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Nonsteroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed for a variety of inflammatory
conditions; however, the benefits of this class of drugs are accompanied by deleterious side effects, most
commonly gastric irritation and ulceration. NSAID-induced ulceration is thought to be exacerbated by intes-
tinal microbiota, but previous studies have not identified specific microbes that contribute to these adverse
effects. In this study, we conducted a culture-independent analysis of �1,400 bacterial small-subunit rRNA
genes associated with the small intestines and mesenteric lymph nodes of rats treated with the NSAID
indomethacin. This is the first molecular analysis of the microbiota of the rat small intestine. A comparison
of clone libraries and species-specific quantitative PCR results from rats treated with indomethacin and
untreated rats revealed that organisms closely related to Enterococcus faecalis were heavily enriched in the
small intestine and mesenteric lymph nodes of the treated rats. These data suggest that treatment of NSAID-
induced ulceration may be facilitated by addressing the microbiological imbalances.

Despite being one of the most frequently used classes of
drugs, nonsteroidal anti-inflammatory drugs (NSAIDs) have
adverse effects that result in substantial morbidity and mortal-
ity (3, 11, 46). Toxicities to the gastrointestinal, renal, and
cardiovascular systems are documented for a variety of pre-
scribed and over-the-counter (e.g., aspirin, ibuprofen, and
naproxen) NSAIDs (14, 15, 36). Dyspepsia secondary to gas-
troduodenal mucosal injury is the most commonly cited side
effect of prolonged ingestion of NSAIDs. Additionally, epide-
miological and experimental studies have demonstrated that
NSAIDs can cause ulceration of the small intestine (12). Over-
all, severe gastrointestinal complications from NSAIDs, in-
cluding peptic ulceration, perforation, and hemorrhage, re-
quire over 100,000 hospitalizations annually in the United
States (46).

NSAID-induced toxicity arises from a combination of local-
ized and systemic effects. NSAIDs are thought to mediate
systemic effects that result in deleterious changes in mucus
hydrophobicity and epithelial pH, erosion of the gastroduode-
nal mucosa, and increases in intestinal permeability (44, 46).
The gastric mucosa therefore becomes susceptible to bacterial
invasion and the activities of endotoxins. The deleterious ef-
fects are exacerbated by prolonged drug exposure due to en-
terohepatic circulation and redelivery of NSAIDs to the small
intestine. Furthermore, bacterial infiltration of the intestinal
wall activates the local inflammatory response. Current under-
standing links systemic damage to small-intestine microvascu-
lar permeability that allows intestinal flora, or their products,
to access other host organs. Translocation is demonstrated in
the loading of the mesenteric lymph nodes (MLNs) and other

organs by intestinal flora and upregulation of inflammatory
factors in the liver, lung, kidney, and spleen (7, 17, 47).

There is strong evidence for microbial involvement in ulcer-
ation, although little is known about the specific causative
microorganisms. For example, germfree rats injected with the
NSAID indomethacin do not develop symptoms of inflamma-
tion and ulceration (32). Indomethacin is a commonly pre-
scribed NSAID and is often used as a model of such agents.
Furthermore, when indomethacin is coadministered with
broad-range antibiotics or antimicrobials, experimental ani-
mals do not develop gastric ulcers (7, 8, 17, 47). Investigations
of microbial influences on ulceration have been limited to
culture-based studies, which indicate an expansion of gram-
negative bacteria within the intestine following challenge with
indomethacin. Similarly, culture-based studies have also shown
increased microbial loads in the MLNs, but the results have not
identified the organisms (47). Thus, the specific microbes in-
volved in NSAID-induced insult (e.g., inflammation and ulcer-
ation) are poorly understood.

