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Chronic stress is known to promote inflammatory bowel disease
(IBD), but the underlying mechanism remains largely unresolved.
Here, we found chronic stress to sensitize mice to dextran sulfate
sodium (DSS)-induced colitis; to increase the infiltration of B cells,
neutrophils, and proinflammatory ly6C" macrophages in colonic
lamina propria; and to present with decreased thymus and mesen-
teric lymph node (MLN) coefficients. Circulating total white blood
cells were significantly increased after stress, and the proportion of
MLN-associated immune cells were largely changed. Results showed
a marked activation of IL-6/STAT3 signaling by stress. The detrimen-
tal action of stress was not terminated in IL-6~/~ mice. Interestingly,
the composition of gut microbiota was dramatically changed after
stress, with expansion of inflammation-promoting bacteria. Further-
more, results showed stress-induced deficient expression of mucin-
2 and lysozyme, which may contribute to the disorder of gut micro-
biota. Of note is that, in the case of cohousing, the stress-induced
immune reaction and decreased body weight were abrogated, and
transferred gut microbiota from stressed mice to control mice was
sufficient to facilitate DSS-induced colitis. The important role of gut
microbiota was further reinforced by broad-spectrum antibiotic
treatment. Taken together, our results reveal that chronic stress
disturbs gut microbiota, triggering immune system response and
facilitating DSS-induced colitis.

chronic stress | DSS-induced colitis | immune reaction | gut microbiota |
mucin-2

nflammatory bowel diseases (IBDs), including Crohn’s disease

(CD) and ulcerative colitis (UC), are chronic disabling gas-
trointestinal (GI) disorders, impacting the quality of patients’
lives and creating a great challenge to health care systems. IBD
has a high rate of prevalence in the Western world and in East
Asia, and the disease has drawn wide attention (1). Factors be-
hind the increase in IBD are thought to be city living and con-
sumption of convenience food. However, the stressful modern
lifestyle also contributes much to IBD. Stress, a feeling of being
overwhelmed, worried, or run down, cannot be avoided in the
present competitive world. Even though stress is important for
people’s rapid reaction to threats, chronic stress is associated
with detrimental effects on physical health and adversely affects
the immune, neuroendocrine, and central nervous systems,
promoting the progression of diseases such as cancer and IBD
(2, 3). Many studies have found an association between IBD and
psychiatric diagnoses, and IBD was even classified as a psycho-
somatic disorder (4), but the mechanisms behind it are less
clearly understood.

The GI tract is an extremely complex ecosystem generated by
the alliance of GI epithelium, mucus layer, immune cells, and
resident microbiota (5). Under physiological conditions, the GI
immune system develops tolerances and balances the appropri-
ate responses to threatening pathogens and commensal bacteria.
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Although the etiology remains unclear, IBD is thought to be
caused by a hyperactive immune system attacking the GI tract,
causing inflammation and ulceration (6). The degree of immune
activation and the level of proinflammatory cytokines are linked
to the severity of IBD. Unfortunately, the positive effect of
immune-suppressor or antiinflammatory treatment is modest,
and IBD remains notoriously difficult to treat. Recently, instead
of assuming that the immune system is inherently faulty as a
result of genetics or environment, gut microbiota is being
thought to be the factor that provokes the immune system, and it
is accepted that disturbance of the microbiota—host relationship
is associated with IBD (7, 8). The gut is colonized by ~1 x 10™
cfu of bacteria, almost 10 times the amount of host cells (9).
Even though the composition of the microbiota remains rela-
tively constant throughout adult life, it could be influenced by
many factors that then influence the host’s health status. Diet
with or without fiber (10), whole grain (11), or emulsifiers (12)
can alter gut microbiome composition, which essentially con-
tribute to the state of the host’s inflammation and metabolic
syndrome. Regardless of diet, loss of the immune-related sensors
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type I IFN (13), TRAF6 (14), and AIM2 (15) appear to exert
their effects on colitis or colitis-related cancer affecting the gut
microbiome. The crucial role of the gut microbiome in IBD has
been powerfully confirmed by the beneficial effect of fecal
microbiota therapy (FMT) (16, 17). Others also reported that
microbiota transfer could endow the recipient with the donor’s
response to therapy (18) or even the longevity (19). Growing
evidence has also linked depression or stress to microbial dys-
biosis (20, 21). However, a causal relationship between microbial
dysbiosis and detrimental effects of stress has never been eluci-
dated, and little is known about the interactions among micro-
biota, GI epithelium, and the immune system after stress in IBD.
A more detailed understanding of the interactions should cer-
tainly provide insight into the disease state and will direct future
clinical research in this area.

