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Prior antibiotic exposure is associated with increased mortality in Gram-negative bacteria-induced sepsis. However, how antibi-
otic-mediated changes of commensal bacteria promote the spread of enteric pathogenic bacteria in patients remains unclear. In
this study, the effects of systemic antibiotic treatment with or without Toll-like receptor (TLR) stimulation on bacterium-killing
activity, antibacterial protein expression in the intestinal mucosa, and bacterial translocation were examined in mice receiving
antibiotics with or without oral supplementation of dead Escherichia coli or Staphylococcus aureus. We developed a systemic
ampicillin, vancomycin, and metronidazole treatment protocol to simulate the clinical use of antibiotics. Antibiotic treatment
decreased the total number of bacteria, including aerobic bacteria belonging to the family Enterobacteriaceae and the genus En-
terococcus as well as organisms of the anaerobic genera Lactococcus and Bifidobacterium in the intestinal mucosa and lumen.
Antibiotic treatment significantly decreased the bacterium-killing activity of the intestinal mucosa and the expression of non-
defensin-family proteins, such as RegIII�, RegIII�, C-reactive protein-ductin, and RELM�, but not the defensin-family proteins,
and increased Klebsiella pneumoniae translocation. TLR stimulation after antibiotic treatment increased NF-�B DNA binding
activity, nondefensin protein expression, and bacterium-killing activity in the intestinal mucosa and decreased K. pneumoniae
translocation. Moreover, germfree mice showed a significant decrease in nondefensin proteins as well as intestinal defense
against pathogen translocation. Since TLR stimulation induced NF-�B DNA binding activity, TLR4 expression, and mucosal
bacterium-killing activity in germfree mice, we conclude that the commensal microflora is critical in maintaining intestinal non-
defensin protein expression and the intestinal barrier. In turn, we suggest that TLR stimulation induces nondefensin protein
expression and reverses antibiotic-induced gut defense impairment.

The human intestines are colonized by trillions of microorgan-
isms that include hundreds of different species of bacteria and

viruses (1, 2). These microbes, collectively called the commensal
microflora, play an important role in human nutrition and health
by promoting nutrient supply, preventing pathogen colonization,
and shaping as well as maintaining normal mucosal immunity (3,
4). The most abundant microflora is present in the distal intestine
of mammalians and is represented by Gram-negative obligately
anaerobe bacteria.

The intestinal tract acts as a major physical barrier between the
microflora and internal host tissue and responds to the mucosal
innate system through the commensal microflora (5). The intes-
tinal epithelial cells express pattern recognition receptors (PRRs)
that protect against microbial invasion while maintaining epithe-
lial barriers in the presence of commensal microflora (6). The
best-known PRRs are the Toll-like receptors (TLRs). TLR2 and
TLR4 are essential for the recognition of distinct bacterial cell wall
components. TLR2 discriminates peptidoglycan, lipoprotein, li-
poarabinomannan, and zymosan, whereas TLR4 recognizes lipo-
polysaccharide (LPS), lipoteichoic acid (LTA), and paclitaxel
(originally named taxol). A major downstream effect of TLR sig-
naling is the activation of NF-�B. Paneth cells are important con-
tributors to the limiting of bacterial penetration and to the small-
intestinal antimicrobial barrier through synthesis and release of a
broad range of antimicrobial peptides and proteins, such as en-
teric �-defensins (called cryptdins in mice), CRS (cryptdin-re-
lated sequence) peptides, lysozyme, RegIII�, RegIII�, RELM�
(resistin-like molecules �), and C-reactive protein (CRP)-ductin
(7). It has been shown that expression of RegIII� is dependent on

TLR-MyD88-mediated signaling in intestinal epithelial cells and
is induced by commensal microbes (8).

The normal microflora acts as a barrier against colonization
and invasion of potentially pathogenic microorganisms. Recently,
the augmented use of broad-spectrum antibiotics such as ampi-
cillin has led to increased rates of colonization by potentially
pathogenic members of the Enterobacteriaceae, such as Klebsiella
pneumoniae (9). Moreover, a retrospective cohort study of hospi-
talized patients demonstrated that prior antibiotic exposure was
associated with increased hospital mortality of patients with bac-
teremia caused by Gram-negative organisms complicated by se-
vere sepsis or septic shock. This may be due to the enhanced an-
timicrobial resistance of the causative pathogens of patients
receiving prior antibiotics (10).

Therefore, we hypothesize that combined antibiotic treatment
alters intestinal microbial composition, thus compromising the
complex gut defense mechanisms. Through this mechanism,
pathogens, such as K. pneumoniae, invade organs, such as the liver
and blood. Here, using systemic combined antibiotic treatment in
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mice, we demonstrated that antibiotic treatment significantly de-
creased the commensal microflora’s NF-�B DNA binding activity
as well as nondefensin protein expression in the intestinal mucosa
and increased pathogen translocation. Moreover, TLR stimula-
tion induced TLR4 expression and gut defense mechanisms in
antibiotic-treated mice and germfree mice. Therefore, oral sup-
plementation of TLR ligands to induce TLR4 expression and
NF-�B DNA binding activity in the intestinal mucosa could be a
useful strategy for enhancing intestinal defense mechanisms and
preventing enteric pathogen translocation in antibiotic-treated
patients.

MATERIALS AND METHODS
Animals. We obtained specific pathogen-free (SPF) and germfree
C57BL/6 mice from the National Laboratory Breeding and Research Cen-
ter (NLBRC, Taipei, Taiwan). Myd88�/� (C57BL/6 background) mice
were obtained from Oriental Bioservice, Inc. (Kyoto, Japan). Experiments
were in compliance with regulations approved by the National Sun Yat-
Sen Animal Experiments Committee.

