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Antibiotics can play dual roles in Clostridium difficile infection (CDI); antibiotic treatment increases the risk of CDI, and antibi-
otics are used to treat CDI. The glycylcycline antibiotic tigecycline has broad antimicrobial activity, yet it is rarely associated
with the development of CDI, presumably due to its activity against C. difficile. In this study, we investigated how tigecycline
treatment affects the structure of the gut microbiota and susceptibility to CDI by treating mice with tigecycline (n � 20) or saline
(n � 8) for 10 days. A sequence analysis of the bacterial 16S rRNA gene amplicons was used to monitor changes in the fecal mi-
crobiota. A subset of the mice was followed for 5 weeks after the end of treatment. The remaining mice were challenged with C.
difficile strain VPI 10463 spores 2 days after the tigecycline treatment ended. Tigecycline treatment resulted in major shifts in the
gut microbiota, including large decreases in Bacteroidetes levels and large increases in Proteobacteria levels. Mice with tigecy-
cline-altered microbial communities were susceptible to challenge with C. difficile spores and developed clinical signs of severe
CDI. Five weeks after the cessation of tigecycline treatment, the recovery of the bacterial community was incomplete and diver-
sity was lower than in the untreated controls. Antibiotics with intrinsic activity against C. difficile can still alter the microbiota in
a way that leads to susceptibility to CDI after discontinuation of the drug. These results indicate that microbiotic dynamics are
key in the development of CDI, and a better understanding of these dynamics may lead to better strategies to prevent and treat
this disease.

The toxin-producing bacterium Clostridium difficile causes
�350,000 cases of diarrhea and colitis per year in the United

States (1). A major risk factor for C. difficile infection (CDI) is
antibiotic administration (2). An elevated risk has been associated
with the use of clindamycin, quinolones, cephalosporins, and
aminopenicillins, although virtually all antibiotics have been im-
plicated as potential risk factors for developing CDI (3–5). The
mechanism by which antibiotics predispose patients to CDI is
thought to be through the alteration of the community structure
of the indigenous gut microbiota, which results in a loss of colo-
nization resistance against C. difficile (6–8). While most antibiot-
ics have been implicated as risk factors for CDI, the broad-spec-
trum glycylcycline antibiotic, tigecycline, is associated with lower
rates of CDI (9).

The antibiotic tigecycline was approved in 2005 for the treat-
ment of complicated skin and soft tissue infections and compli-
cated intra-abdominal infections (10). It was subsequently ap-
proved for the treatment of community-acquired pneumonia
(11). Tigecycline is a broad-spectrum glycylcycline antibiotic that
is potent against both Gram-positive and Gram-negative faculta-
tive and obligate anaerobes, including C. difficile (12–16). Tigecy-
cline has a low MIC against C. difficile in vitro (17). Recent evi-
dence suggests that administration of the drug is associated with
low risk of subsequent CDI (9). It is not known if this is due to the
potent anti-C. difficile activity of tigecycline or if the drug is able to
spare members of the gut microbiota that are important in main-
taining colonization resistance.

Recent studies in humans and animals have shown that tigecy-
cline does not significantly alter the anaerobic bacterial popula-
tion in the gastrointestinal tract, including Bacteroides spp. (18,
19). It should be noted that this relative sparing of the indigenous
microbiota was based on standard microbiologic culture and thus
only addressed a subset of the entire microbiota. Although more

studies are needed to determine the absolute risk of developing
CDI following tigecycline administration, case reports suggest it
may be effective, particularly in combination with other antibiot-
ics, for treating severe refractory CDI without relapse (13, 14).

Due to the broad-spectrum activity of tigecycline, we hypoth-
esized that tigecycline administration would alter the murine gut
microbiota, but it was not known whether this would render mice
susceptible to C. difficile infection. In this study, mice treated with
tigecycline for 10 days showed significant changes to the murine
gut microbiota. Mice challenged with C. difficile spores after tige-
cycline treatment were susceptible to CDI.