Herein, we observed that chronic stress induced low-grade in-
flammation and accelerated progression of DSS-induced colitis.
The effect was associated with an increased immune response as
well as increased proinflammatory cytokines. By cohousing or
antibiotic treatment, we found that the perturbed microbial flora
was the real mechanism behind the IBD-promoting effect of
chronic stress.

Results

Chronic Stress Facilitated the Development of Colitis. It is increasingly
understood that chronic stress needs to be tightly controlled be-
cause, even though acute stress is beneficial, prolonged stress has
deleterious effects. To assess the possibility that chronic stress can
promote colitis, we used an established model of colitis induced by
DSS. Before the administration of DSS, mice were subjected to a
well-established chronic stress paradigm (22) for 1 mo. After 1 mo
of continuous stress, the weight of mice was significantly decreased
compared with the normal group, and the immobility times in a tail
suspension test (TST) and forced swim test (FST) were significantly
increased, indicating depression-like behavior (Fig. 14). In normal
treated conditions, DSS induced colitis in mice, with shortened
colon length, decreased body weight, and obvious gross bleeding
(Fig. 1B). In stress-treated conditions, even though chronic stress
had no appreciable influence itself, it dramatically enhanced the
severity of DSS-induced colitis, with further shortened colon length,
decreased body and colon weights, and more obvious gross bleed-
ing. In DSS-treated groups, chronic stress also caused severe
pathologic processes throughout the proximal and distal colon, with
extensive epithelial damage and inflammatory infiltrates, as well as
decreased numbers of Ki-67—positive cells, compared with the
nonstressed group (Fig. 1C). Collectively, these results reveal that
chronic stress promotes the development of DSS-induced colitis.

Chronic Stress Disturbed Immune System and Activated the IL-6/
STAT3 Signaling Pathway in DSS-Induced Mice. Infiltration of im-
mune cells and elevated levels of proinflammatory markers are
hallmarks of the IBD, an immune-related disorder. We first in-
vestigated the influence of chronic stress on the colonic immune
system. Flow cytometric analysis revealed increased infiltration
of B cells and neutrophils (NEUs) in colonic lamina propria in
mice treated with DSS, and NEUs were further increased in the
stress-treated group. It is known that ly6C™ macrophages in the
inflamed colon give rise to proinflammatory effector cells. We
also detected a significantly accumulation of ly6C™ macrophages
induced by DSS in stress-treated conditions but not in normal
conditions (Fig. 24 and Fig. S1). Immunohistochemistry also
showed an increase of infiltrated macrophages in the colon of
mice in the DSS+stress group (Fig. 2B). CD4* and CD8" T cells
showed no obvious differences in all groups (Fig. S34). Next, we
studied the impact of chronic stress on systemic immunity. As
shown in Fig. 2C, even though stress and DSS itself had no in-
fluence on thymus or mesenteric lymph node (MLN) coefficient,
DSS+stress significantly decreased the thymus and MLN co-
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efficient. There was obvious splenomegaly in the DSS and
DSS+stress groups. We then used an automated hematology
analyzer (ADVIA2120i; Siemens) to determine the number and in-
flux of circulating blood cells from the peripheral blood. DSS induced
an increase in circulating total white blood cells (WBCs) and
the proportion of large unstained cells (LUCs) in only the stress
conditions (Fig. 2D and Fig. S3B). However, there were no dif-
ferences between stressed and nonstressed groups in all other
cell types (Fig. S3B). We further studied the prevalence of im-
mune cells in spleen and MLN by using flow cytometric analysis.
Even though no differences in splenic immune cells were seen,
the proportions of MLN-associated B cells and CD4" T cells
were significantly decreased in the DSS+stress group, and the
proportion of MLN-associated CD8" T cells and NEU cells was
significantly increased in the DSS+stress group (Fig. 2E and
Figs. S2 and S3C). These results indicated that stress alone in-
duced subclinical inflammation and caused an extreme hyper-
active mucosal immune response after DSS.

As for inflammatory cytokines, we observed an increase of IL-
6 mRNA in the DSS+stress group (Fig. 2F), but not of TNF-a,
iNOS, CCL2, or IFN-y mRNA (Fig. S44). Furthermore, the
antiinflammatory IL-10 mRNA level was dramatically decreased
as a result of stress or DSS treatment (Fig. S44). By using ELISA
analysis, we detected a significant increase of IL-6 but not TNF-a
or NO in the DSS+stress group compared with the DSS group
(Fig. 2F and Fig. S4B). IL-6 binds to soluble or membrane-bound
IL-6 receptor polypeptides, triggering activation of STAT3 (23).
In line with increased IL-6 in the colon, we found increased
phosphorylation of only STAT3, but not ERK, JNK, P38, or
P65 induced by DSS in stress conditions, indicating activation of
the STAT3 pathway (Fig. 2G and Fig. S4C). Collectively, these
results suggest the proinflammatory signature of stress on DSS
treatment, especially the activation of the IL-6/STAT3 pathway.

