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Intestinal bacteria are necessary for doxorubicin-induced intestinal damage but
not for doxorubicin-induced apoptosis
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ABSTRACT
Doxorubicin (DOXO) induces significant, but transient, increases in apoptosis in the stem cell zone of
the jejunum, followed by mucosal damage involving a decrease in crypt proliferation, crypt number,
and villus height. The gastrointestinal tract is home to a vast population of commensal bacteria and
numerous studies have demonstrated a symbiotic relationship between intestinal bacteria and
intestinal epithelial cells (IEC) in maintaining homeostatic functions of the intestine. However,
whether enteric bacteria play a role in DOXO-induced damage is not well understood. We
hypothesized that enteric bacteria are necessary for induction of apoptosis and damage associated
with DOXO treatment. Conventionally raised (CONV) and germ free (GF) mice were given a single
injection of DOXO, and intestinal tissue was collected at 6, 72, and 120 h after treatment and from
no treatment (0 h) controls. Histology and morphometric analyses quantified apoptosis, mitosis,
crypt depth, villus height, and crypt density. Immunostaining for muc2 and lysozyme evaluated
Paneth cells, goblet cells or dual stained intermediate cells. DOXO administration induced
significant increases in apoptosis in jejunal epithelium regardless of the presence of enteric
bacteria; however, the resulting injury, as demonstrated by statistically significant changes in crypt
depth, crypt number, and proliferative cell number, was dependent upon the presence of enteric
bacteria. Furthermore, we observed expansion of Paneth and goblet cells and presence of
intermediate cells only in CONV and not GF mice. These findings provide evidence that
manipulation and/or depletion of the enteric microbiota may have clinical significance in limiting
chemotherapy-induced mucositis.
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Introduction

The small intestinal epithelium is one of the most rap-
idly proliferating tissues in the body. This property
renders intestinal epithelial cells (IEC) particularly
susceptible to chemotherapy-induced damage which
is reported in up to 40% of patients who receive che-
motherapy.1 Chemotherapy-induced cytotoxicity
within the gastrointestinal tract manifests as mucosi-
tis, characterized by gross ulcerations of the intestinal
mucosa. The development of mucositis is a limiting
factor in administration of chemotherapeutic agents,
and therefore strategies to reduce this side-effect are
urgently sought.

Doxorubicin (DOXO) is a common chemothera-
peutic utilized for sarcomas, select breast cancers, and
several metastatic cancers. We previously reported
that a single injection of DOXO given to mice induced

significant, but transient, increases in apoptosis in the
stem cell zone of the jejunum, followed by mucosal
damage involving a decrease in crypt proliferation,
crypt number, and villus height.2 Subsequently, repair
occurred, characterized by crypt hypertrophy, Paneth
cell hyperplasia and, ultimately, return of the intestinal
mucosa to normal morphology.3

The gastrointestinal tract is home to a vast popula-
tion of commensal bacteria and numerous studies
have demonstrated the importance of the symbiotic
relationship between intestinal bacteria and IECs in
maintaining homeostatic functions of the intestine,
including nutrient generation and metabolism and
proper development of the innate immune system.4-7

Evidence in models of intestinal damage, indicate dis-
tinct effects of bacteria in different regions of the gas-
trointestinal tract. For example, in colon of mice that
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lack TLR signaling (MyD88¡/¡), restitution and
repair following epithelial injury is impaired.8 Simi-
larly, germ free (GF) mice have shorter colonic crypts
9 and are more susceptible to chemical-induced
injury,10 providing additional support for a role of
commensal microbiota in sustaining epithelial integ-
rity or promoting mucosal repair in the colon. In con-
trast, in the small intestine, the presence of enteric
bacteria and/or bacterial products appears to exacer-
bate damage. For example, in both TLR4¡/¡ and
MyD88¡/¡ mice, intestinal damage after exposure to
indomethacin was abrogated.11 Similarly, deficiency of
TLR2 or TLR9 expression or inhibition of TLR9 activ-
ity were associated with significantly decreased
DOXO-induced damage to the small intestine.12

Additionally, the microbiota promotes inflammation
and fibrosis following small bowel resection,13 reflec-
tive of the ‘double edged-sword’ role of intestinal
microbiota associated-signaling in mucosal repair.
These data led us to question whether enteric bacteria
play a role in mucosal damage associated with chemo-
therapeutic agents like DOXO.