Experimental design. (i) Experiment 1. To simulate the use of com-
bined antibiotic treatment in clinical patients with infections, we devel-
oped a new broad-spectrum antibiotic treatment regimen in which ani-
mals received a combined intramuscular injection of different antibiotics:
ampicillin (1,000 mg/liter; Bio Basic Inc.), vancomycin (500 mg/liter;
Hospira), and metronidazole (1,000 mg/liter; Sigma) at 100 �l/day for 4
or 6 days. C57BL/6 mice were randomly divided into three groups: group
I received an intramuscular injection of normal saline, group II received
an intramuscular injection of antibiotics for 4 days, and group III received
antibiotics for 6 days. All animals fasted, and sterile water was provided at
day 4. The mice were sacrificed at day 6 after antibiotic injection. Bacterial
count, intestinal permeability, bacterial translocation (BT) to mesenteric
lymph nodes (MLNs), translocation of Escherichia coli or K. pneumoniae
to MLNs, liver, and blood, and mucosal bacterium-killing activity were
measured in all animals after antibiotic treatment. The bacterial genomic
DNA was extracted from the terminal ileum and MLNs for quantitative
analysis by PCR and real-time PCR. The terminal ileum was also harvested
to analyze NF-�B DNA binding activity and expression of Reg3�, Reg3�,
CRP-ductin, RELM�, Defcr-rs-10, Crypt1, Crypt4, TLR2, TLR4, and
MyD88.

(ii) Experiment 2. For TLR stimulation in the intestinal mucosa, ster-
ile drinking water supplemented with dead E. coli or S. aureus (2 � 106

CFU/ml) was administered at day 4 to animals receiving antibiotic intra-
muscular injections for 6 days. C57BL/6 mice were randomly divided into
four groups: group I received intramuscular injection of normal saline,
group II received intramuscular injection of antibiotics for 6 days, group
III received antibiotics for 6 days with water supplemented with dead E.
coli at day 4, and group IV received antibiotics for 6 days with water
supplemented with dead S. aureus at day 4. The intestines of the animals
were collected for assays as described above for experiment 1.

Bacterial content of the intestinal mucosa and lumina. The collected
mucosa and lumen from the terminal ileum were weighed and homoge-
nized in an equal volume of sterile saline. Aliquots of the homogenate
from each sample were diluted and 100 �l of the homogenates were plated
on different selective agar plates for specific-bacterial strain. The total
aerobic bacteria were cultured on tryptic soy broth (TSB) agar plates
(Difco); aerobic bacteria belonging to the family Enterobacteriaceae and
the genus Enterococcus were cultured on eosin methylene blue and m-En-
terococcus agar plates. The anaerobic bacteria Bacteroides, Clostridium
perfringens, and Lactobacillus and Bifidobacterium were cultured on Bac-
teroides bile esculin, tryptose-sulfite-cycloserine, and Bifidobacterium io-
doacetate medium-25 agar plates, respectively. The plates were examined
for CFU after aerobic incubation at 37°C for 24 h and anaerobic incuba-
tion at 37°C for 5 days in an anaerobic chamber.

Measurement of intestinal permeability. The assay of intestinal per-
meability was modified from the method described by Otamiri et al. (11).
Two ends of a 10-cm segment of small intestine were clipped, 50 �l (25
mg/ml) of fluorescein isothiocyanate (FITC)-dextran (molecular weight
[MW], 4,400; Sigma) was injected into the clipped intestinal lumen, and
100 �l of blood was taken from the heart at 30 min later. The sample was
analyzed for FITC-dextran concentration at an excitation wavelength of
480 nm and an emission wavelength of 520 nm, and the concentration of
FITC-dextran in blood was calculated.

Bacterial translocation to MLNs. The collected MLNs were weighed
and homogenized in an equal volume of sterile saline. Aliquots of the
homogenates were plated onto TSB agar plates. The plates were examined
after aerobic incubation at 37°C for 24 h.

PCR and quantitative real-time PCR. Total RNAs were isolated from
terminal ileum using total RNA miniprep purification kits (GeneMark).
Reverse transcription-generated cDNAs were amplified using PCR. Sets
of TLR2 and TLR4 primers were designed according to genes documented
in GenBank; sets of Reg3�, Reg3�, CRP-ductin, RELM�, Defcr-rs-10,
Crypt1, and Crypt4 primers were designed as described in references 12
and 13, and one pair of primers for the GAPDH gene was used as a control.

For the real-time PCRs, 200 ng of the cDNA template was added to 20
�l of mixture containing 12.5 �l of 2� Kapa Sybr fast qPCR master mix
(Kapa Biosystems), 2.5 �l of each sense and antisense primer (25 �M),
and 5 �l of sterile water. The amplification was performed in a StepOne-
Plus real-time PCR system (Applied Biosystems 7300).

Bacterial DNA extraction and quantitative real-time PCR. Bacterial
genomic DNA was extracted from terminal ileum using the Qiagen DNA
stool kit according to the manufacturer’s directions. The number of spe-
cific bacterial groups was determined by using a StepOnePlus real-time
PCR system (Applied Biosystems 7300). The sequences of specific bacte-
rial primers were as previously published (14).

Western immunoblots. The RegIII�, RELM�, CRP-ductin, and
�-defensin 4 were identified by mouse monoclonal antibodies (R&D Sys-
tems); MyD88 and TLR4 were identified by mouse monoclonal and goat
polyclonal antibodies, respectively (Santa Cruz Biotechnology Inc.).

K. pneumoniae translocation. After the animals were anesthetized,
the two ends of a 10-cm segment of the small intestine were clipped.
Normal saline (500 �l; pH 7.2) containing K. pneumoniae (5 � 107 CFU)
was injected into the isolated intestinal segment. After 1 h, MLNs and
livers were collected, weighed, and homogenized in an equal volume of
sterile saline, and 100 �l of blood was withdrawn from the heart. Blood or
aliquots of the homogenates were plated onto TSB agar plates with or
without ampicillin (100 �g/ml). The plates were examined after aerobic
incubation at 37°C for 24 h.