MATERIALS AND METHODS
Ethics statement. The University Committee on the Care and Use of
Animals (UCUCA) at the University of Michigan approved this study.
The University of Michigan laboratory animal care policies follow the
Public Health Service policy on Humane Care and Use of Laboratory
Animals. The animals were assessed twice daily for physical condition and
behavior, and those assessed as moribund were humanely euthanized by
CO2 asphyxiation. Trained animal technicians performed animal hus-
bandry in an Association for Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-accredited facility.
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Animals and housing. Wild-type C57BL/6 mice (male or female)
were obtained from a breeding colony that was established using animals
purchased from Jackson Laboratories. The mice were approximately 5
weeks old at the beginning of the study. The mice were housed with
autoclaved food, bedding, and water. Cage changes were performed in a
laminar flow hood. Mice had a cycle of 12 h of light and 12 h of darkness.

C. difficile spore preparation. C. difficile VPI 10463 (ATCC 43255)
spores were prepared as previously described (20). Briefly, C. difficile VPI
10463 was grown overnight from a single colony in a 2-ml culture of
Columbia broth at 37°C, under anaerobic conditions. The next day, the
inoculum was added to 40 ml of Clospore medium (21). The culture was
incubated at 37°C for 5 to 7 days under anaerobic conditions. The spores
were harvested by centrifugation and washed with cold water at least three
times. The spore stocks were stored at 4°C in sterile water. C. difficile
spores were heat treated for 20 min at 65°C to ensure that any remaining
vegetative bacilli were killed prior to gavaging the animals. Viable spores
were enumerated by plating for CFU/ml on TCCFA (taurocholate, cefoxi-
tin, cycloserine, and fructose agar).

Antibiotic administration and challenge with C. difficile spores.
Wild-type C57BL/6 mice (males or females) were given either tigecycline
(6.25 mg/kg of body weight) (n � 20) or saline (n � 8) by subcutaneous
injection twice a day for a total of 10 days. This dose of tigecycline was
selected for the mice because it reaches the maximum concentration of
drug in serum (Cmax) of 1.17 �g/ml, which is similar to a Cmax of 0.93
�g/ml, which correlates to a dose of 100 mg every 12 hours in humans
(16). The mice were approximately 5 weeks old at the beginning of the
study. Two days after the end of treatment, mice (n � 10 from tigecycline
group and n � 3 from the saline group) were challenged with 450 C.
difficile VPI 10463 spores by oral gavage. As a positive control for suscep-
tibility to experimental CDI, 5 mice were treated with cefoperazone in
drinking water (0.5 mg/ml) prior to challenge, as previously described
(20). The animals were monitored for clinical signs of severe CDI, includ-
ing inappetence, diarrhea, and hunched posture. All C. difficile-challenged
animals were euthanized by CO2 asphyxiation at 2 days postchallenge,
because the tigecycline- and cefoperazone-treated mice met their experi-
mental endpoint (loss of 20% of initial baseline weight or the develop-
ment of severe clinical disease). At the time of necropsy (2 days postchal-
lenge), bacterial enumeration of C. difficile in cecal content was done on
TCCFA selective agar. The cecal content and tissue were collected at the
time of necropsy and flash frozen for microbiome analysis.

Another set of mice from each group (n � 5 from the tigecycline group
and n � 5 from the saline group) were not challenged with C. difficile and
were followed for 5 weeks after the end of tigecycline treatment to monitor
long-term changes in the gut microbiota following the administration of
this antibiotic. The remaining tigecycline-treated mice (n � 5) were used
to measure fecal levels of tigecycline.