In this report, we tested the hypothesis that enteric
bacteria were necessary for induction of apoptosis and
mucosal damage associated with DOXO treatment.
Our data show that DOXO administration induces
apoptosis regardless of the presence of enteric bacteria,
but that the resulting damage, as demonstrated by
changes in crypt depth, crypt number, and proliferative
index, is enteric bacteria-dependent. These findings
provide evidence that manipulation and/or depletion
of the enteric microbiota may have clinical significance
in limiting chemotherapy-induced mucositis.

Results

DOXO treatment rapidly induced apoptosis in both
GF and CONV small intestine

We previously reported that DOXO exposure rapidly
induces apoptosis in crypt epithelium of CONV mice
and that apoptosis peaked at 6 h and remained elevated
relative to control mice out to 120 h after DOXO treat-
ment.2 In the current study, similar levels of apoptosis
were observed in crypt epithelium of both GF and
CONV mice, as assessed by both H&E staining and
cleaved caspase 3 (Fig. 1A), at 6 h following DOXO
treatment. However, by 72 h post DOXO treatment
apoptosis had returned to baseline levels (Fig. 1B).
Consistent with prior findings 2 cell positional analysis

revealed that DOXO-induced apoptosis occurred pri-
marily in cell positions 3 6, indicative of involvement
of the intestinal stem cell zone (Fig. 1C). Although not
significantly different from CONV, there may be an
indication that apoptosis is occurring in cell positions
higher up the crypt in GF, compared with CONVmice.
This may suggest that cells of different lineages and/or
differentiation status are more susceptible to DOXO-
induced apoptosis in GF vs. CONV mice, or that
DOXO-induced apoptosis induces a higher turnover in
GFmice.

Alterations in villus-crypt morphometry in CONV, but
not GF mice, following DOXO

We previously demonstrated that an increase in crypt
depth 120 h following DOXO treatment was a hall-
mark of the repair phase and that villus blunting was
evident at that time as well.2 Though GF crypts were
significantly shorter than CONV crypts at baseline,
GF mice showed no significant change in crypt depth
throughout the entire time course after DOXO treat-
ment (Fig. 2A and B). In contrast, by 120 h after
DOXO, crypts were significantly deeper in CONV
mice compared to both control CONV mice and to
GF mice at 120 h after DOXO. GF mice showed no
significant change in villus height throughout the
entire time course after DOXO treatment (Fig. 2C).
CONV mice, while not statistically different, demon-
strated a trend toward shorter villi after DOXO treat-
ment similar to our previous report.2

Our previous studies demonstrated a significant
increase in proliferative index during repair following
DOXO-induced damage which marked the movement
of the intestinal mucosa in the repair phase.2 Immuno-
histochemistry revealed a significant increase in the
number of pHH3C cells in crypt epithelium of CONV
mice at 120 h following DOXO treatment, indicating
an increase in crypt cell proliferation and this increase
was not observed in GFmice (Fig. 3A and B). Similarly,
we previously observed increases in the number of
mitotic figures in crypt epithelium during repair.2 Eval-
uation of the number of mitotic figures per crypt in
both GF and CONV mice following DOXO revealed
significantly decreased numbers in both GF and
CONV crypts at 6h following DOXO, consistent with
induction of DNA damage and cell cycle arrest
(Fig. 3C). The number of mitotic figures per crypt
remained significantly decreased in CONV mice but
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returned to control levels in GF mice at 72 h following
DOXO. A return of mitotic figure number to control
levels in CONV mice was observed by 120 h following
DOXO treatment. Of note, at baseline the number of
mitotic figures per crypt was significantly greater in
CONV compared to GFmice.