Determination of the bacterium-killing activity of the mucosa. The
mucosa of the terminal ileum was collected, weighed, and thoroughly
suspended in an equal volume of sterile saline by incubation in a shaker
(200 rpm) at room temperature for 30 min. Suspended mucosa was cen-
trifuged at 12,000 � g for 5 min, and the supernatant containing antibac-
terial proteins was collected. A 100-�l bacterial suspension containing E.
coli or K. pneumoniae (1 � 103 CFU) were added to 400 �l of supernatant
and incubated at room temperature for 30 min. Finally, 100 �l of the
supernatant was plated onto LB agar plates with or without ampicillin
(100 �g/ml).

Electrophoretic mobility shift assay (EMSA) for NF-�B. Intestinal
mucosae were harvested by centrifugation and used to prepare nuclear
extract as described previously (15). The consensus and control oligonu-
cleotides (Santa Cruz Biotechnology Inc.) were labeled by polynucleotide
kinase; the NF-�B consensus sequence was 5=AGTTGAGGGGACTTTC
CCAGGC3= (1.75 pmol/liter). The samples were analyzed on a 4% poly-
acrylamide gel, and the gel was dried and visualized by autoradiography.

Statistical analysis. All immunoblotting and electrophoretic mobility
shift assays were analyzed by densitometric scanning. Data are expressed
as means 	 standard deviations of the means, and a P value of 
0.05 is
considered statistically significant. The bacterial counts, intestinal perme-
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ability, mucosal bacterium-killing activity, and BT to MLNs between
groups were assessed with one-way analysis of variance (ANOVA), fol-
lowed by Tukey’s test.

RESULTS
Antibiotic treatment decreased the intestinal microflora. After
antibiotic treatment for 4 and 6 days, total aerobic bacterial counts
in the lumen significantly decreased by 5.5 � 105 CFU/ml and
6.7 � 105 CFU/ml and in the mucosa by 9.7 � 105 CFU/g and 1.2
� 106 CFU/g, respectively, as demonstrated by plate cultivation
(Fig. 1A). Moreover, antibiotic treatment for 6 days significantly
decreased counts of the aerobic bacteria of the family Enterobac-
teriaceae and the genus Enterococcus in the mucosa and lumen
(data not shown). Antibiotic treatment for 6 days significantly
decreased counts of the anaerobic bacteria Lactobacillus and Bifi-
dobacterium in the mucosa but not in the lumen, whereas those of
the anaerobic genus Bacteroides had no difference in the mucosa
and in the lumen (data not shown).

Real-time PCR analysis showed that copy numbers of the total
mucosal aerobic bacteria, such as Eubacteria, enteric bacteria (Fig.
1B), and Gram-positive and -negative bacteria (data not shown),
all significantly decreased after antibiotic treatment for 6 days.
Copy numbers of aerobic bacteria of the family Enterobacteriaceae
and members of the genera Enterococcus and Staphylococcus sig-
nificantly decreased after antibiotic treatment for 6 days (Fig. 1C),
but those of Pseudomonas showed no difference (data not shown).
Copy numbers of the anaerobic genus Lactobacillus decreased af-
ter antibiotic treatment for 4 or 6 days, those of Bacteroides
showed no difference, and those of C. perfringens increased after
antibiotic treatment for 6 days (Fig. 1D). These results indicate
that combined administration of ampicillin, vancomycin, and
metronidazole for 4 or 6 days significantly decreases aerobic as
well as anaerobic bacteria but increases C. perfringens in the intes-
tine.

Antibiotic treatment increased intestinal permeability and
bacterial translocation. Antibiotic treatment for 4 days induced a
significant 2-fold increase of intestinal permeability compared
with the control group (Fig. 2A). Similarly, antibiotic treatment
for 6 days induced a significant 24-fold increase of bacterial trans-
location to MLNs (Fig. 2B). To evaluate specific groups of intes-
tinal microflora that translocated to MLNs, bacterial genomic
DNA extracted from MLNs was analyzed by RT-PCR and real-
time PCR using specific bacterial primers. Antibiotic treatment
for 4 days or 6 days induced a significant increase in translocation
of Eubacteria, enteric bacteria, and Gram-positive and -negative to
MLNs compared with the control group (Fig. 2C). Antibiotic
treatment markedly induced the translocation of aerobic bacteria
belonging to the Enterobacteriaceae, Enterococcus, Staphylococcus,
and Pseudomonas and the anaerobic genus Bacteroides to MLNs
(Fig. 2D), indicating that antibiotic treatment decreases the total
amount of bacteria in the intestine and induces intestinal perme-
ability as well as enteric BT to MLNs.

Antibiotic treatment decreased antibacterial protein expres-
sion in terminal ileum. To examine the mechanisms of antibiotic
treatment on BT to MLNs, the expression of antibacterial proteins
in the terminal ileum was analyzed by RT-PCR, real-time PCR,
and immunoblotting. Quantification analysis of real-time PCR
results showed that the mRNA levels of non-defensin-family mol-
ecules, such as Reg3�, Reg3�, CRP-ductin, and RELM� were
37%, 60%, 36%, and 20% decreased, respectively, in mice treated

with antibiotics for 4 days compared with the control mice. Fur-
thermore, 56%, 76%, 57%, and 70% decreases in Reg3�, Reg3�,
CRP-ductin, and RELM� mRNA, respectively, were observed in
mice treated with antibiotics for 6 days compared with those of
control mice (Fig. 3A). However, no difference in the expression
of the defensin-family proteins Defcr-rs-10, Crypt1, and Crypt4
was observed between antibiotic-treated and control mice (Fig.
3A). The results of RT-PCR analysis (Fig. 3B) were consistent with
those of real-time PCR analysis. Also, the mRNA levels of TLR4
were significantly decreased but those of TLR2 were only mildly
decreased after antibiotic treatment.

