the changes noted with WB feeding were
several metabolites linked to catecholamine metabolism that are
key hormones in the control of inflammation and bacterial
growth (32).

Inflammation itself affects the microbial flora. Acute inflam-
mation provides substrates that Salmonella and other pathogens
can utilize to out-compete commensal organisms in the gut (33).
WB-fed mice expressed significantly more of the inflammatory
cytokines IL-12, IFNy, and IL-17 in the colon compared with
CTRL-fed mice. More inflammation might contribute to the
shifts in the microbiome. However, this is a paradoxical
finding, because there were fewer immune cells in the histopa-
thology sections from WB-fed mice but higher expression
of IFNy and IL-17 mRNA. Germfree mice are unable to
eradicate C. rodentium infection but do resolve the inflamma-
tion at the same rate as conventional mice (16). Therefore, the
rate of C. rodentium clearance does not correspond to the
generation or kinetics of inflammation but instead to the changes
in the microflora (16). Previously, it was shown that WB feeding
protected against colonic injury in DSS colitis and the protec-
tion was associated with an increase in TNFa production (3).

Therefore, the WB diet increased the local expression of inflam-
matory cytokines in vivo and the increased production of these
inflammatory cytokines is associated with a change in the
bacterial flora that results in the more rapid repair of the injury.
The mechanisms whereby this might occur warrant further
investigation. WB feeding in 2 different models was associated
with increased production of inflammatory cytokines and
protection from injury (3).

The immune system and the GI microflora respond to
changes in the diet. WB feeding increased the local inflammatory
response, stimulated the production of catecholamines and their
metabolites, and changed the composition of the gut flora. The
mechanisms that result in the biological changes that occur with
WB ingestion are likely to include direct stimulation of the
innate immune systems that produce inflammation and affect
the composition of the gut flora. It seems that WB feeding has a
very specific and localized effect on the gut. Small increases in
inflammatory cytokines induce changes in catecholamines and
the complexity and composition of the microbial flora but do
not alter the rate at which an enteric pathogen is cleared. The
results raise a number of interesting areas for future investiga-
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FIGURE 6 The colonic mRNA expression of inflammatory cytokines in C. rodentiumrinfected male WB- or CTRL-fed mice. Relative amount of
mRNA for 1-22 (A), 1I-23 (B), II-12 (C), Ifn-y (D), and II-17 (E) to Gapdh expression in each sample. Values are in mean = SE, n = 3 mice/group and

time point. CTRL, control; WB, white button.
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tion, including the kinetics and longevity of the WB-feeding
effects. Consuming WB mushrooms might improve GI health by
limiting the damage that occurs following injury or infection.
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