We previously demonstrated that DOXO-treatment
of CONV mice resulted in significant crypt loss by
72 h and this loss of crypts can be used as an indicator
of loss of intestinal stem cells.2 Although apoptosis and
cell cycle arrest were observed in both GF and CONV
crypt epithelium following DOXO treatment, only in
CONV mice was this followed by significant loss of
crypt number assessed by reduced crypt density. By
72 h following DOXO treatment, crypt density was sig-
nificantly decreased in CONV mice compared to

control CONV mice, and compared to GF mice at
72 h after treatment with DOXO (Fig. 4). This decrease
in crypt density was still observed at 120 h after DOXO
in CONV mice, but trended toward restitution of crypt
number similar to our previous findings.2

Expansion of the paneth cell compartment is absent
in GF mice following DOXO treatment

We previously reported an expansion of the Paneth
cell compartment in jejunal crypts following DOXO-
induced damage in CONV mice which in turn
increases the intestinal stem cell niche.2 This expan-
sion included an increase in total lysozyme-positive
cell and intermediate cell (muc2 and lysozyme
expressing cell) numbers suggesting alteration in

Figure 1. DOXO induces apoptosis in intestinal epithelium irrespective of the presence of enteric bacteria. A. H&E images demonstrating
mitotic bodies and immunofluorescence staining indicating the presence of active caspase 3-positive cells (green) 6h following DOXO
treatment in both CONV and GF mice. Arrows indicated apoptotic cells. B. Quantitation of the number of apoptotic cells per crypt, for a
total of 20 crypts per animal, in CONV and GF jejunal tissue from control mice and 6, 72, and 120 h after DOXO treatment. � indicates val-
ues significantly different from their respective 0h controls p � 0 .05. C. Positional analysis of apoptotic bodies in jejunal epithelium
from CONV and GF mice 6h following DOXO treatment. Scale bar: 30 mm.
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secretory cell lineage allocation or maturation.3 As
Paneth cells play a critical role in sensing and
responding to enteric bacteria 14 we wished to evalu-
ated whether the absence of enteric bacteria in GF
mice would alter the Paneth cell compartment.
Following DOXO treatment, staining sections for
lysozyme and muc2 revealed an expansion of lyso-
zyme-positive cells at the crypt base 120 h after
DOXO in CONV mice. In addition, staining revealed
the presence of muc2- and lysozyme-expressing inter-
mediate cells in CONV mice following DOXO treat-
ment (Fig. 5). This is in contrast to the lack of
expansion of lysozyme-positive cell numbers and
presence of intermediate cells is observed in GF crypts
following DOXO treatment (Fig. 5).

Discussion

This study demonstrates that enteric bacteria are nec-
essary for the initiation and maintenance of mucosal
damage and repair observed in the jejunum of CONV
mice following DOXO treatment, which includes
crypt loss and villus blunting, followed by an increase
in proliferating cells, and crypt hyperplasia. In con-
trast, enteric bacteria do not appear to be necessary
for the rapid DOXO-mediated induction of apoptosis
which was induced to similar levels in both GF and
CONV raised mice, and in a similar cell position dis-
tribution. Likewise, DOXO treatment results in a
decreased number of mitotic figures in the crypt epi-
thelium of both GF and CONV mice. Together, these

Figure 2. DOXO treatment does not alter crypt depth or villus height in GF mice. A. Micrographs of representative H&E stained sections
from GF and CONV mice of control tissue and 6, 72 and 120 h following DOXO treatment. B. Quantitation of crypt depth on 10 15
crypts/villi in CONV and GF jejunal tissue from control mice and 6, 72, and 120 h after DOXO treatment. � indicates values significantly
different from their respective controls p � 0 .05. # indicates values significantly different within a particular time point p � 0 .05. C.
Quantitation of villus height in CONV and GF jejunal tissue from control mice and 6, 72, and 120 h after DOXO treatment. Scale bar:
50 mm.
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data suggest that the damage-associated crypt loss and
subsequent crypt regeneration documented in CONV
mice is not secondary to the rapid induction of apo-
ptosis observed in crypt epithelial cells following
DOXO treatment; but, rather, is coupled to the pres-
ence of enteric bacteria. While DOXO is a widely used
anticancer drug, its mechanism of action is not
completely understood. Classically, DOXO is
described as a topoisomerase II inhibitor and, as such,
inhibits the re-ligation of cleaved DNA strands which
have been unwound for transcription and replication.
This inhibition results in DNA double strand breaks,