Quantification analysis of immunoblots showed that after an-
tibiotic treatment for 4 and 6 days, there was a significant reduc-
tion of RegIII� (36% and 74%, respectively) and RELM� (52%
and 81%, respectively) expression (Fig. 3C). However, no signifi-
cant difference in the expression of �-defensin 4, one of the de-
fensin-family proteins, was observed between antibiotic treated
and control mice. In addition, there was a 52% decrease in the
expression of TLR4 and a 32% decrease of Myd88 after antibiotic
treatment for 6 days compared with the control group (Fig. 3C).
These results indicate that antibiotic treatment significantly de-
creases TLR4 as well as nondefensin protein expression but not
�-defensin 4 expression in the intestinal mucosa.

TLR stimulation reversed antibiotic-induced K. pneu-
moniae translocation and reduced mucosal bacterium-killing
activity. To further examine the effect of antibiotics on gut de-
fense against enteric pathogen invasion, K. pneumoniae (5 � 107

CFU) was injected into the isolated intestinal segment, and MLNs,
liver, and blood were collected and cultured 1 h after injection for
the evaluation of K. pneumoniae translocation. Antibiotic treat-
ment for 4 and 6 days induced significant 38-fold and 93-fold
increases, respectively, of K. pneumoniae translocation to MLNs
compared with the control group (Fig. 4A). Moreover, K. pneu-
moniae translocation to the liver and blood showed significant
21-fold and 41-fold increases, respectively, after antibiotic treat-
ment for 6 days (Fig. 4B and C). Moreover, S. aureus supplemen-
tation significantly decreased K. pneumoniae translocation to the
blood (Fig. 4C) but mildly decreased the translocation to MLNs as
well as the liver compared with the antibiotic treatment group
(Fig. 4A and B).

To evaluate the effect of antibiotic treatment on the mucosal
bacterium-killing activity, the antibacterial proteins were ex-
tracted from the mucosa of the terminal ileum and added to the
bacterial suspension. Forty-five and fifty-five percent of the inoc-
ulated E. coli and K. pneumoniae, respectively, were killed when
incubated with the extracted antibacterial proteins from the mu-
cosa of mice without antibiotic treatment (Fig. 4D and E). The
mucosal bacterium-killing activity in mice treated with antibiotics
for 4 days significantly decreased to 30% for E. coli (Fig. 4D) and
38% for K. pneumoniae (Fig. 4E). The mucosal bacterium-killing
activity in mice treated for 6 days further decreased to 17% for E.
coli (Fig. 4D) and 24% for K. pneumoniae (Fig. 4E). TLR stimula-
tion with dead E. coli supplementation in mice treated with anti-
biotics for 6 days significantly increased the mucosal bacterium-
killing activity against both E. coli and K. pneumoniae, but
supplementation with dead S. aureus had no effect compared with
the control group (Fig. 4D and E). These data indicate that TLR
stimulation enhances the mucosal bacterium-killing activity,
thereby overcoming the loss of antibiotic-induced intestine de-
fense.
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FIG 1 Antibiotic treatment for 4 and 6 days significantly decreased the commensal microflora in the lumen and mucosa in C57BL/6 mice. (A) Total aerobic
bacterial counts in the mucosa and lumen of the terminal ileum were significantly decreased after intramuscular antibiotic treatment for 4 or 6 days. (B) Real-time
PCR results showed that copy numbers of total Eubacteria organisms and enteric bacteria were significantly decreased after antibiotic treatment for 6 days. (C)
Copy numbers of members of the Enterobacteriaceae, Enterococcus, and Staphylococcus were significantly decreased after antibiotic treatment for 6 days, but those
of Pseudomonas and Salmonella did not show any difference. (D) Copy numbers of Lactobacillus were significantly decreased after antibiotic treatment for 4 or
6 days, those of Bacteroides did not show any difference, and those of C. perfringens were significantly increased after antibiotic treatment for 6 days. Cont, control;
IMab-4, intramuscular antibiotic treatment for 4 days; IMab-6, intramuscular antibiotic treatment for 6 days; *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001. n � 4 to
6/group.
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FIG 2 Antibiotic treatment induced intestinal permeability and bacterial translocation. (A) Antibiotic treatment for 4 days or 6 days significantly increased the
intestinal permeability compared with the control group. (B) Antibiotic treatment for 4 or 6 days significantly increased translocation of enteric bacteria to
mesenteric lymph nodes (MLNs) compared with the control group. (C) Antibiotic treatment for 6 days induced a significant increase in the translocation of
Eubacteria organisms, enteric bacteria, and Gram-positive and -negative bacteria to MLNs. (D) Antibiotic treatment markedly induced the translocation of
members of the Enterobacteriaceae, Enterococcus, Staphylococcus, Pseudomonas, and Bacteroides to MLNs. FITC, fluorescein isothiocyanate; Cont, control;
IMab-4, intramuscular antibiotic treatment for 4 days; IMab-6, intramuscular antibiotic treatment for 6 days; BT, bacterial translocation; MLNs, mesenteric
lymph nodes. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001. n � 4 to 6/group.
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TLR stimulation reversed antibiotic-induced reduction of
nondefensin protein expression and NF-�B DNA-binding activity
in the intestinal mucosa.