Genetic Suppression of IL-6 Failed to Terminate the Effect of Chronic
Stress on Colitis. IL-6 is a pleiotropic cytokine with central roles in
immune and inflammatory reactions. A growing body of evidence
suggests a correlation between circulating or local IL-6 levels and
the clinical activity of IBD, even suggesting the IL-6/STAT3 path-
way as a therapeutic target for IBD (24-26). Because we found a
dramatic activation of IL-6/STAT3 signaling in the DSS+stress
group (Fig. 2 F and G), we were interested in elucidating if the
activation of IL-6 is the reason why stress promoted colitis. To ex-
plore this causal relationship, we induced stress in IL-67~ mice.
Surprisingly, suppression of IL-6 did not terminate the effect of
chronic stress, as no differences were observed between the weights
of IL-67~ mice and WT mice, no matter whether the mice were
exposed to stress (Fig. 34). In agreement with these data, stressed
IL-67~ mice also tended to lose more body weight compared with
nonstressed mice at the end of DSS treatment (Fig. 34). In IL-67/~
mice, chronic stress also enhanced the severity of colitis induced
by DSS, with shortened colon length, increased bleeding score,
decreased MLN coefficient, and increased proportion of MLN-
associated CD8* T cells, NEU cells, and natural killer (NK) cells
(Fig. 3 B and (), indicating that IL-6 suppression failed to ab-
rogate the effect of chronic stress. For the thymus coefficient, the
percentages of B cells and CD4* T cells in MLN; WBC in the
peripheral blood; and B cells, NEUs, CD4* T cells, CD8" T cells,
and ly6C" macrophages in colon, there are no differences be-
tween DSS and DSS+stress groups in IL-6~~ mice (Fig. 3 D-G),
but these were insufficient to block the effect of stress. Taken
together, these results suggest that the increase of IL-6 in DSS+
stress group only accompanies the facilitated colitis, but is not
the reason.

Chronic Stress Changed Composition of Gut Microbiota and Degraded

the Colonic Mucus Barrier. As increased inflammation is not the
reason behind the effect of chronic stress, we attempted to find
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Chronic stress accelerated DSS-induced colitis. (A) Body weight of mice in normal and stress groups before DSS and immobility time of mice after 1 mo

stress in TST and FST using an EthoVision XT 11.5 system (n = 10). (B) Representative colon pictures and colon length, colon weight, bleeding score, and body
weight (n = 9-10). (C) Representative H&E staining, Ki-67 staining, pathological score, and mean positive Ki-67 staining cells counted in 20 crypts (n = 4-5; *P <
0.05, **P < 0.01, and ***P < 0.001). (Scale bars: H&E stain, 100 pm; Ki-67 stain, 50 pm.)

the underlying mechanism. Gut microbiota has emerged as a
principal factor in the development and function of the immune
system, and research has inextricably linked the gut microbiome
to IBD and depression (27-29). However, how chronic stress
influences the composition of gut microbiota in normal and DSS-
treated mice, and the causality of microbial ecology and the
colitis-promoting effect, are poorly understood. We first found
a dramatic increase of cultured bacteria in the MLN in the
DSS+stress group (Fig. 44). To further assess the composition of
gut microbiota, we performed 16S rRNA gene sequence analysis
of the gut microbiota. Principal coordinates analysis (PCoA)
revealed a markedly distinct colon microbial landscape in mice
in the normal, stress, DSS, and DSS+stress groups (Fig. 4B).

E2962 | www.pnas.org/cgi/doi/10.1073/pnas.1720696115

Unweighted pair group method with arithmetic mean (UPGMA)
also confirmed the distinct microbial communities among the
four groups (Fig. 4C). At the phylum and genus levels, the
composition of microbiota all dramatically changed in stress- or
DSS-treated mice (Fig. 4 D and E). Relative to normal mice,
stressed mice harbored increased levels of inflammation-
promoting operational taxonomic units (OTUs) related to
Helicobacter, Peptostreptococcaceae, Streptococcus, and Entero-
coccus faecalis, but decreased levels of Rikenella, Roseburia, and
Lachnospiraceae. In DSS treated mice, these inflammation-
promoting OTUs also bloomed, whereas DSS+stress mice
showed a dramatic further increase, especially of Helicobacter
and Streptococcus (Fig. 4 F and G).