and ultimately, apoptosis of the cell.15 Other mecha-
nisms of induction of apoptosis by DOXO have been
suggested, as well, including inhibition of DNA and
RNA synthesis and formation of free radicals or form-
aldehyde-mediated DOXO-DNA adducts.16 Nonethe-
less, regardless of the mechanism of action of DOXO
within the small intestinal epithelium, our data dem-
onstrate that DOXO induces apoptosis independent of
the presence of enteric bacteria. What is unclear are
the events that occur after the initial induction of apo-
ptosis, which culminate in crypt loss, villus shrinking,
crypt hyperplasia, and subsequent restitution of

Figure 3. DOXO treatment does not impact proliferation or mitotic index in jejunal epithelium of GF mice. A. Micrograph showing repre-
sentative staining for pHH3 on jejunal sections from GF and CONV mice. B. Quantitation of pHH3C cells in CONV and GF jejunal tissue
from control mice and 6, 72, and 120 h after DOXO treatment. � indicates values significantly different from their respective controls
p � 0 .05. # indicates values significantly different within a particular time point p � 0 .05. C. Quantitation of mitotic index in CONV and
GF jejunal tissue from control mice and 6, 72, and 120 h after DOXO treatment. # indicates values significantly different within a particu-
lar time point p � 0 .05. ND means “not detected.” Scale bar: 50 mm.
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normal small intestinal mucosa, and moreover, what
specific roles enteric bacteria play in this damage and
repair process.

One possibility is that DOXO treatment elicits a
direct effect upon intestinal bacteria, causing a rapid
dysbiosis which, in turn, causes direct damage to the
intestinal epithelium, as has been shown for metho-
trexate.17 A similar theory has been put forth for the
role of dysbiosis in susceptibility for inflammatory
bowel disease.18,19 Though it is used in human medi-
cine primarily for its antineoplastic properties, DOXO
is a natural anthracycline antibiotic product of Strep-
tomyces peucetius var. casieus.20 Since DOXO targets
rapidly dividing cells, and bacteria tend to replicate
frequently, bacteria may, indeed, be potential primary
targets. Interestingly, studies suggest that unconju-
gated DOXO may be available to small intestinal
enteric bacteria within a few hours after dosing.21

These studies were performed on isolated perfused rat
liver, and showed that approximately 30% of a dose of
DOXO (equivalent to a 20 mg/kg intravenous dose)
was excreted from isolated liver as unconjugated
DOXO into bile within 3 h of dosing.21 However, in
vitro studies indicate that DOXO has little direct
impact on bacterial growth. These prior findings pro-
vide no evidence that DOXO induces a dysbiosis of
the enteric bacterial census, however they do not
inform about potential effects on specific bacteria.
Also, our findings do not rule out the possibility that
dysbiosis occurs following DOXO-induced damage by
an indirect, but DOXO-dependent, mechanism. Other
chemotherapeutic drugs have been shown to be

reactivated by microbial b-glucuronidases, leading to
direct toxicity to mucosal cells.22-24 Therefore, further
studies to evaluate microbial-dependent mucositis fol-
lowing DOXO treatment are underway.

Another potential mechanism of enteric bacteria-
mediated intestinal damage following DOXO treat-
ment is disruption of the physical barrier that
separates the intestinal epithelium from luminal bacte-
ria. In healthy intestine under homeostatic conditions,
a barrier of mucin serves to minimize the direct con-
tact of luminal bacteria with the mucosa.25 In addi-
tion, Paneth cells secrete a cadre of antimicrobial
factors including: a-defensins, aPLA2, and lysozyme.26

However, DOXO-may alter barrier function, permit-
ting an increase in the direct association of bacteria
with the epithelium, followed by initiation of a bacte-
ria-dependent signaling cascade via TLR or NOD
receptors. An absence of bacteria, therefore, would fail
to trigger this cascade. Of note, Nigro et al. demon-
strated an increase in DOXO-induced apoptosis and
dampened repair in Nod2 knock out mice suggesting
that the presence of bacterial products such as mur-
amyl-dipeptide (MDP) might be protective during
damage.27 However, because Nod2 was knocked out
in the entire mouse it is not clear whether the protec-
tive effect came from Nod2 signaling within intestinal
epithelium or lamina propria-derived cells. Other pro-
mucositis chemotherapeutic agents, such as irinote-
can, have been shown to impact mucin secretion,28

and closer association of microbes with mucosa offers
increased opportunities for activation of TLR and/or
NODs on or within epithelial cells and immune cells
intimately associated with the epithelial barrier.29,30