Next, we investigated the mechanism underlying the reversion
of antibiotic treatment-induced intestine defense deficit by TLR
stimulation. TLR activation in the intestinal mucosa using dead E.
coli significantly induced mRNA levels of the non-defensin-family
molecules, including Reg3�, Reg3�, CRP-ductin, and RELM�,
compared with the antibiotic treatment group (Fig. 5A). How-
ever, supplementation with dead S. aureus significantly increased

the expression of CRP-ductin and mildly increased the expression
of Reg3�, Reg3�, and RELM� compared with antibiotic treat-
ment for 6 days (Fig. 5A). In contrast, TLR stimulation with dead
E. coli or S. aureus had no effect on the mRNA levels of defensin-
family molecules Defcr-rs-10, Crypt1, and Crypt4 (data not
shown). RT-PCR results were consistent with real-time PCR ones
(data not shown).

Similarly, immunoblotting assays demonstrated that dead E.
coli supplementation in antibiotic-treated mice induced a signifi-
cant increase of RegIII�, RELM�, CRP-ductin, and TLR4 expres-

FIG 3 Antibiotic treatment for 4 or 6 days decreased the expression of nondefensin proteins of the intestinal mucosa. Expression of RegIII�, RegIII�, CRP-ductin,
RELM�, Crypt1, Crypt4, Defcr-rs-10, TLR4, and TLR2 mRNAs in the terminal ileum was analyzed by real-time PCR (A) and RT-PCR (B). (C) Protein expression of
RegIII�, RELM�, CRP-ductin, TLR4, MyD88, and�-defensin 4 in the terminal ileum was analyzed by immunoblotting. Cont, control; IMab-4, intramuscular antibiotic
treatment for 4 days; IMab-6, intramuscular antibiotic treatment for 6 days; *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001. n � 3/group.
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sion and a mild increase of MyD88 expression (Fig. 5B). However,
dead S. aureus supplementation induced a significant increase of
TLR4 and a moderate increase of RegIII�, RELM�, and CRP-
ductin expression in the intestinal mucosa compared with the

control group. However, TLR stimulation by supplementation
with dead E. coli or S. aureus had no effect on the expression of
�-defensin 4 (Fig. 5B).

Antibiotic treatment for 6 days induced a significant decrease

FIG 4 TLR stimulation of antibiotic-treated mice increased the bacterium-killing activity and decreased the translocation of pathogenic K. pneumoniae.
Antibiotic treatment for 6 days significantly increased the translocation of injected K. pneumoniae to mesenteric lymph nodes (MLNs) (A), liver (B), and blood
(C). TLR stimulation with dead E. coli supplementation significantly decreased K. pneumoniae translocation to MLNs (A), liver (B), and blood (C), whereas
supplementation with dead S. aureus significantly decreased K. pneumoniae translocation only to the blood (C). Antibiotic treatment for 4 and 6 days significantly
decreased the mucosal bacterium-killing activity against E. coli (D) and K. pneumoniae (E). TLR stimulation with dead E. coli but not S. aureus significantly
increased the mucosal bacterium-killing activity against both E. coli (D) and K. pneumoniae (E). MLNs, mesenteric lymph nodes; Cont, control; IMab-4,
intramuscular antibiotic treatment for 4 days; IMab-6, intramuscular antibiotic treatment for 6 days; **, P 
 0.01; ***, P 
 0.001. n � 4 to 6/group.
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FIG 5 TLR stimulation reversed antibiotic treatment-induced reduction of nondefensin proteins and NF-�B DNA binding activity of the intestinal mucosa. (A)
TLR stimulation with dead E. coli oral supplementation significantly induced Reg3�, Reg3�, CRP-ductin, and RELM� mRNA levels in the intestinal mucosa of
antibiotic-treated mice. Dead S. aureus oral supplementation significantly increased the expression of CRP-ductin in the intestinal mucosa. (B) Immunoblotting
assays showed that TLR stimulation with dead E. coli induced a significant increase in RegIII�, RELM�, and TLR4 protein expression in antibiotic-treated mice.
Dead S. aureus supplementation induced a significant increase in TLR4 protein expression in antibiotic-treated mice. TLR stimulation with dead E. coli or S.
aureus had no effect on the expression of �-defensin 4. (C) Antibiotic treatment for 6 days (IMAb-6) significantly decreased NF-�B DNA binding activity in the
intestinal mucosa. Dead E. coli or S. aureus supplementation for 2 days reversed the inhibitory effect of antibiotics on NF-�B DNA binding activity in the intestinal
mucosa. NS, nonspecific band; Cont, control; IMab-4, intramuscular antibiotic treatment for 4 days; IMab-6, intramuscular antibiotic treatment for 6 days; *,
P 
 0.05; **, P 
 0.01; ***, P 
 0.001. n � 3 to 5/group.
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of NF-�B DNA binding activity in the terminal ileum, thus indi-
cating that NF-�B activity in the intestinal mucosa is regulated by
the commensal microflora. Moreover, the NF-�B DNA binding
activity in the terminal ileum was markedly induced when mice
received dead E. coli or S. aureus supplementation after antibiotic
treatment (Fig. 5C). Taken together, these results indicate that
TLR stimulation reverses the inhibitory effect of antibiotic treat-
ment on RegIII�, RELM�, CRP-ductin, and TLR4 expression and
NF-�B DNA binding activity in the intestinal mucosa.