Gao et al.


www.pnas.org/cgi/doi/10.1073/pnas.1720696115

L T

/

1\

=y

B Normal Stress

>

[ Normal R Stress )
colon Lchh'macmphagas

—_ colon B cells - colon NEU F4/80 cells
B3 0] s
_:_’, E;,!_ 1 a1 §1 H20 .
3 K _— o
e 2 -] @ e =i w
2 f T £1 g, C10! —J . <
2 2 S - i 3
= - |7 i 8
o =]
2 ® 3] * 2
@ 4 2 + 2
T = e2 b 1
g g a DSS
a d =
H20 DSS o H20 DSS H20 DSS H20 DSS
m LI T -
C . D E _ MLN B cells _ MLN CD4* T cells
“0.2 0.2 . 0. 2 = — E 304 —
H L | - i t = . ] o ~—
50.1 £0.41 =" 206 a1 = Ad
& ‘g £ K 8 20
8 E @ T 2 2
o041 8041 80.4 Q1 b b
cg Q c Q @ @
[
E 5 o o g g 104
200 = 0.0 302 2 £1 2
= @ @
£ g
0.0 0.0 0.0 L & o
H20 DSS H20 DSS H20 DSS H20 DSS G H20 DSS H20 DSS
. MLNCD8*Teells _ MLN NEU F IL-6 mRNA IL-6 p-STAT3
g . 3 A
Sy P I 80l S~ 2 2.5,
-] f T 2 3 X Normal Stress DSS DSS+Stressc ol
3 3 . Beo g 2 = g 201 1
3 54 — 8 g p-STATSI - !
B s 5 g1 bl ] | 5154
- " 340 o 2
e ) 2 E STATSI—-------l 21.04
g2 8 B g =
& c @ < 0.54
5 § & ACTINl |
5 H | I . : — oo
H20 DSS H20 DSS H20 DSS H20 DSS H20 DSS
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Gut microflora in the intestinal lumen are in closely contact
with mucin and antimicrobial peptides (Amps) and are pro-
foundly regulated by them. The mucus layer and Amps act to-
gether as the first line of defense against commensal microbes
and invading pathogens (30). We then rationalized that the in-
tegrity of this critical barrier could be compromised by chronic
stress. Quantitative PCR results showed a significant decrease in
mRNA of Mucin-2 (MUC2), the building block of colonic mu-
cus, and Cdx2, a positive regulator of MUC2 expression, in all
stress-treated groups, suggesting a weakened ability for mucus
production in stressed mice (Fig. 54). However, we found a clear
increase in mRNA of KIf3 and Tff3, factors involved in bar-
rier function, in the DSS group, and a further increase in the
DSS+stress group (Fig. 54). These increases could be compensatory
responses of the host to offset the mucosal damage induced
by DSS and even stress. To further ascertain the effect of stress
on mucus, we performed Alcian blue and periodic acid—Schiff
(PAS) staining in each mouse. In agreement with the changes in
transcripts, results revealed a thinner mucus thickness and a
decreased goblet cell number in stressed mice compared with
nonstressed mice (Fig. 5 B-D). We also examined the production
of Amps, and results showed a significant decrease of lysozyme
mRNA expression in all stress- and DSS-treated groups. For
cathelicidin Amp (CAMP), however, only the DSS+stress group
showed greatly increased expression (Fig. 5E).

All these results indicate that mice exposed to chronic stress
experience deficiency of mucus layer and lysozymes and changed
composition of gut microbiota despite no overt signs of disease,
but develop robust colitis after DSS treatment.

Gao et al.

Gut Microbiota Is Responsible for the Susceptibility of DSS Colitis to
Chronic Stress. To probe if the changed gut microbiota triggered
the deleterious effect of stress, we took advantage of the trans-
missible nature of the gut microbiota (15) to determine whether
susceptibility to DSS could be enhanced in normal mice by
cohousing them with stressed mice. PCoA revealed an equili-
brated colon microbial landscape in cohoused mice (Fig. 64).
The abundance of some inflammation-promoting OTUs related
to Streptococcus and E. faecalis were increased in the DSS group
after cohousing (Fig. 6B). The composition of microbiota at the
phyla and genus levels after cohousing are shown in Fig. S5.
Interestingly, even though the weight of mice in the separately
housed stress group was significantly lower than in the normal
separately housed group, no appreciable differences were seen in
mouse weights between normal cohoused and stressed cohoused
groups (Fig. 6C). We also observed significant decrease in colon
length and body weight and significant increase of bleeding score
(Fig. 6D) in DSS cohoused mice compared with DSS separately
housed mice, indicating that the transferred gut microbiota from
stressed mice to nonstressed mice by cohousing contributes to
more severe colitis. Consistent with these findings, the effect of
stress on the immune system was compromised by cohousing, as
differences in thymus coefficient, MLN coefficient, WBC count,
and proportion of MLN-associated immune cells (Fig. 6 D-F)
disappeared between cohoused groups.