Microbiotic sequencing. DNA was isolated from murine fecal pellets
using a PowerSoil-htp 96-well soil DNA isolation kit (Mo Bio Laboratories,
Inc.). The library construction of V5V3 16S rRNA gene amplicons was based
on a Human Microbiome Project (HMP) protocol (see http://www.hmpdacc
.org/doc/16S_Sequencing_SOP_4.2.2.pdf). Each 20-�l PCR mixture con-
tained 2 �l AccuPrime PCR buffer II (Life Technologies), 0.15 �l AccuPrime
Taq DNA polymerase high fidelity (Life Technologies), 0.2 �M primer A
(CCATCTCATCCCTGCGTGTCTCCGACTCAGXXXXXCCGTCAATTC
MTTTRAGT), 0.2 �M primer B (CCTATCCCCTGTGTGCCTTGGCAGT
CTCAGCCTACGGGAGGCAGCAG), and 1 �l DNA (bold portions of
primer A and primer B are 926R and 357F, respectively). The region of
primer A represented by XXXXX is the nucleotides 5 to 10 barcode se-
quence. The remainder of primer A and primer B are the A adapter se-
quence and the B adapter sequence, respectively, required for emulsion
PCR (emPCR) and 454 sequencing. The PCRs were run for 2 min at 95°C,
followed by 30 cycles of 95°C for 20 s, 50°C for 30 s, and 72°C for 5 min.
The PCR products were purified with AMPure XP (Agencourt) according
to the manufacturer’s instructions, except 0.6� the amplicon volume
(10.8 �l) of beads was used rather than 1.2�, in order to remove more of

the small products. The purified PCR products were quantified with a
Quant-iT PicoGreen double-stranded DNA (dsDNA) kit (Invitrogen),
according to the manufacturer’s instructions, and combined into a pool
with equal amounts of each amplicon. To accommodate all of the sam-
ples, 2 pools were made. Each pool was then purified with AMPure XP
(Agencourt) according to the manufacturer’s instructions, except the vol-
ume of beads was 0.6� the pool volume. The pools were quantified with a
library quantification kit for Roche 454 GS Titanium (KAPA) sequencing.
Large-volume Lib-L emPCRs (Roche 454) were performed, and 454 se-
quencing was done using the GS FLX Titanium platform (Roche), accord-
ing to the manufacturer’s instructions.

Sequence analysis. The sequences were processed with mothur ver-
sion 1.27.0 according to the Schloss standard operating procedures (SOP)
of August 2012 and March to May 2013 (22, 23). In summary, each .sff file
was input into sffinfo, and the sequencing error was reduced by running
the version of PyroNoise (24) within mothur. All sequences with �2
mismatches to the 926R region of the primer, �1 mismatch to the barcode
region of the primer, a homopolymer of �8 nucleotides, or �200 nucle-
otides were discarded. The fasta, name, and group files (4 of each, 2 from
each sequencing run) were concatenated into one fasta, name, and group
file, respectively. The sequences were aligned to the Silva reference align-
ment (25, 26). In order to compare sequences over the same region of the
alignment, we set the end position at 27659 and chose a start position that
was met by 95% of the sequences. Sequences within 2 nucleotides were
merged by using the “pre.cluster” command. Chimeras were identified
with chimera.uchime (27) and removed. The sequences were classified by
the Wang method using a modified form of RDP training set version 9
(trainset9_032012.pds.tax and trainset9_032012.pds.fasta), with an 80%
minimum bootstrap value (28, 29). Sequences classified as chloroplast,
mitochondria, Archaea, Eukaryota, or an unknown kingdom were re-
moved. A total of 3,572 sequences were subsampled from each sample.
Samples with �3,572 sequences were discarded from the sequence anal-
ysis. A distance matrix made with dist.seqs was used with the average
neighbor algorithm to group sequences into operational taxonomic units
(OTUs) with the cluster command. OTUs that were 3% different were
used for further analysis. The make.shared command was used to produce
a table (shared file) of the number of sequence reads assigned to each OTU
in each sample. The shared file was used to calculate the �YC distance (1 �
�YC) between bacterial communities in all of the samples, and the results
were formatted into a distance matrix. �YC is a similarity index that takes
into account the relative abundances of both shared and nonshared OTUs
(30). Principal coordinates analysis (PCoA) was used to visualize the �YC

distance matrix, and an analysis of molecular variance (AMOVA) was
used to test the statistical significance of the differences between the bac-
terial communities of different groups.

Tigecycline detection in stool by LC-MS analysis. Methanol with an
internal standard was used to extract tigecycline from mouse fecal sam-
ples. A volume of 400 �l of extraction solvent was added to fecal samples
in an Eppendorf tube and homogenized by a probe sonicator. The
homogenized samples were vortexed briefly, allowed to sit on ice for 5
min, vortexed again, and finally centrifuged at 15,000 � g for 10 min. The
supernatants were dried using an N2 dryer at room temperature. The
samples were reconstituted in 100 �l of 50:50 acetonitrile to mobile phase
(0.1% formic acid in water) and transferred to autosampler vials for liquid
chromatography-mass spectrometry (LC-MS) analysis.