TLR stimulation increased mucosal bacterium-killing activ-
ity in germfree mice. To assess the role of the commensal micro-
flora on gut defense mechanisms, we examined the killing activity
and antibacterial protein expression in the intestinal mucosa of
germfree mice. The mucosal bacterium-killing activity in germ-
free mice was significantly decreased to 30% for E. coli and 38% for
K. pneumoniae (Fig. 6A) compared with that in specific-pathogen-
free (SPF) mice. Next, the effects of TLR stimulation on mucosal
bacterium-killing activity in germfree mice were assessed. Supple-
mentation with dead E. coli significantly increased the mucosal
bacterium-killing activity in germfree mice against E. coli, whereas
supplementation with dead S. aureus mildly increased it (Fig. 6A).
Next, after injection of K. pneumoniae (5 � 107 CFU) into the

isolated intestinal segment of germfree mice, MLNs and livers
were collected for the evaluation of K. pneumoniae translocation.
K. pneumoniae translocation to the MLNs and liver showed sig-
nificant 15-fold and 32-fold increases, respectively, compared
with that in SPF mice (Fig. 6B). This suggests that germfree mice
decreased the intestinal defense against K. pneumoniae transloca-
tion. To evaluate the effect of TLR stimulation on intestinal de-
fense against pathogen translocation, germfree mice were supple-
mented with dead E. coli or S. aureus for 2 weeks and examined for
K. pneumoniae translocation. This treatment significantly de-
creased K. pneumoniae translocation to MLNs and liver in germ-
free mice compared with the control group (Fig. 6B). Similarly,
oral supplementation of dead S. aureus in germfree mice signifi-
cantly decreased K. pneumoniae translocation to the liver (Fig.
6B), suggesting that TLR stimulation induces intestinal defense
against pathogen translocation in germfree mice.

TLR stimulation increased TLR4 expression and NF-�B
DNA binding activity in the intestinal mucosa of germfree mice.
Next, we studied the molecular mechanisms involved in the mu-
cosal bacterium-killing activity induced by TLR stimulation in
germfree mice. PCR results showed that the mRNA levels of
Crypt4, Reg3�, Reg3�, RELM�, and CRP-ductin were signifi-

FIG 6 TLR stimulation decreased K. pneumoniae translocation and increased mucosal bacterium-killing activity, TLR4 expression, and NF-�B DNA binding
activity in the intestinal mucosa in germfree mice. (A) The mucosal bacterium-killing activity against E. coli and K. pneumoniae was significantly decreased in
germfree mice compared with SPF mice. TLR stimulation with dead E. coli significantly increased the mucosal bacterium-killing activity against E. coli in germfree
mice. (B) K. pneumoniae translocation to MLNs and liver of germfree mice was significantly increased compared with that of SPF mice. TLR stimulation with
dead E. coli significantly decreased K. pneumoniae translocation to MLNs and liver. Oral supplementation with dead S. aureus in germfree mice significantly
decreased K. pneumoniae translocation to the liver. (C) Reg3�, Reg3�, RELM�, CRP-ductin, Defcr-rs-10, Crypt1, and Crypt4 mRNA expression in the intestinal
mucosa of germfree and SPF mice. (D) TLR stimulation with dead E. coli or S. aureus (Sta.) significantly induced TLR4 protein expression in the intestinal mucosa
in germfree mice. (E) TLR stimulation with dead E. coli or S. aureus significantly induced NF-�B DNA binding activity in the intestinal mucosa in germfree mice.
GF, germfree mice; SPF, specific-pathogen-free mice. *, P 
 0.05; **, P 
 0.01; ***, P 
 0.001. n � 4 to 6/group.
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cantly decreased in germfree mice compared with those in SPF
mice (Fig. 6C). However, no difference was observed in Defcr-
rs-10 and Crypt1 mRNA expression in the intestinal mucosa be-
tween the two groups of mice. Similarly, protein levels of RegIII�
and RELM� were significantly decreased in germfree mice com-
pared with that in SPF mice (data not shown). However, no dif-
ference in protein expression of �-defensin 4 was observed (data
not shown). These data indicate that the commensal microflora is
important in regulating nondefensin protein expression in the
intestinal mucosa.

Next, we examined the effect of TLR stimulation on antibacte-
rial protein expression in the intestinal mucosa of germfree mice.
TLR stimulation with dead E. coli or S. aureus significantly in-
duced TLR4 protein expression in germfree mice (Fig. 6D) but
had no effect on the mRNA levels of the defensin-family molecules
Defcr-rs-10, Crypt1, and Crypt4 (data not shown). Moreover, this
treatment significantly induced NF-�B DNA binding activity in
the terminal ileum of germfree mice (Fig. 6E). These results indi-
cate that TLR stimulation induces TLR4 expression, NF-�B DNA
binding activity in the intestinal mucosa, and intestinal mucosal
bacterium-killing activity.

TLR stimulation did not induce RegIII� expression in
Myd88�/� mice. Myd88�/� mice were used to examine the role of
TLRs in antimicrobial protein expression in the intestinal mucosa
induced by supplementation with dead E. coli and S. aureus. PCR
results showed that the mRNA levels of Reg3�, Reg3�, RELM�,
and CRP-ductin were significantly decreased in Myd88�/� mice
compared with those in WT mice (Fig. 7A). However, no differ-
ence was observed in Defcr-rs-10, Crypt1, and Crypt4 mRNA ex-
pression in the intestinal mucosa between the two groups of mice
(Fig. 7B). mRNA and protein expression of RegIII� was signifi-
cantly decreased in the intestinal mucosa of Myd88�/� mice com-
pared with that in WT mice (Fig. 7C and D). Moreover, TLR
stimulation with dead E. coli or S. aureus had no effect on the
mRNA and protein expression of RegIII� in the intestinal mucosa
of Myd88�/� mice (Fig. 7C and D). These results indicate that
Myd88 plays an important role in RegIII� expression and dead E.
coli or S. aureus supplementation induces antimicrobial protein
expression through Myd88.