To further confirm the effect of gut microbiota, we treated mice
with antibiotic agents according to a previous study (31). After
antibiotic treatment, inflammation-promoting OTUs related to
Helicobacter, Peptostreptococcaceae, Streptococcus, and E. faecalis
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were all not detectable (Fig. 6G). Results showed that antibiotic
treatment blocked the decrease in body weight induced by stress
(Fig. 6 H and ]) and partially inhibited the decrease in body weight
induced by DSS (Fig. 6I). Remarkably, stress could no longer
sensitize mice to DSS colitis in the antibiotic-treated condition and
could no longer increase the circulating WBC count (Fig. 61).

Together, these findings reveal the interesting concept that
stress-induced microbiota dysbiosis is responsible for suscepti-
bility to DSS-induced colitis.

Discussion

This study shows that chronic stress changed the microbiota and
increased the susceptibility of mice to DSS-induced colitis. Our
observation that ablation of the inflammatory cytokine IL-6 did
not terminate stress sensitization to DSS colitis suggests that the
hyperinflammatory response is not the real culprit. In contrast,
the disappearance of differences between stressed and non-
stressed groups when the gut microbial landscape was equili-
brated by cohousing or microbiota was abolished by antibiotic
treatment, unequivocally showing that gut microbiota are re-
sponsible for the deleterious effects of stress.

Colitis is an immune-related disease, and chronic stress is well
known to affect the immune system. Mucosal inflammation was
triggered in DSS-induced colitis, with outnumbered infiltration of B
cells, NEUs, and macrophages in colonic lamina propria, and sig-
nificant destruction of the crypt architecture. Colitis was greatly
accelerated in chronic stress-treated groups. Despite the inflamed
colon, systemic immunity also participated in colitis. The rela-
tionships between the lymphatic system and immune response/
inflammation are undeniable. Studies have reported that lymphangi-
tis, compromised lymph drainage and lymphatic pumping, bacterial
infiltration, and lymph node infection are likely players in in-
flammatory disorders and IBD (32-34). We found a decreased MLN
coefficient and increased bacterial infiltration in MLN of mice in the
DSS+stress group, reflecting more severe colitis in this group. We
also discovered compromised thymus in the DSS+stress group, as
the thymus coefficient was significantly reduced. All these indicated
a colon submucosal hyperinflammation and systemic immune in-
hibition induced by stress, which contribute to the development
of colitis.

Multiple signals are involved in the coordination of the im-
mune system, serving to activate and attenuate its responses to at-
tack (35). IL-6 is released upon stimulation of inflammatory cells to
activate signaling pathways such as STAT3, and is up-regulated in
colitis. Neutralization of IL-6 with antibody showed beneficial ef-
fects on colitis (25, 36), even though reports have also found genetic
deletion of IL-6-promoted colitis (37). We found an increase of
IL-6 in the DSS+stress group, and deletion of IL-6 failed to mitigate
the effect of stress, suggesting that the hyperinflammatory responses
may contribute to the detrimental effect of stress but not to the
underlying mechanism behind stress. Despite the driving in-
flammatory mechanisms, we also found a remarkable decrease of
IL-10 mRNA not only in DSS-treated groups but also in the stress
only-treated group. This decrease in IL-10 would also contribute to
the effect of stress, as IL-10 deficiency manifests in severe intestinal
inflammation (38, 39), and deletion of IL-10 in animals is one of the
oldest colitis models used (40).