An Agilent 1200 liquid chromatography-Agilent 6420 series triple
quadrupole mass spectrometer with electrospray ionization (ESI), which
was operated in positive mode, was used for sample analysis. A Waters
XBridge BEH C18 column was used for chromatographic separation. The
following transition was used to identify and quantify tigecycline: m/z
586.3¡m/z 513.2. The data were processed with the MassHunter work-
station software, version B.06.

The concentrations of tigecycline in the mouse stool samples were
analyzed by LC-MS. The tigecycline-treated mice were analyzed from day
10 (n � 5) and 1 week after stopping the antibiotic (n � 5).
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Statistical analysis. Prism 5 (GraphPad Software, Inc.) was used for
statistical analysis. Significance was determined by a nonparametric
Kruskal-Wallis one-way analysis of variance (ANOVA) test followed by
Dunn’s posttest. Differences were considered significant at a P value of
�0.05.

RESULTS
Tigecycline treatment alters the murine gut microbiota. Three
days after the initiation of tigecycline treatment, the fecal bacterial
community had shifted dramatically and continued to change
over the 10-day course of tigecycline treatment and the first 3
weeks of recovery (Fig. 1). The 3% OTU-based �YC distances be-
tween bacterial communities at consecutive time points were sta-
tistically different through the 3rd week of recovery (AMOVA,
P � 0.05 for all; see Table S1 in the supplemental material). No
further statistically significant changes in �YC distances occurred
between the 3rd and 5th weeks of recovery. However, the commu-
nity failed to return to baseline. The community structure after 5
weeks of recovery from tigecycline was significantly different from
the community structure observed prior to tigecycline treatment
(AMOVA, P � 0.001). The bacterial communities from untreated
mice (prior to saline or tigecycline treatment) and from saline-
treated (during and after saline treatment) mice were similar and
clustered together (Fig. 1).

Prior to treatment, Bacteroidetes was the major phylum of the
fecal bacterial community, with over 80% of 16S rRNA sequences
on average (Fig. 2A). The Bacteroidetes organisms consisted
mainly of Porphyromonadaceae, Rikenellaceae, Bacteroidaceae, and
some unclassified Bacteroidales species (Fig. 2A; see also Table S2
in the supplemental material). After 3 days of tigecycline treat-
ment, Bacteroidetes levels decreased to an average of about 20% of
the bacterial 16S rRNA sequences and consisted almost entirely of
Porphyromonadaceae species. The decrease in Bacteroidetes levels

was accompanied by a decrease in Firmicutes levels and corre-
sponding increases in Enterobacteriaceae and Verrucomicrobiaceae
levels (Fig. 2A).

After tigecycline treatment stopped, the fecal bacterial com-
munity continued to change. By 5 weeks of recovery, the Porphy-
romonadaceae and unclassified Bacteroidales species, prominent
members of the Bacteroidetes, had increased to levels similar to
those of the baseline, while the Enterobacteriaceae and Verrucomi-
crobiaceae levels had decreased and were nearly undetectable (Fig.
2A; see also Table S2 in the supplemental material). Other mem-
bers of the Bacteroidetes (unclassified Bacteroidetes, Rikenellaceae,
and Bacteroidaceae) remained at much lower levels than on day 0.
Within the Firmicutes, all of the families present prior to tigecy-
cline treatment returned by week 5 to relative abundances at least
as high as on day 0. Most were at very similar relative abundances
compared with day 0 (within 1.10%), with the exception of the
Erysipelotrichaceae, which started at �1% on day 0 and reached
12.68% 	 4.36% (mean 	 standard deviation [SD]) after 10 days
of tigecycline treatment and 5 weeks of recovery. The Erysipelo-
trichaceae level increased similarly in the saline-treated mice be-
tween day 0 (2.12% 	 2.02%) and week 5 of recovery (12.58% 	
4.29%), indicating that this change was independent of tigecycline
treatment (Fig. 2B).