DISCUSSION

The invasion of commensal bacteria into tissues can result in the
breakdown of symbiotic host-microorganism interactions, thus
contributing to pathologies such as inflammatory bowel diseases
(16). In this study, we show that antibiotic treatment for 6 days
significantly reduced numbers of aerobic bacteria belonging to the
Enterobacteriaceae and Enterococcus in the intestinal mucosa and
lumen and numbers of the anaerobic bacteria Lactococcus and
Bifidobacterium in the mucosa but did not change numbers of
Bacteroides in the mucosa and lumen. It has been reported that
antibiotic treatment disrupted the intestinal microflora, leading to
increased infection susceptibility by enteric bacteria, such as Lis-
teria monocytogenes (17), C. difficile, Salmonella enterica (18), E.
coli, and Enterococcus faecalis (19). Our PCR results demonstrated
that the total amount of enteric bacteria was decreased and the
amount of major groups of intestinal bacteria, such as the aerobic
bacteria of the Enterobacteriaceae and Enterococcus as well as the
anaerobic genera Lactobacillus and Lactococcus were significantly
decreased in mice receiving antibiotics for 6 days. Our real-time
PCR results also showed that the total amounts of enteric bacteria,

aerobic bacteria belonging to the Enterobacteriaceae, Enterococcus,
and Staphylococcus, and anaerobic bacteria belonging to the gen-
era Lactobacillus and Lactococcus were significantly decreased.
However, the anaerobic species C. perfringens was significantly
increased. In contrast, the amounts of the aerobic bacteria Pseu-
domonas and Salmonella as well as the anaerobic genus Bacteroides
were unchanged after antibiotic treatment. These results indicate
that the antibiotic procedure used in this study can disrupt the
intestinal microflora of both the mucosa and the lumen. The com-
mensal microflora plays an important role in maintaining the in-
testinal defense against colonization by pathogenic bacteria, and
antibiotic treatment significantly changes the balance of commen-
sal microflora and decreases the numbers of Lactobacillus and Lac-
tococcus organisms, therefore increasing the mucosal adhesion of
potential pathogens, such as C. perfringens. Altogether, these re-
sults indicate that systemic combined antibiotic treatment in-

FIG 7 Dead E. coli or S. aureus supplementation did not induce RegIII�
expression in Myd88�/� mice. (A) Reg3�, Reg3�, RELM�, and CRP-ductin
mRNA expression in the intestinal mucosa of Myd88�/� and WT mice. (B)
Defcr-rs-10, Crypt1, and Crypt4 mRNA expression in the intestinal mucosa of
Myd88�/� and WT mice. (C) Dead E. coli or S. aureus supplementation did
not stimulate RegIII� mRNA expression in the intestinal mucosa of
Myd88�/� mice. (D) Dead E. coli or S. aureus supplementation did not stim-
ulate RegIII� protein expression in the intestinal mucosa of Myd88�/� mice.
Cont, control; IMab, intramuscular antibiotic treatment; *, P 
 0.05; **, P 

0.01; ***, P 
 0.001. n � 3 to 5/group.
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duces pathogen translocation by changing the balance of the com-
mensal microflora and intestinal defense mechanisms.

Recently, bacteria from the family Enterobacteriaceae (e.g.,
Klebsiella spp. and Enterobacter spp.) have been found to be com-
mon causes of a wide range of health care-associated infections
and have become resistant to available antimicrobial agents (20).
More and more bacteria have been reported to develop antibiotic
resistance, e.g., methicillin-resistant S. aureus, vancomycin-resis-
tant Enterococcus spp. (21), and widely antibiotic-resistant bacte-
ria such as Bacteroides (22), Pseudomonas aeruginosa, Salmonella,
E. coli, and K. pneumoniae) (23). To investigate specific groups of
bacteria that translocated to MLNs after antibiotic treatment, the
bacterial genomic DNA extracted from MLNs was analyzed by
PCR and real-time PCR. PCR results showed that antibiotic treat-
ment for 6 days induced a marked translocation of enteric bacteria
to MLNs, including the aerobic bacteria Enterobacteriaceae and
Pseudomonas and the anaerobic bacteria Bacteroides. These results
were verified by real-time PCR analysis showing that antibiotic
treatment for 6 days significantly increased the translocation of
the aerobic bacteria Enterobacteriaceae, Enterococcus, Pseudomo-
nas, and Staphylococcus as well as the anaerobic genus Bacteroides
to MLNs. Although antibiotic treatment significantly increased
the number of C. perfringens in the mucosa, C. perfringens trans-
location to MLNs was not increased. Antibiotic treatment surpris-
ingly reduced the number of organisms belonging to the Entero-
bacteriaceae, Enterococcus, and Staphylococcus in the mucosa but
increased the translocation of Enterobacteriaceae, Enterococcus,
and Staphylococcus organisms to MLNs. These results indicate that
combined antibiotic treatment changes the balance of the intesti-
nal flora and induces the translocation of Bacteroides spp., S. au-
reus, Enterococcus spp., P. aeruginosa, E. coli, and K. pneumoniae by
decreasing the intestinal defense against these bacteria rather than
changing the numbers of them in the intestinal mucosa.

It has been shown that broad-spectrum antibiotics such as am-
picillin could increase the colonization by pathogenic members of
Enterobacteriaceae, such as the ampicillin-resistant K. pneu-
moniae, and opportunistic pathogens during antibiotic treatment
(21, 24). Since our results showed that antibiotic treatment mark-
edly induced translocation of members of the Enterobacteriaceae
to MLNs, the translocation of injected pathogenic K. pneumoniae
organisms and the nonvirulent E. coli strain DH10B/DsRed was
used to investigate the effect of intestinal microflora depletion on
intestinal immunity. The E. coli strain DH10B without the viru-
lence plasmid and with a plasmid carrying the dsRED2 gene frag-
ment was used to generate the nonvirulent DH10B/DsRed strain
(25). After antibiotic treatment for 6 days, there was a marked
increase in the translocation of pathogenic K. pneumoniae to
MLNs, liver, and blood (93-fold, 23-fold, and 41-fold, respec-
tively) but not that of DH10B/DsRed. Moreover, in vitro mucosal
bacterium-killing assays showed that the killing activities against
both K. pneumoniae and DH10B/DsRed were significantly de-
creased after antibiotic treatment. These results suggest that anti-
biotic treatment reduces the intestinal defense against bacterial
invasion. To further confirm this hypothesis, the expression of
antibacterial proteins in the terminal ileum was examined. RT-
PCR, real-time PCR, and immunoblotting assays showed that lev-
els of the non-defensin-family molecules RegIII�, RegIII�, CRP-
ductin, and RELM� were significantly decreased after antibiotic
treatment, especially after 6 days of treatment. In contrast, there
was no difference in the expression of the defensin-family proteins