Characterization of the microbial response to NSAIDs has
been hampered by the traditional requirement for culture to
detect and identify microbes because most natural microbes
are not cultured using standard methods (13, 27, 29, 45).
Through the use of rRNA gene-based techniques, however, it
has become possible to identify the intestinal microbiota mo-
lecularly, independently of culture (9). With these techniques,
microbial rRNA genes are obtained, for instance, by PCR and
cloning, and then sequenced to identify the corresponding
organisms. The results are interpreted using a phylogenetic
framework. Contextualization of a sequence, by phylogenetic
comparison to sequences of known organisms, allows inference
of some information related to metabolic properties and pos-
sible pathogenicity. Previous rRNA gene-based studies of the
gut ecosystems in mammals have dramatically expanded our
understanding of the microbial ecology of the intestine (2, 6,
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19, 20, 26, 29, 40). The gastrointestinal tract contains many
microbes, often mutualistic, that participate in nutrient absorp-
tion, digestion, stimulation of host mucosal immunity, and
myriad other roles (1, 37). Understanding the distribution and
balance of different microbial groups is one key to understand-
ing the intestinal functions; conversely, understanding disequi-
librium in the system may be a key to understanding NSAID
ulceration, as well as other inflammatory bowel diseases (22).
In order to identify microbes potentially involved in NSAID
effects, we have conducted an rRNA-based analysis of the
impact of administration of indomethacin on the microbiota of
the gastrointestinal tract and regional lymph nodes in a rat
model system.

MATERIALS AND METHODS

Experimental animals. A total of 16 female Lewis rats weighing approximately
200 g were randomly assigned to control (6 individuals) and treatment (10
individuals) groups. The experimental rats received two subcutaneous injections
of indomethacin (7.5 mg/kg of body weight), 24 h apart, in a solution of 5%
NaHCO3. The control rats received subcutaneous injections of 5% NaHCO3.
The rats were sacrificed 48 h after the first injection; 10 cm of the affected small
intestine, as well as the mesenteric lymph nodes, was removed. Specimens to be
used in rRNA gene analyses were snap frozen. Specimens for histology were
fixed in formalin.

Histopathology. A 10-cm section of the jejunum in the area at risk for indo-
methacin-induced inflammation and ulceration was evaluated microscopically
for lesions. Five equally spaced cross sections of formalin-fixed intestine were
processed for paraffin embedding, sectioned, stained with hematoxylyn and
eosin, and scored according to the following criteria: minimal, less than 10% of
the section area was affected by inflammation and mucosal necrosis; mild, 11 to
25% of the section area was affected; moderate, 26 to 50% of the section area
was affected; severe, greater than 50% of section area was affected by inflam-
mation and mucosal necrosis. Bacterial colonization was scored on “�” to
“���” scale, with � indicating no colonization, � indicating minor coloniza-
tion, �� indicating moderate colonization, and ��� assigned to sections with
marked diffuse colonization in necrotic tissue of lesion areas.

Preparation of sample DNA. For extraction of bulk nucleic acids from rat
tissues, lymph nodes and small-intestine samples were washed extensively in TE
(10 mM Tris [pH 8.0], 1 mM EDTA) containing 0.15 M NaCl in order to
minimize contamination from the small-intestine lumenal contents. Approxi-
mately 150 to 250 mg of small-intestine tissue or �10 to 50 mg of MLN tissue
samples was minced with a sterile razor blade and placed in sterile microcentri-
fuge tubes that contained 500 �l of buffer A (200 mM NaCl, 200 mM Tris-Cl [pH
8.0], 20 mM EDTA), 220 �l of 20% sodium dodecyl sulfate, 250 �l of phenol,
and 250 �l of chloroform. A total of 0.5 g of 0.1-mm zirconia/silica beads was
added to the suspension, and samples were mechanically disrupted in a Mini
Beadbeater-8 (Biospec Products, Bartlesville, OK) at the highest setting for 2
minutes. The samples then were centrifuged (16,100 � g) for 5 minutes, and the
aqueous layer was reextracted two more times with an equal volume of phenol-
chloroform and once with an equal volume of chloroform.