OTU-level diversity remained low even as family-level com-
munity composition recovered. After tigecycline treatment
stopped, the family-level composition of the fecal microbiota ap-
peared to return to the baseline composition by 2 weeks after the
end of treatment (Fig. 2A). However, an analysis of the microbiota
at a finer level, with sequences assigned to 3% OTUs, revealed a
failure to return to the baseline community structure after 5 weeks
of recovery (Fig. 1). To quantitatively compare dynamics at the
family level versus the OTU level, we calculated the average �YC

FIG 1 Tigecycline treatment alters the murine gut microbiota. Principal coordinates analysis (PCoA) illustrates the �YC distances (1 � �YC) between the bacterial
communities of mouse fecal samples. The �YC distances were calculated using a subsample of 3,572 sequences per sample and a 3% OTU definition.
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distances between the baseline samples and samples from the
other time points based on family designations and OTU designa-
tions (Fig. 3). By the third day of tigecycline treatment, the average
distance from the baseline microbiota increased greatly compared
to the average distance between all of the baseline microbiota sam-
ples in both the family-based and OTU-based analyses (Fig. 3).
However, in the family-based analysis, the distance from baseline
started decreasing after day 3 of tigecycline treatment, and by 2
weeks after tigecycline treatment, the distance from baseline was
not statistically different from the distance between the baseline
samples (Fig. 3A). In the OTU-based analysis, the distance from
baseline remained relatively high throughout the 5 weeks of recov-
ery (Fig. 3B). Only minimal changes to the fecal bacterial commu-
nity were observed in mice that were treated with saline (see Fig.
S1 in the supplemental material).

The return to baseline at the family level but not at the OTU

level is further illustrated by the fate of the 10 most abundant
OTUs in the Porphyromonadaceae family during and after tigecy-
cline treatment (Fig. 4). The Porphyromonadaceae family con-
sisted of 10 OTUs present at �1% relative abundance on day 0.
After 3 days of tigecycline treatment, only 2 Porphyromonadaceae
OTUs remained at levels of �1% of the total bacterial 16S rRNA
gene sequences, on average. After 5 weeks of recovery, there were
still only 2 Porphyromonadaceae OTUs present at �1%, although
the relative abundance of the Porphyromonadaceae family as a
whole had returned to a level similar to that at day 0.

Consistent with these results, overall diversity as measured by
the OTU-based inverse Simpson diversity index decreased with
tigecycline treatment (Fig. 5A). Although the diversity of the fecal
microbiota increased during recovery, it remained less diverse
than prior to tigecycline treatment (Fig. 5A). In contrast, the di-
versity of the fecal microbiota of saline-treated mice did not de-

FIG 2 Average bacterial community composition changes during tigecycline treatment and recovery. The bar graphs depict the mean percent abundances of the
top bacterial families (�1% relative abundance at a minimum of one time point) prior to and during tigecycline treatment (A) or saline treatment (B) and
recovery. The family-level percent abundances were based on the classification of a subsample of 3,572 bacterial 16S rRNA gene sequences per sample. The
respective phyla are listed to the right of the family names.

Bassis et al.

2770 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


crease over the course of treatment and recovery (Fig. 5B). Al-
though there were reproducible changes to the gut microbiota of
mice throughout tigecycline treatment, the levels of tigecycline
detected in the stools of mice on the last day of treatment and 1
week later were below the limit of detection, or �0.2 �g/g of feces.

Mice are susceptible to C. difficile infection after tigecycline
treatment. Mice were challenged with VPI 10463 spores 2 days
after completing saline, cefoperazone, or tigecycline treatment
(Fig. 6). On the day of challenge, the fecal microbiota of the saline-
treated mice consisted mainly of Bacteroidetes and Firmicutes (Fig.
6). As seen in previous studies (31), the microbiota of cefopera-
zone-treated mice was dominated by Lactobacillaceae (Fig. 6). On
the day of challenge, the tigecycline-treated mice had high levels of
Enterobacteriaceae and Verrucomicrobiaceae and decreased levels
of Bacteroidetes and Firmicutes relative to those of the saline-
treated mice (Fig. 6).