Likewise, our previous studies demonstrate alteration
in secretory cell allocation within the intestinal crypt,
resulting in increased intermediate cell (both muc2
and lysozyme positive) number which may alter the
mucin barrier.2,3 This finding is echoed by the increase
in muc2C/lysozymeC cells observed in crypts of
CONV mice at 5 d after DOXO in the current study.
The fact that increases in muc2C/lysozymeC cells were
not observed in GF mice after DOXO treatment may
reflect an absence of damage and regenerative
response or indicate that the alterations in lineage
allocation that follow DOXO result from an increased
interaction between enteric bacteria and epithelium.

Alternatively, DOXO-driven disruption of the
mucosal barrier may not increase the association
between bacteria and epithelia, but instead allow direct

Figure 4. DOXO treatment does not alter crypt density in jejunal
mucosa of GF mice. � indicates values significantly different from
their respective controls p � 0 .05. # indicates values significantly
different within a particular time point p � 0 .05.
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penetration of bacteria or bacterial products through a
more permeable epithelium and into the lamina prop-
ria, facilitating direct interaction with resident leuko-
cytes. Sun et al. demonstrated an increase in epithelial
permeability of rat small intestinal epithelium follow-
ing treatment with DOXO.31 This increase allowed par-
ticles as large as albumin to move from the intestinal
lumen to the lamina propria, suggesting that an

increase in permeability following DOXO may allow
bacteria and/or bacterial products to penetrate the IEC
barrier. DOXO treatment may also result in an inflam-
matory response following penetration of the epithelial
barrier by bacterial products, or via another distinct
pathway, such as the AKT-dependent inflammation
that leads to cardiomyopathy following DOXO, or the
CCL2-dependent inflammation that leads to renal

Figure 5. Expansion of the Paneth cell compartment and allocation of intermediate cells are not observed in GF mice following DOXO.
Immunofluorescent detection of lysozyme (red), muc2 (green), and nuclei (blue) in jejunal sections from GF and CONV mice. Arrows
indicate ‘intermediate cells’, characterized by their co-expression of lysozyme (red) and muc2 (green). Scale bar: 50 mm.

420 R. J. RIGBY ET AL.



fibrosis following DOXO.32,33 To elucidate these mech-
anisms, future investigations will evaluate epithelial
permeability, as well as the role of the inflammatory
response, following DOXO. We hypothesize that treat-
ment with DOXO causes an increase in the permeabil-
ity of the epithelial barrier (due to a transient induction
of increased apoptosis), concomitant with increased
association of enteric bacteria with the mucosa, allow-
ing bacterial products to penetrate and induce an
inflammatory response, resulting in the significant
mucosal damage (and repair) observed in our studies.

The findings of the current study demonstrate that
DOXO-induced apoptosis in small intestinal crypts
occurs independent of the presence of bacteria while
mucosal damage after DOXO is dependent upon the
presence of bacteria. These findings have translational
implications supporting that manipulation of the
intestinal microbiota during DOXO-based chemo-
therapy may reduce damage to the intestinal mucosa.
This could allow more effective anticancer therapies
with fewer adverse effects.

Materials and methods

Animals

Conventionally raised (CONV) adult female C57BL/6
mice were purchased from Jackson Laboratories and
used between 8–10 weeks of age. Adult female C57BL/6
mice were raised under germ free (GF) conditions in the
National Gnotobiotic Research Center at the University
of North Carolina at Chapel Hill. Experimental proce-
dures were approved by the Institutional Animal Care
and Use Committee of The University of North Caro-
lina at Chapel Hill. Mice were given a single intraperito-
neal (IP) injection of DOXO (Pharmacia & Upjohn Co.)
at a dose of 20 mg/kg body weight. We have previously
reported that this dose induces a reproducible sequela of
intestinal damage in mice.2 Animals were killed at 6 (n
D 3 for CONV, n D 3 for GF), 72 (n D 3, n D 3), or
120 h (n D 3, n D 2) after DOXO treatment and com-
pared with no treatment controls (n D 3, n D 6). Small
intestine was flushed with ice-cold phosphate buffered
saline (pH 7.4) and a piece of middle jejunum was fixed
in 10% buffered formalin and embedded in paraffin.