DNAs were precipitated by the addition of NaCl (to 0.280 M) and 2.5 volumes
of 100% ethanol, followed by centrifugation (16,100 � g; 30 min). The pellets
were washed with 200 �l of 70% ethanol and centrifugation (16,100 � g; 10 min),
dried in air, and then resuspended in 150 �l of sterile TE. DNA concentrations
were assessed using the Quant-iT PicoGreen dsDNA Reagent kit according to
the manufacturer’s suggestions (Molecular Probes, Eugene, OR) and a Turner
Quantech Digital Filter Flourometer (Barnstead Thermolyne Corporation,
Dubuque, IA).

PCR, cloning, sequencing, and analysis. Bacterial small-subunit (SSU) rRNA
genes were amplified by PCR from specimen DNA using the bacterium-specific
primers 8F (5�-AGAGTTTGATCCTGGCTCAG) and 805R (5�-GACTACCA
GGGTATCTAAT) (18). Thirty-microliter PCR mixtures contained 1� PCR
buffer (Bioline USA Inc., Randolph, MA), 2.5 mM MgCl2, deoxynucleoside
triphosphates (0.21 mM each), 25 ng of each primer, 1 unit of Taq DNA
polymerase (Bioline USA Inc., Randolph, MA), and �2 mg (2 �l) of genomic
DNA lysate.

The PCR mixtures were amplified using touchdown cycling (5). Genomic
DNAs were first denatured at 94°C for 2 min. The first 20 cycles consisted of a
30-second denaturation step at 94°C and a 30-second annealing step, initially

65°C and decreased 1°C every cycle. Annealing was followed by a 1-minute
extension step at 72°C. Cycles 21 through 35 had denaturation and elongation
steps that were identical to those in the first 20 cycles; however, the 30-second
annealing step remained constant at 45°C. After all cycling was complete, the
reaction mixtures were incubated at 72°C for an additional 20 min in order to tail
the PCR products with polyadenylate.

The PCR products were resolved and visualized by electrophoresis through
1% agarose Tris-borate-EDTA gels stained with ethidium bromide (Gel Logic
200; Eastman Kodak Company, Rochester, NY); all control reactions that lacked
DNA were negative. PCR products of sufficient intensity and appropriate length
were excised from the gel and purified using QIAquick gel purification columns
(QIAGEN, Valencia, CA). The purified PCR products were then ligated into the
pCR4-TOPO TA vector (Invitrogen, Carlsbad, CA) and transformed into One
Shot TOP 10 competent cells (Invitrogen, Carlsbad, CA), following the manu-
facturer’s instructions. Ideally, clone libraries from each sample consisted of 96
randomly chosen transformants, but in several libraries, poor cloning efficiency
limited the total number of clones that could be screened (see Table 2). Trans-
formants were grown in 96-well culture plates overnight at 37°C with vigorous
shaking; each well contained 1.5 ml of 2� YT medium (24).

Restriction fragment length polymorphism (RFLP) analysis was carried out in
96-well plates. Twenty microliters of culture from each transformant was heated
at 95°C in 20 �l of 10 mM Tris (pH 8.0), the precipitates were pelleted by
centrifugation (4,000 � g; 10 min), and 1.5 �l of the supernatants was used as a
template in PCRs, as previously described (4). The PCR products were analyzed
by agarose gel electrophoresis to verify the presence of inserts, and the products
of PCRs were digested with MspI and HinPI (2 U) at 37°C for 3 h (4). The
products of the RFLP digestion were separated on a 4% Gene-Pure HiRes
Agarose gel (ISC BioExpress, Kaysville, UT). Digitized images of the RFLP gels
were compared manually (Gel Logic 200; Eastman Kodak Company, Rochester,
NY). At least two representative clones were sequenced for RFLP types that
occurred multiple times within a particular clone library.