Immune system can be triggered by gut microbiota (41), and
the microbiome of patients with IBD is altered, with cause-and-
effect relationships with disease. Numerous studies have shown
that colitis can be profoundly affected by transmissible microbial
communities that arise from diet changes or host genetic defects
(12-15). Here, we found a distinct colon microbial landscape in
each group, indicating a dramatically changed composition of
microbiota after stress or DSS treatment. Notably, inflammation-
promoting OTUs related to Helicobacter, Peptostreptococcaceae,
Streptococcus, and E. faecalis were increased in the stress-treated
group. These findings fit well with evidence that Helicobacter is
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Fig. 4. Chronic stress changed composition of gut microbiota and degraded the colonic mucus barrier. (A) Representative images and numbers of bacterial
colonies in MLN (n = 4; *P < 0.05). (B) PCoA (n = 4). (C) UPGMA method (n = 4). (D) Composition of microbiota at phylum level (n = 4). (E) Composition of
microbiota at genus level (n = 4). (F) Bacterial species from colon content that had the greatest increase in abundance between different groups and their
relative abundance. OTU#120 is related to Helicobacter, OTU#76 to Peptostreptococcaceae, OTU#41 to Streptococcus, and OTU#38 to E. faecalis (n = 4). (G)
Bacterial species from colon content that had the greatest decrease in abundance between different groups and their relative abundance (*P < 0.05 and
**%P < 0.001 vs. normal group; ##p < 0.001 vs. DSS group). OTU#23 is related to Rikenella, OTU#24 to Rikenella, OTU#66 to Roseburia, and OTU#69 to

Lachnospiraceae bacterium 6-1 (n = 4).

linked to IBD (42), as are Peptostreptococcaceae (43), Strepto-
coccus (44), and E. faecalis (45). Lachnospiraceae, which has
shown protection against colitis (46), were significantly decreased
after stress.

MUC?2, the major component of the mucus in the colon, and
Amps, the endogenous antibiotics with antimicrobial activities,
are expressed in the intestinal lining in close contact with the
gut microflora, keeping the majority of gut bacteria away from
epithelial cells and also regulating the intestinal microbial habitat
(47, 48). Here we observed a decrease in MUC2 mRNA expres-

Gao et al.

sion and goblet cell numbers and a thinner mucus layer in stress-
treated groups. Mucolytic bacteria like Akkermansia were
increased after stress or DSS treatment, which may also contribute
to the thinner mucus layer. However, the relative abundance of
Akkermansia in the DSS+stress group showed no increase, and
reasons for this might be the lack of mucin, as Akkermansia grow
only on mucin O-glycans as a sole polysaccharide source (10). The
underlying mechanisms still need further study. The decrease in
mucus layer induced by chronic stress might facilitate the develop-
ment of colitis. It has been reported that MUC2-deficient 129SV
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mice spontaneously developed colitis (49) even though it is not always
the case in C57BL/6J mice (50-52). However, in C57BL/6J mice,
MUC2 deficiency was associated with low levels of subclinical chronic
inflammation (53), and MUC?2 protected against colitis (54). Amps,
secreted by goblet cells, intestinal epithelial cells, Paneth cells, or
immune cells, are also important players in IBD (47). It was reported
that colonic MUC2 mucin regulates the expression and antimicrobial
activity of p-defensin (55), and that MUC2 mucin contributes to the
synthesis of CAMP (56). We found significantly decreased expression
of lysozyme in stress- and DSS-treated groups, but an increased
expression of CAMP in the DSS+stress group. A previous study
showed that lysozyme might increase mucin gene expression and
promote colonic barrier integrity (57). It was also reported that the
expression of Amps is increased in colitis, which represents a self-
defense response (47). Reduced expression of MUC2 and lysozyme
might contribute to shape the microbial composition of the stress
condition. However, the modulation of gut microbiota is remarkably
complex and poorly understood, and how chronic stress modulates
gut microbiota still needs further study.

Of note is that, in the case of cohousing, when the gut mi-
crobial habitat is shared between stress and nonstress groups, the
increased severity of colitis induced by stress was abrogated, as
the severity of DSS colitis was indistinguishable between stressed
and nonstressed mice. Microbiota transfer endowed the normal
mice with the stress-treated mice’s response to DSS, suggesting
that the detrimental effect of stress is attributed to the disturbed
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gut microbiome. Furthermore, the immune system was influenced
by microbiota, as differences in thymus coefficient, lymph node
coefficient, and infiltrated immune cells disappeared between the
cohoused groups. The important role of gut microbiota was fur-
ther reinforced by antibiotic treatment, as the increased suscep-
tibility to colitis of stressed mice was also abolished after antibiotic
treatment. It should be noted that antibiotic treatment only par-
tially blocked the decreased body weight induced by DSS without
affecting the colon length or bleeding score. This does not con-
tradict the findings of previous studies because, even though some
colitis models show improvement under germfree conditions or
antibiotic treatment, the reports in a DSS model conflict with
reports of improvement or promotion (58, 59). However, the
reasons for these discrepancies are still unknown. Collectively, the
combined effect of cohousing and antibiotic treatment on stress
provides strong evidence pointing to the disturbed gut microbiome
as the real mechanism behind the effect of stress.