Defcr-rs-10, Crypt1, and Crypt4. Moreover, the expression of
TLR4 was significantly decreased but the expression of TLR2 and
MyD88 was slightly decreased after antibiotic treatment. In addi-
tion, antibiotic treatment for 6 days induced a profound decrease
of NF-�B DNA binding activity in the terminal ileum. Our study
demonstrated that in vitro mucosal killing of both K. pneumoniae
and E. coli was significantly decreased after antibiotic treatment.
Moreover, there was a significant increase in the translocation of
injected K. pneumoniae organisms to MLNs, liver, and blood but
not in that of E. coli. These results suggest that the expression of
nondefensin proteins is triggered by TLR4-MyD88-dependent ac-
tivation, according to a previous report showing that RegIII� ex-
pression was regulated by TLR-MyD88-mediated signals (17). It
has also been reported that MyD88-deficient mice are susceptible
to L. monocytogenes infection (17). In addition, NF-�B plays an
important role in triggering the expression of nondefensin pro-
teins through TLR4-MyD88-dependent signaling. Thus, TLR4 ex-
pression, NF-�B activation, and subsequent nondefensin protein
expression play critical roles in antibiotic-induced reduction of
intestinal defense against bacterial translocation and mucosal bac-
terium-killing activity. Using germfree mice, we further proved
that the commensal microflora is critical in maintaining intestinal
mucosal immunity and TLR4, Reg3�, Reg3�, RELM�, and CRP-
ductin expression as well as NF-�B activation in the intestinal
mucosa.

TLRs are important pattern recognition molecules in the intes-
tinal epithelium that sense commensal microflora and initiate in-
flammatory and immune responses (26). However, the relation-
ship between the function of TLRs and intestinal immunity has
not been well established. Our data demonstrated that TLR stim-
ulation with dead E. coli but not with dead S. aureus supplemen-
tation for 2 days in antibiotic-treated mice markedly decreased the
translocation of pathogenic K. pneumoniae to MLNs, liver, and
blood (5-fold, 3-fold, and 10-fold, respectively) and significantly
increased the mucosal bacterium-killing activity against both K.
pneumoniae and E. coli. These results suggest that TLRs play im-
portant roles in enhancing intestinal defense mechanisms and
preventing invasion by pathogenic bacteria in antibiotic-treated
mice and also that dead E. coli is more effective than dead S. aureus
in inducing intestinal defense. Furthermore, quantitative analysis
of nondefensin protein levels in the distal ileum demonstrated
that TLR stimulation in antibiotic-treated mice with dead E. coli
significantly increased the expression of TLR4 and of non-defen-
sin-family antibacterial proteins. In contrast, antibiotic-treated
mice receiving dead S. aureus for 2 days showed a moderate in-
crease in nondefensin mRNA and protein levels. In addition, TLR
stimulation with dead E. coli or S. aureus markedly increased the
NF-�B DNA binding activity. These results indicate that TLR
stimulation increases NF-�B activation, restores nondefensin
protein expression, and increases mucosal bacterium-killing ac-
tivity, leading to a decreased translocation of pathogenic K. pneu-
moniae to MLNs, liver, and blood. Moreover, our results show
that TLR stimulation enhanced intestinal immune defense to pre-
vent invasion by pathogenic bacteria by increasing expression of
nondefensin proteins in antibiotic-treated mice. It is known that
NF-�B is a key transcription regulator involved in a variety of
inflammatory and innate immune responses. Our results further
suggest that NF-�B may be regulated in the intestinal mucosa by
the commensal microflora and is associated with the expression of
antibacterial proteins and intestinal defense mechanism. Further-
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more, germfree mice showed significant decreases in nondefensin
proteins as well as in mucosal bacterium-killing activity and an
increase in pathogen translocation compared with that in SPF
mice. TLR stimulation with dead E. coli or S. aureus in germfree
mice significantly increased TLR4 expression, NF-�B DNA bind-
ing activity in the intestinal mucosa, and mucosal bacterium-kill-
ing activity. Altogether, our data suggest that TLR4 and NF-�B
DNA binding activity in the intestinal mucosa play important
roles in commensal microflora-induced intestinal defense mech-
anisms, thereby inducing gut defense in germfree mice through
TLR stimulation.

In summary, antibiotic treatment reduced the total numbers of
bacteria in the terminal ileum, induced intestinal permeability,
and increased the translocation of injected pathogenic K. pneu-
moniae to MLNs, liver, and blood due to reduction in the mucosal
bacterium-killing activity and the expression of nondefensin pro-
teins. TLR stimulation reversed the effect of antibiotic treatment
on mucosal bacterium-killing activity, nondefensin proteins, and
K. pneumoniae translocation. Moreover, TLR stimulation in-
duced TLR4 expression, NF-�B DNA binding activity, and gut
defense mechanisms in germfree mice. Therefore, the commensal
microflora is critical in maintaining intestinal nondefensin pro-
tein expression as well as in regulating mucosal bacterium-killing
activity, and finally, TLR stimulation may induce nondefensin
protein expression and reverse antibiotic-induced gut defense
deficit.
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