Selected clones were sequenced on a Licor automated DNA sequencer using
the ThermoSequenase cycle-sequencing kit (USB Corporation, Cleveland, OH)
according to the manufacturer’s protocol. Inserts were sequenced in both direc-
tions, and sequences were obtained for both strands. All sequence and associated
data were managed using the software package XplorSeq (D. N. Frank, unpub-
lished data). Sequences were identified initially by BlastN searches (National
Center for Biotechnology Information [NCBI], Bethesda, MD) using the client
application BlastCl3 (NCBI, Bethesda, MD). All sequences that were longer
than 500 nucleotides and that had BLAST bit scores to other SSU rRNA genes
greater than 500 were used in further analyses. The sequences were aligned to an
existing database of aligned SSU rRNA genes (23) using the ARB software
package (http://www.carb-home.de). Aligned sequences were clustered at the
97% identity level using the program SortX (D. N. Frank, unpublished data);
sequence relatedness clusters were generated by mean-linkage clustering of
sequences base on uncorrected pairwise sequence similarities. Phylogenetic anal-
yses were carried out using ARB. Estimates of sample coverage (Good’s cover-
age) and species richness (SChao1) (see below) were calculated for each of the 22
tissue specimens using the software packages EstimateS (R. K. Colwell, Esti-
mateS: statistical estimation of a species richness and shared species from sam-
ples, version 7.5 [http//purl.oclc.org/estimates]) and XplorSeq (Frank, unpub-
lished). The data set for these calculations included the number of
representatives of each observed RFLP type. Phylotypes were resampled 100
times (28).

Q-PCR. Segmented filamentous bacteria (SFB) and Enterococcus faecalis
group-specific primers were designed using the primer design function in the
ARB software package. For SFB assays, the primers SFB1F (5�-AGGAGGAG
TCTGCGGCAC) and SFB2R (5�-CCTTCCTCTTCCCTGCT) were used. For
the E. faecalis assays, the primers EFAEC1F (5�-GCATAAGAGTGAAAG
GCG) and EFAEC2R (5�-TAGATACCGTCAGGGGAC) were used. In order
to verify the specificity of the assays, clone libraries from 11 of the quantitative-
PCR (Q-PCR) products were prepared, and 192 clones were sequenced from the
11 Q-PCRs following the methods described above.

Q-PCR mixtures contained 25 ng of each primer, 11 �l of 2� Sybr Green
JumpStart Taq ReadyMix (Sigma, St. Louis, MO), 11 �l of H2O, and between 50
and 350 ng of bulk genomic DNA. SFB Q-PCR mixtures were initially denatured
at 94°C for 5 minutes. Next, for 45 cycles, the reaction mixtures were denatured
at 94°C for 30 seconds, annealed at 62°C for 30 seconds, elongated at 72°C for 30
seconds, and heated to 83°C for 5 seconds, and then a fluorescence reading was
taken. The E. faecalis assay cycling parameters were identical to the SFB param-
eters with the exceptions that the annealing temperature for the E. faecalis
Q-PCR was 58°C and the PCR ran for 50 cycles instead of 45.

Plasmid quantitation standards for both Q-PCR assays were a representative
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clone of each specific group, purified using QIA Miniprep columns according to
the manufacturer’s protocol (QIAGEN, Valencia, CA) and quantified by fluo-
rimetry as described above. A 10-fold dilution series, ranging from 1 � 108 copies
to 1 copy, was made by serial dilution in H2O.

Q-PCRs used 10-fold dilutions of bulk genomic DNA from rat specimens with
a DNA Engine Opticon System (MJ Research, Incline Village, NE). For each
Q-PCR assay, PCR was carried out on the plasmid dilution series to generate a
standard curve. Three replicate PCRs were performed for each sample. Quan-
tifications of template concentrations were made by linear extrapolation of base-
line-subtracted data from the plasmid dilution series standard curves. Because
Q-PCR data were measured in triplicate for each sample, a multivariate analysis
of variance (MANOVA) was performed to determine whether E. faecalis and/or
SFB populations differed significantly between control and experimental groups.
Statistical analyses used the R software package (31). A plot of the residuals
obtained in the initial MANOVA versus the expected values for a normal
distribution revealed a nonlinear relationship, suggesting that the variance of the
data was not normally distributed. A logarithmic transformation of the Q-PCR
data produced a high correlation between residuals and expected values (r �
0.97), which indicated that error variance in this model was normally distributed.
The reported P values, which test the null hypotheses of equivalent mean Q-PCR
results between control and treatment groups, were therefore produced by
MANOVA of transformed data sets.