Consistent with our previous studies (20, 31), C. difficile-chal-
lenged cefoperazone-treated mice were colonized with high levels
of C. difficile (mean, 8.9 � 108 CFU/g of cecal content) and exhib-
ited signs of clinically severe CDI, including significant weight loss

and histopathological changes to the murine cecum (Fig. 6 and
data not shown). Similar to cefoperazone-treated mice, tigecy-
cline-treated mice were also colonized with C. difficile (mean, 3.7
� 108 CFU/g of cecal content), had a significant loss in weight by

FIG 4 Loss of Porphyromonadaceae OTUs with tigecycline treatment. The
relative abundances are shown for the top Porphyromonadaceae OTUs (all
OTUs classified as Porphyromonadaceae with a relative abundance of �1% at a
minimum of one time point) prior to and during tigecycline treatment and
recovery. Each of the top Porphyromonadaceae OTUs is represented by a dif-
ferent color. The relative abundances are based on a subsample of 3,572 bac-
terial 16S rRNA gene sequences per sample with a 3% OTU definition.

FIG 5 Bacterial diversity decreases during tigecycline treatment and remains
low during recovery. Shown are the inverse Simpson index values of the gut
microbiota prior to and during tigecycline treatment (A) and saline treatment
(B) and recovery. Dots (●) represent values for each individual sample and
horizontal bars represent the median values for each time point. The inverse
Simpson diversity index was calculated from a subsample of 3,572 bacterial
16S rRNA gene sequences per sample with a 3% OTU definition.

FIG 3 Mean �YC distances from baseline community during tigecycline treat-
ment and recovery, based on family-level (A) and 3% OTU-level (B) sequence
assignments. *, P � 0.05, which indicates a significant difference from the
mean distance between all communities at day 0 (day 0 to day 0) by a nonpara-
metric Kruskal-Wallis test, followed by Dunn’s multiple comparison test. The
error bars represent the SD.

Tigecycline and the Murine Gut Microbiota

May 2014 Volume 58 Number 5 aac.asm.org 2771

http://aac.asm.org


day 2 postchallenge, and had severe cecal histopathology (Fig. 6
and data not shown). As expected, at 2 days postchallenge, the
mice treated with saline were not colonized with detectable levels
of C. difficile and did not show signs of disease, including weight
loss and cecal histopathology (Fig. 6 and data not shown).

DISCUSSION

The broad-spectrum glycylcycline antibiotic, tigecycline, signifi-
cantly altered the composition of the murine gut microbiota and
rendered mice susceptible to CDI. Several tigecycline-induced
changes to the microbiota, including increased Proteobacteria and
Verrucomicrobia levels and the loss of certain Bacteroidetes species,
may contribute to CDI susceptibility.

Many antibiotics, including third-generation cephalosporins
and clindamycin, are associated with a decrease in colonization
resistance to C. difficile (2). Previous studies by our laboratory and
others have found that the effects of these antibiotics on the mu-
rine gut microbiota increase susceptibility to C. difficile coloniza-
tion and disease (31). These antibiotics alter the gut microbiota in
different ways and result in multiple structures that allow for C.
difficile colonization (6, 7, 32, 33). In this study, tigecycline-treated
mice demonstrated CDI susceptibility similar to that of cefopera-

zone-treated mice, which have a dramatically different Lactobacil-
laceae-dominated microbiota. Murine gut microbial structures
that allow for C. difficile colonization are commonly associated
with an increase in members from the Proteobacteria phylum (En-
terobacteriaceae family) and a decrease in overall diversity (6, 7,
33). This is consistent with human studies in which high levels of
Proteobacteria and low levels of Bacteroidetes in the gut microbiota
were associated with C. difficile colonization (34–39).

While some aspects of the tigecycline-altered bacterial com-
munity recovered within 5 weeks of stopping treatment, others
persisted. The bacterial compositions at the phylum and family
levels were returning to baseline (resembling saline controls).
However, at the 3% OTU level, many members of the community
failed to return, and the diversity remained low. Although the gut
microbiota did not fully recover after antibiotics, it did return to a
new stable state. Like many antibiotics, tigecycline has the poten-
tial to cause long-lasting effects on the murine gut microbiota (6,
32, 40). Even though the composition of the microbiota did not
fully recover, it is unknown if the metabolic function of the com-
munity recovered. Distinct communities can have similar meta-
bolic functions and resistances to CDI (31).