Taken together, our results reveal that chronic stress disturbs
gut microbiota, triggering an immune system response, and then
facilitates DSS-induced colitis (Fig. 7). This study adds to our
understanding of interactions between microbiota and host
and provides the basis for future clinical studies for microbiota
manipulation and transplantation, and for development of new
therapeutic strategies for depression or IBD.
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Materials and Methods

Mice. Male C57BL/6 mice were used for all studies. IL-6~~ mice on C57BL/
6 background were purchased from the Model Animal Research Center of
Nanjing University, and age-matched C57BL/6 mice were used as WT con-
trol. Mice were housed in a room with a 12-h/12-h light/dark cycle and ha-
bituated in the room for 3 d before experiments. All animal experiments
were performed in accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals (60), with the approval of Center
for New Drug Safety Evaluation and Research, China Pharmaceutical
University.

Chronic Restraint Stress. Mice were randomly assigned to home cage control
conditions or chronic restraint stress. The restraint-stress procedure was
performed based on previous studies (2, 22). In brief, mice were restrained in
well-ventilated conical-bottom centrifuge tubes (50 mL; Corning) for 3 h
daily during the procedure, not allowing forward and backward movement.
For cohousing experiments, equal numbers of stressed mice and nonstressed
mice were housed in the same cage during the procedures.

Behavior Tests. Mice behavior was tested by TST and FST by using an EthoVision
XT 11.5 system. For TST, mice were individually suspended by the distal portion of
their tails with adhesive tape for a period of 6 min (30 cm from the floor) in a
visually isolated area. For FST, each mouse was placed in a cylinder container
(diameter, 28 cm; height, 33 cm) containing 20 cm of water at 25 + 1 °C. Water
was replaced between every trial. Following swim sessions, mice were removed
from the cylinder, dried with a towel, and returned to their home cages. Activity
monitor software was used to record and quantify the immobility time in
both tests.

Colitis Induction with DSS. Mice were given 2.5% DSS (36-50 kDa; MP Bio-
medicals) in drinking water for 7 d to induce colitis and killed on day 8. The
length of whole colon was measured, and the weight was recorded after
opening longitudinally and flushing with PBS solution. The colon was care-
fully examined, and the bleeding score was recorded. Half of the colon was
used for flow cytometry analysis, and half of the colon was divided into
three sections (proximal, middle, and distal). The proximal and distal colon
sections were fixed flat on filter paper in 4% phosphate-buffered formal-
dehyde for histological analyses. The middle colon was then divided into
three sections and was snap-frozen for subsequent molecular analyses.

Histology and Immunohistochemistry. Proximal and distal colon tissues were
fixed in 4% phosphate-buffered formaldehyde solution for 24 h and embedded
in paraffin. Sections of 5 pm were stained with H&E. Inflammation and tissue
damage of each colon was scored based on the degree of epithelial damage
and inflammatory infiltrate in the mucosa, submucosa, and muscularis/serosa
as previously described (61). Each of the four scores was multiplied by 1 if the
change was focal, 2 if it was patchy, and 3 if it was diffuse. The four individual
scores per colon were added, resulting in a total scoring range of 0-36 per
mouse. For immunohistochemistry, distal colon tissues were cut to 5-um sec-
tions. After dewaxing and rehydration, the sections were soaked in sodium
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citrate buffer for heat-induced epitope retrieval, and incubated with 10%
goat serum for 1 h to block the nonspecific binding sites. Then, sections were
incubated with anti-Ki-67 antibody (1:200; Abcam) and anti-F4/80 antibody
(1:100; Abcam) overnight at 4 °C, followed by incubation with HRP secondary
antibodies for 1 h. The sections were developed by using a diaminobenzidine
substrate kit (TTANGEN) and counterstained with hematoxylin. Images were
obtained with an Olympus BX41 microscope.