Nucleotide sequence accession numbers. The nucleotide sequences of the SSU
rRNA genes described in this paper have been deposited in the GenBank database
(NCBI, Bethesda, MD) with accession numbers DQ856621 to DQ857242.

RESULTS

Two injections of indomethacin (7.5 mg/kg) produced mi-
croscopic alterations of intestinal inflammation and ulceration
ranging from minimal to severe in 10 rats. Six additional rats
served as uninjected controls, and no abnormalities were ob-
served in these animals (Table 1). Semiquantitative micro-
scopic assessments of the bacterial load (the number of bacte-
rial colonies per field) in mucosal lesions were made during
histopathology evaluation for rats injected with indomethacin
(Table 1).

DNAs were prepared from tissues as described in Materials
and Methods, and bacterial SSU rRNA genes were successfully
amplified from 13/16 gastrointestinal DNAs and 9/16 MLN
DNAs. PCR products were not obtained from some samples,
which were not considered further. rRNA clone libraries were
constructed from PCR products and screened by RFLP assay
(see Materials and Methods) in order to identify and enumer-
ate related clone types. Multiple sequences were determined
for each unique RFLP type. Sequences with either BLAST bit
scores of less than 500 or lengths of less than 500 nucleotides
were not analyzed further. A total of 622 sequences from the
1,468 clones analyzed were included in the final data set; 570 of
the 622 sequences (�91%) were at least 97% identical to those
of previously sequenced rRNA genes. This corresponds ap-
proximately to species level identification (39).

rRNA gene sequences from different samples seldom are
exactly identical but generally belong to relatedness clusters (6,
10, 21, 38, 43). In order to assess the diversity and novelty of
microorganisms present in the gastrointestinal-tract and MLN
samples, sequences were clustered into relatedness groups with
pairwise sequence identities of �97%, a “species level” bin.
With this constraint, 84 such relatedness groups were identi-
fied. Table 2 summarizes the identification of these relatedness
clusters in individual rat specimens and the closest GenBank
BLAST hit for the particular cluster.

To determine the extent to which the clone libraries ade-
quately represented the microorganisms present in each spec-

imen, the distributions of sequences in each library (corrected
for RFLP occurrence) were analyzed by Good’s coverage sta-
tistic, an estimator of the completeness of sampling (16). By
this statistic, the libraries were sampled, on average, with 90%
coverage (range, 69% to 95% coverage). An estimate of spe-
cies richness, the SChao1 statistic (16), indicated that a relatively
low number of species (mean, 23; range, 4.5 to 55.5) were
present in each clone library.

Molecular studies of large-bowel ecosystems have revealed
relatively low diversity at the phylum level (1, 6, 20), and we
found the same in the rat small intestine. The rRNA sequences
obtained in this study of the small intestine belonged to organ-
isms from only 4 of the �75 major bacterial phyla (phyloge-
netic divisions) (21, 30, 35): actinobacteria, firmicutes, bacte-
riodetes, and proteobacteria. Figure 1a to d summarizes the
findings for each of the tissue groups. Sequences from the
small-intestine mucosa of both indomethacin-injected and con-
trol rats belonged predominantly to the firmicutes (low-G�C
gram-positive bacteria). In control rats, the firmicute se-
quences primarily consisted of SFB, Lactobacillus spp., and
Bacillus spp., whereas in the indomethacin-injected rats, the
majority of firmicute sequences were Lactobacillus spp., E.
faecalis spp., and Clostridium difficile spp. (Fig. 1). In both
control and experimental samples, proteobacterial (enterobac-
terial) sequence types were the second most prevalent (Fig. 1).
Most of the enterobacterial sequences could be further classi-
fied as Escherichia coli-type sequences and did not differ sig-
nificantly between the control and experimental-group samples
(Table 2).