Histology

Formalin-fixed paraffin embedded specimens were ori-
ented to provide sections perpendicular to the long axis

of the bowel, and 5 mm sections were used for evaluat-
ing general morphology. Longitudinal sections of
crypts or villi were selected for scoring on the basis that
a single, continuous layer of epithelium followed from
crypt base to villus base and from the crypt-villus junc-
tion to the villus tip, respectively. For scoring cell posi-
tion, each crypt was divided in half and cells were
numbered sequentially from crypt base to crypt-villus
junction, with cell position “one” being occupied by the
first cell at the base of each half crypt, as previously
described.2 Apoptosis was scored by H&E staining
based on the presence of one or more pyknotic bodies
at a given cell position and confirmed by immunoflor-
escence for cleaved caspase 3 (CC3).34 Number of cells
in G2-M phase per crypt was assessed by immunohis-
tochemistry for phosphohistone H3 (pHH3) and
counting the number of pHH3 positive cells per crypt.
To directly quantify mitosis, the number of mitotic fig-
ures per crypt was counted. Crypt density for each ani-
mal was calculated by averaging the number of crypts
contained within 5 500 mm lengths of mucosa. Villus
height and crypt depth were measured using Axio
Imager software on images captured using an Axio
Imager A1 microscope and an AxioCam MRC 5 high-
resolution camera (Carl Zeiss Microimaging, Inc.).

Immunostaining

For immunohistochemistry, slides were deparaffi-
nized, rehydrated, and incubated in 3% hydrogen
peroxide for 15 min at room temperature (RT) to
quench endogenous peroxidase activity. Sections were
treated to heat-induce epitope retrieval (Antigen
Unmasking Solution cat. # H-3300, Vector Laborato-
ries) and allowed to cool to RT. Primary antibody
(rabbit anti-phospho histone H3 cat. 9701S Cell Sig-
naling Technology) was applied to each section at
1:300 dilution and incubated for 1h at RT. Sections
were then washed and incubated with biotinylated
goat anti-rabbit secondary antibody for 30 60 min at
RT. After washing, slides were incubated in Vectastain
ABC reagent (PK-4000, Vector Laboratories) for
30 min and then developed in a DAB substrate solu-
tion. Quantification of pHH3C cells was performed on
25 30 crypts. Data are expressed as number of positive
cells per crypt. For immunofluorescence, slides were
deparaffinized, rehydrated, treated to antigen retrieval
in 10mM sodium citrate (pH 6.0) with 0.05% Tween
20 for 30 min, and allowed to come to RT. Sections
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were washed and incubated with primary antibodies
as previously reported.3 Primary antibodies used were
as follows: anti-lysozyme (sc-27958, Santa Cruz Bio-
technology, 1:100 dilution), anti-mucin2 (Muc2; sc-
15334, Santa Cruz Biotechnology, 1:200 dilution), and
anti-active caspase 3 (cat. no. 9661, Cell Signaling
Technology, 1:200 dilution). Sections were washed
and incubated with corresponding fluorescently con-
jugated secondary antibodies. Finally, sections were
mounted using Vectashield Mounting Medium with
DAPI (H-1200 Vector Laboratories) and evaluated
using an Axio Imager A1 microscope and an Axio-
Cam MRC 5 high resolution camera.

Statistics

All quantitative results are presented as mean § stan-
dard error (SE). All data were subjected to one-way
ANOVA with correction for multiple comparisons
using the Fisher’s procedure. For all comparisons, a P
value of � 0.05 was considered significant.

Abbreviations
DOXO Doxorubicin
IEC intestinal epithelial cell
CONV conventionalized
GF germ free
IP intraperitoneal
H&E hematoxylin and eosin
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