*

**

FIG 6 Susceptibility to C. difficile after tigecycline, saline, and cefoperazone treatment. Mice were subcutaneously injected with saline (negative control) every
12 h, given cefoperazone in their drinking water (positive control), or subcutaneously injected with tigecycline every 12 h for 10 days (upper left). All mice were
allowed to recover for 2 days without treatment and were then challenged with C. difficile spores to assess susceptibility to colonization and infection. The bacterial
community composition on the day of challenge with C. difficile spores is depicted by bar graphs (top) of the mean percent abundances of 16S rRNA sequences
of the top bacterial families (�1% relative abundance in a minimum of one sample) for each treatment group. The respective phyla are listed to the right of the
family names. The family-level percent abundances are based on the classification of a subsample of 3,572 bacterial 16S rRNA gene sequences per sample. Samples
with �3,572 sequences were not included in sequence analysis; therefore, for the bacterial community composition bar graph, n � 3 for saline, n � 9 for
tigecycline, and n � 4 for cefoperazone. The mean number of C. difficile CFUs isolated and enumerated per gram of cecal contents of mice 2 days postchallenge
(tigecycline versus saline, P � 0.05; tigecycline versus cefoperazone, nonsignificant [NS]) is shown (upper right). Error bars represent the SD. The mean
percentage of the baseline weight for animals in each group is shown (bottom) from the day of challenge to 2 days postchallenge (saline versus tigecycline, P �
0.05; saline versus cefoperazone, P � 0.05). *, P �0.05.
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Previous culture-based studies looking at the effects of tigecy-
cline on the murine gut microbiota have shown a relative sparing
of the anaerobic bacteria and the Bacteroidetes population (18).
Another culture-based study looking at how tigecycline affects the
human intestinal microbiota reported a reduction of the Lactoba-
cillus and Bifidobacterium populations, although again with no
effect on Bacteroides (19). However, when tigecycline was added to
a three-stage chemostat gut model, it showed marked decreases in
Bacteroides and Bifidobacterium levels and lesser effects on the fac-
ultative anaerobes (41). Until now, there has not been a compre-
hensive culture-independent study detailing the effects of tigecy-
cline on indigenous gut microbiota. In our study, the use of
culture-independent techniques provided a comprehensive view
of the gut bacterial community and revealed that tigecycline sig-
nificantly altered the murine gut microbiota, including many
members of the phylum Bacteroidetes, even though fecal levels of
tigecycline were lower than those of humans (19).

Additional culture-independent studies are needed to deter-
mine if tigecycline affects the human gut microbiota, allowing for
increased risk of CDI. There is some evidence that tigecycline ex-
posure does not increase the risk of CDI in humans. In four phase
III clinical studies, the overall rates of CDI after tigecycline expo-
sure in humans were low but were not significantly different than
those of the comparator agents (imipenem, vancomycin, aztreo-
nam, levofloxacin, ciprofloxacin, and linezolid) (9). Furthermore,
as an intravenously administered antibiotic reserved for compli-
cated infections, tigecycline use is relatively limited compared to
the use of other broad-spectrum antibiotics. Therefore, studies
conducted more broadly in humans are needed to define the risk
of CDI with tigecycline treatment.

If the risk of CDI with tigecycline treatment is truly low in
humans, it is likely due to the anti-C. difficile activity of tigecycline.
Tigecycline has a low MIC for C. difficile in vitro and is currently
being used in Europe to treat severe refractory CDI in humans (13,
17). There are multiple reports that tigecycline can successfully
treat severe CDI in humans, with a low incidence of relapse (13–
15). It still remains to be seen if a drug that has potent anti-C.
difficile activity is also one that can increase the risk for CDI. The
interaction between tigecycline, the gut microbiota, and the
pathogen C. difficile will be important in the future for evaluating
the role of tigecycline as a treatment for patients with CDI.
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