Although the microbial makeup of individual samples varied
in detail, the dominant firmicute phylotypes taken together
differed significantly between control and indomethacin-in-
jected rats. This is summarized in the phylogenetic diagram in
Fig. 2. Control rat libraries contained abundant unique se-
quences that were not observed in experimental samples.
Staphylococcus spp., Streptococcus spp., and SFBs, all firmicutes,
were present in the controls but were not detected in rats

TABLE 1. Pathology overview for control and treatment groups

Subject Groupa Ileum/jejunumb MLNb Pathology Colonizationc

BR01 � � � Normal ND
BR02 � � � Normal ND
BR05 � � � Normal ND
BR06 � � � Normal ND
BR13 � � � Normal ND
BR14 � � � Normal ND
BR03 � � � Severe ���
BR04 � � � Mild �
BR07 � � � Severe ���
BR08 � � � Mild �
BR09 � � � Severe ��
BR10 � � � Moderate ��
BR11 � � � Mild ���
BR12 � � � Severe ��
BR15 � � � Mild ND
BR16 � � � Moderate ND

a Indicates control group (�) or indomethacin-injected group (�).
b Indicates whether rRNA PCR was successful (�) or unsuccessful (�) for a

particular sample.
c ND, no data; �, no bacterial colonization; �, minor colonization; ��,

moderate colonization; ���, marked necrosis.
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injected with indomethacin. The SFB sequences, particularly,
comprised a large component of the control rat libraries but
were not detected among analyzed sequences from experimen-
tal rats.

Specific firmicute sequences distinct from those in control
animals were prevalent in rats injected with indomethacin (Fig.
2). Notably, E. faecalis-like sequences were conspicuous in the
experimental rats but completely absent in control rat libraries.
Six of the seven small-intestine samples from the rats injected
with indomethacin contained representative E. faecalis se-
quences. Lactobacillus murinus-like organisms also appeared
to bloom in indomethacin-injected specimens. Additionally, C.
difficile-like sequences were present in high abundance in both
the mucosa and MLN of experimental rat 16; however, the C.
difficile group sequences were present only in low numbers in
two other samples, including one control sample (Fig. 2).

Although the distribution of firmicute sequences differed
between treatment groups, many were represented in both the
experimental and control rats (Fig. 2). The Bacillus sp., Lacto-
bacillus sp. (with the exception of the L. murinus relatedness

cluster), and Ruminococcus sp. groups all contained roughly
equal numbers of representatives from both control and ex-
perimental samples.

In contrast to the small-intestine clone libraries, the MLN
libraries were dominated by Enterobacteriales sequences (Fig.
1) with the firmicutes as the second most abundant group of
bacteria. Enterococcus faecalis and Clostridium difficile relatives
were most prominently different between experimental and
control mesenteric lymph node libraries. Otherwise, the se-
quences in MLN libraries were similar in composition and
abundance between experimental and control samples.

rRNA library analysis indicated that indomethacin injection
induced a reduction in SFB sequences relative to those of
other organisms and the expansion of E. faecalis sequences.
The apparent loss of SFB sequences could be due either to an
actual loss or to a dilution of the SFB sequences by a bloom of
other organisms, including E. faecalis. Consequently, we used
Q-PCR to estimate the absolute numbers of SFB sequences
compared to E. faecalis sequences in the tissue DNAs. The
Q-PCR assays were designed to amplify species-specific frag-