Cell Isolation and Flow Cytometry. Isolation of colonic lamina propria cells was
performed following a previously established method (62). In brief, luminal
content, extraintestinal fat tissue, and blood vessels were removed, and colons
were then cut into 0.5-cm pieces. Colon pieces were first incubated with HBSS
(without Ca®* and Mg?*) containing 5% FBS, 2 mM EDTA, and 1 mM DTT to
remove epithelial cells and mucus, and then digested in PBS solution con-
taining 5% FBS, 1 mg/mL collagenase VIII (Sigma), and 0.1 mg/mL DNase |
(Roche). Digested cell suspension was then washed with PBS solution and
filtered with a 45-um cell strainer. Antibodies used for colonic lamina propria
staining included CD45 (FITC), CD19 (PECY5), CD11b (PE), Ly6G (PECY7), CD4
(APC), CD8 (PECY7), F4/80 (FITC), CX3CR1 (BV510), and Ly6C (APC). MLN
homogenate and spleen homogenate after lysis of red blood cells were also
washed with PBS solution and filtered through a 45-um cell strainer to ob-
tain cell suspension. Antibodies used for spleen and MLN staining included
CD45 (FITC), CD19 (PECY5), CD4 (APC), CD8 (PECY7), CD11b (PE), Ly6G
(PECY7), and CD49 (APC). Cells were analyzed with MACSQuant Analyzer 10
(Miltenyi Biotec). Flow cytometry analysis was done with FlowJo software.

Real-Time PCR Analysis. Total RNA from colon tissue was extracted by using
TRIzol (Invitrogen) and reverse transcribed into cDNA by using a cDNA
synthesis kit (Takara). Quantitative PCR was done with a Step One Plus Real-
Time PCR system (Applied Biosystems) with gene-specific primers. Expression
data were normalized to f-actin mRNA expression.

Inflammatory Mediator Measurement. Colon tissues were weighed and ho-
mogenized by using a tissue mixer (PRO Scientific) with three volumes of PBS
solution. The tissue samples were then centrifuged at 15,000 x g for 10 min.
Tissue supernatants were collected for the assay. TNF-a and IL-6 concentra-
tions were measured by ELISA (Dakewe Biotech). NO concentration was
determined by Griess reagent (Beyotime Biotechnology).

Western Blotting. Colon tissues were homogenized with lysis buffer and
centrifuged. Protein samples were boiled for 5 min, electrophoresed in 10%
SDS polyacrylamide gel, and transferred onto PVDF membranes (Millipore).
The blots were blocked with 5% skim milk in Tris-buffered saline solution—
Tween 0.1% for 1 h at room temperature and probed with primary anti-
bodies at the appropriate dilutions overnight at 4 °C. The blots were washed
and incubated for 1 h at room temperature with the HRP-conjugated sec-
ondary antibody, then developed with enhanced chemiluminescence (Mil-
lipore). The densitometry of protein bands was quantified by using ImagelJ
software (National Institutes of Health).

Immunostaining of Mucins and Goblet Cells. Mucus immunostaining was per-
formed according to a previous study (12). Briefly, mice colon containing fecal
material was fixed in methanol-Carnoy’s solution (60% methanol, 30% chloro-
form, 10% glacial acetic acid). Tissues were embedded in paraffin in a vertical
orientation and cut into 5-um sections. Tissue sections were dewaxed, hydrated,
and stained with Alcian blue/Nuclear Fast Red. Thickness of inner mucus was
measured in 10 different areas of one section and at least 10 sections of each
mouse. For immunostaining of goblet cells, tissue sections were dewaxed, hy-
drated, and stained with PAS/hematoxylin. PAS™ goblet cells were counted in five
different areas of the section and at least 10 sections of each mouse. Measurement
and observation were performed with an Olympus BX41 microscope.

Bacterial Incubation of MLNs. MLNs were aseptically removed, weighed, and
homogenized in PBS solution. The homogenates (100 puL) were plated onto
Luria-Bertani agar and incubated at 37 °C under aerobic conditions for 24 h,
and then the colonies were counted.

Compositional Analysis of the Gut Microbiota by Pyrosequencing and Data
Analysis. Colon content homogenates in PBS solution were immediately
frozen (-80 °C) and stored until further processing. Next-generation se-
quencing library preparations and Illlumina MiSeq sequencing were con-
ducted at GENEWIZ. In brief, 30-50 ng DNA was used to generate amplicons
by using a MetaVx Library Preparation kit (GENEWIZ). The QIIME data
analysis package was used for 16S rRNA data analysis. Sequences were
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grouped into OTUs using the clustering program VSEARCH (1.9.6) against
the Silva 119 database preclustered at 97% sequence identity. p-Diversity
was calculated by using weighted and unweighted UniFrac, and PCoA was
performed. A UPGMA tree from the p-diversity distance matrix was built.

Antibiotic Treatment. For antibiotic treatment, broad-spectrum antibiotic
agents including ampicillin (1 g/L), neomycin (1 g/L), and metronidazole (0.5 g/L)
were administered in drinking water during the time of intervention (31).

Statistical Analysis. Data are presented as mean + SEM. Statistical significance
was determined by Student's t test between two groups and two-way
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