FIG. 1. SSU clone distribution in control and experimental rat small intestines and mesenteric lymph nodes. Sequences are classified by phylum.
In some cases, further taxonomic classification is given, depending on the diversity of sequences in a particular wedge. Percentages were calculated
from pooled samples for each group. (a) Control rat small-intestine clone libraries. (b) Indomethacin-injected rat small-intestine clone libraries.
(c) Control rat MLN clone libraries. (d) Indomethacin-injected rat MLN clone libraries.
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ments of the rRNA genes from the respective organisms (see
Materials and Methods). The specificities of primer sets were
verified by cloning and sequencing PCR products from multi-
ple amplification reactions; only clones that were closely re-
lated to SFB or E. faecalis sequences were recovered. The
results of Q-PCR are summarized in Table 3 and demonstrate
that SFB sequences were detectable in 9/12 specimens; fur-
thermore, the abundance of SFBs was not affected by injection
with indomethacin (P � 0.70 for MANOVA of control and
treatment groups) (Table 3). All four small-intestine specimens in
which SFB rRNA gene sequences were observed in intestinal
clone libraries were judged to be SFB positive by Q-PCR.

Q-PCR results indicated that E. faecalis-like organisms were
present in all samples (Table 3). In contrast to SFB sequences,
however, E. faecalis sequences were significantly enriched (typ-
ically �1,000-fold; P � 0.0028 for MANOVA of control and
treatment groups) in samples from rats injected with indo-
methacin compared to control samples (Table 3). Thus, the
SFB do not vanish; rather, their relative abundance is dimin-
ished by blooms of other organisms, notably the E. faecalis
relatedness cluster.

DISCUSSION

Previous studies of the effects of NSAIDs on the gastroin-
testinal tract have indicated that the microbiota of the small
intestine may be involved in ulceration, but these studies did

not identify specific bacteria, nor did they elucidate the impact
of NSAIDs on gastrointestinal-tract microbial diversity. In or-
der to gain insight into the effects of indomethacin on the
microbial ecology of the small intestine, we used a culture-
independent approach based on phylogenetic analysis of bac-
terial rRNA gene sequences. In the study, we identified �1,400
rRNA genes from 16 rats. The vast majority of clones (�91%)
were related by at least 97% sequence identity, the species
level, to other sequences in the GenBank database. Sampling
coverage statistics (Good’s coverage [16]) indicated that we
sampled, on average, 90% of the species level phylotypes in the
DNA libraries; in other words, in all cases, we identified by
rRNA sequence criteria the majority of “species” present in
the samples.

The rat clone libraries were comprised primarily of se-
quences of the kinds of organisms commonly found in the
mammalian intestinal tract. The sequences were confined to
four of the nine bacterial phyla previously found in the human
intestine and feces (20). Similar to previous studies of rodent
and human intestines, firmicute sequences were dominant in
the clone libraries (2, 6, 20, 26). Bacteroidetes and Clostridium
spp. sequences were relatively rare in these clone libraries from
the small intestine. In contrast, molecular studies of the rat and
mouse large intestine found bacteroidetes to comprise a major
portion of the total number of clones identified (2, 20). These
differences most likely can be attributed to the samples ana-
lyzed, small-intestinal mucosa and lymph nodes in the present
case compared to colon and fecal samples in the other studies.
Bacteroidetes and clostridia are enriched in feces compared to
the ileal mucosa in gnotobiotic mice cultured with Shaedler
flora (34).

The clone libraries collectively indicated that indometha-
cin injection can produce two major effects on the gastro-
intestinal microbiota. First, E. faecalis group organisms (as
well as C. difficile and L. murinus to a lesser extent) were
greatly enriched in multiple examples of the treatment
group relative to controls. Second, SFB sequences were
prevalent in control libraries but were not detected among
analyzed clones from the treatment group libraries. These

TABLE 3. Summary of species-specific Q-PCR data for
control and indomethacin-injected rats

Label Groupa Pathology

SFB E. faecalis

No. of
moleculesb

No. of
clonesc

No. of
molecules

No. of
clones

BR1A � Normal 2,254 62 5,398 0
BR2A � Normal 0 0 11,722 0
BR5A � Normal 363 19 7,797 0
BR6A � Normal 3,838 37 6,191 0
BR13A � Normal 985 91 2,531 0
BR14A � Normal 52 0 1,632 0
BR3A � Severe 223 0 5 � 107 0
BR4A � Mild 8,621 0 1 � 108 41
BR11A � Mild 28 0 1 � 106 1
BR12A � Severe 0 0 6 � 106 38
BR15A � Mild 0 0 4 � 105 1
BR16A � Moderate 95 0 2 � 108 47

a �, control group; �, indomethacin-injected group.
b The number of molecules normalized to the amount of input DNA.
c The number of clones normalized to 100.

FIG. 2. A parsimony insertion phylogenetic tree exported from
ARB representing the prevalences of different firmicute lineages in
different samples. The wedges are classified by a cultured representa-
tive and in some cases by broader taxonomic identifiers. The numbers
inside the wedges correspond to the numbers of clones in the control
samples, followed by the numbers of clones in the experimental sam-
ples. Gray wedges represent lineages that are found in both experi-
mental and control samples. Black wedges represent phylogenetic
groups found only in indomethacin-injected samples, and white wedges
correspond to families of organisms found only in control samples.
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results suggested either loss of SFB or their overgrowth by
E. faecalis and other organisms. To test these two hypothe-
ses, we used Q-PCR to estimate the numbers of SFB and E.
faecalis rRNA genes in the sample sets. The Q-PCR results
indicated that SFB sequences did not differ significantly in
numbers between control and experimental samples but that
E. faecalis sequences were significantly enriched in the in-
domethacin-treated specimens. The lack of SFB sequences
among analyzed clones from indomethacin-injected rats
thus was most likely due to overgrowth of other organisms
that diluted the SFB sequences in clone libraries.

Previous culture-based studies noted the importance of
bacterial expansion coincident with the onset of NSAID-
induced inflammation and ulceration (17, 47). In addition to
the significant increase in E. faecalis-like organisms identi-
fied in our studies, other bacterial groups probably also
expand upon administration of indomethacin, since the rel-
ative proportions of many rRNA genes were similar in con-
trol and experimental animals. Although the significance of
the expansion of general intestinal flora is unclear, the con-
spicuous bloom of enterococci indicated by the clone library
and Q-PCR results may be particularly important. E. faecalis
is known to induce colitis in rodent experimental models,
and recent studies have demonstrated that this group of
bacteria is capable of maintaining constitutive expression of
proinflammatory genes (33). Expansion of the enterococcal
populations as a consequence of indomethacin injection
may, therefore, participate in induction or exacerbation of
ulceration. In rat 16, in addition to the bloom of E. faecalis-
like organisms, C. difficile-like organisms were enriched.
Such organisms are also known to cause health-related com-
plications, such as diarrhea, in humans (42).

Overall, this study provides evidence from clone libraries, as
well as Q-PCR data, that injection with indomethacin causes
an overgrowth of specific bacterial groups, notably members of
the E. faecalis relatedness cluster. The bloom of some groups
of microbes resulted in relative diminution, as a percentage of
the total bacterial load, of other microorganisms, such as the
SFB. The SFB apparently adhere to mononuclear cells, epi-
thelial cells overlaying the Peyer’s patches in the ileum (25).
This colonization is correlated with immunoglobulin A produc-
tion, which implicates the SFB as stimulators of mucosal im-
munity (41). The SFB may, therefore, perform a protective
function for the gastrointestinal tract that is lost or over-
whelmed upon indomethacin-induced expansion of other bac-
teria, such as E. faecalis. The overgrowth by other bacteria of
groups such as the SFB suggests a microbiological imbalance
and perhaps reflects a failure of mucosal immunity to check the
growth of microbes that exacerbate NSAID-induced ulcer-
ation. Thus, one key to a better understanding and therapy of
NSAID gastritis may lie in addressing the microbiological im-
balances that result from NSAID ingestion. Finally, although
differences in microbial populations were evident between
treatment and control groups, no correlation was observed
between the extent of NSAID-induced pathology and the re-
sultant intestinal microbiota. Clearly, other factors are also
involved in determining the severity of the host response to
indomethacin treatment.
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