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ABSTRACT
Non-steroidal anti-inflammatory drugs (NSAIDs) are one of the most frequently used classes of
medications in the world. Unfortunately, NSAIDs induce an enteropathy associated with high
morbidity and mortality. Although the pathophysiology of this condition involves the interaction of
the gut epithelium, microbiota, and NSAIDs, the precise mechanisms by which microbiota influence
NSAID enteropathy are unclear. One possible mechanism is that the microbiota may attenuate the
severity of disease by specific metabolite-mediated regulation of host inflammation and injury. The
microbiota-derived tryptophan-metabolite indole is abundant in the healthy mammalian gut and
positively influences intestinal health. We thus examined the effects of indole administration on
NSAID enteropathy. Mice (n D 5 per group) were treated once daily for 7 days with an NSAID
(indomethacin; 5 mg/kg), indole (20 mg/kg), indomethacin plus indole, or vehicle only (control).
Outcomes compared among groups included: microscopic pathology; fecal calprotectin
concentration; proportion of neutrophils in the spleen and mesenteric lymph nodes; fecal
microbiota composition and diversity; small intestinal mucosal transcriptome; and, fecal tryptophan
metabolites. Co-administration of indole with indomethacin: significantly reduced mucosal
pathology scores, fecal calprotectin concentrations, and neutrophilic infiltration of the spleen and
mesenteric lymph nodes induced by indomethacin; modulated NSAID-induced perturbation of the
microbiota, fecal metabolites, and inferred metagenome; and, abrogated a pro-inflammatory gene
expression profile in the small intestinal mucosa induced by indomethacin. The microbiota-derived
metabolite indole attenuated multiple deleterious effects of NSAID enteropathy, including
modulating inflammation mediated by innate immune responses and altering indomethacin-
induced shift of the microbiota.
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Introduction

Non-steroidal anti-inflammatory drugs (NSAIDs) are
among the most frequently used medications worldwide
for routine relief of pain or fever, to manage various
forms of arthritis and inflammatory intestinal disorders,
and to prevent or treat alimentary cancers.1-3 Despite
their effectiveness for managing these varied and highly
prevalent conditions, NSAIDs cause damage to the gas-
trointestinal (GI) tract. Although methods for diagnosis

and effective treatment of NSAID-induced lesions of the
proximal GI tract (i.e., gastropathy) have been well docu-
mented, the pathogenesis, diagnosis, and treatment of
NSAID-induced damage of the GI tract distal to the duo-
denum (known as NSAID enteropathy, primarily affect-
ing the distal jejunum and ileum) remain unclear.4,5 The
magnitude of the problem of NSAID enteropathy is
alarmingly high. In the United States, NSAID
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enteropathy results in approximately 100,000 hospital-
izations and 16,500 deaths each year.6 Additionally, 2-
thirds of both short- and long-term NSAID users
develop distal small intestinal lesions.7,8 Although the
use of either NSAIDs considered to be safer for the GI
tract or other ancillary therapies have reduced the inci-
dence and severity of NSAID-induced gastropathy, the
incidence of NSAID enteropathy has remained constant
or has increased.9

The pathophysiology of NSAID enteropathy is
complex and incompletely understood.10 It appears
to involve deleterious effects of NSAIDs on the
intestinal mucosa including enterocyte cell death,
increased mucosal permeability, and interaction of
the damaged mucosa with luminal contents includ-
ing bacteria (GI microbiota) and bacterial products
or components such as lipopolysaccharide (LPS).5,11

The GI microbiota has been implicated as an impor-
tant contributor to NSAID enteropathy.12-16 Admin-
istration of NSAIDs causes a dysbiosis characterized
by a reduction of the predominately gram-positive
phylum Firmicutes and a corresponding increase of
gram-negative bacteria.13,14 Germ-free rats lacking
intestinal microbiota do not develop NSAID enter-
opathy, whereas they develop NSAID-induced intes-
tinal lesions when colonized with gram-negative
bacteria.15 Concurrent administration of NSAIDs
and antimicrobials targeting gram-negative bacteria
reduces the severity of NSAID-induced gastrointes-
tinal lesions in rats.16

A mechanism by which the microbiota might influ-
ence NSAID-induced intestinal mucosal damage is by
producing metabolites that protect intestinal epithelial
cells.17,18 Previously, we identified tryptophan metabo-
lites, including indole, as an important class of GI
microbiota-derived compounds.19 Indole is a quo-
rum-sensing molecule produced by bacterial metabo-
lism of L-tryptophan that mediates communication
among bacterial population and inter-kingdom signal-
ing between the host and microbe.17,20,21 Indole
improves barrier function and decreases intestinal
inflammation in vitro and in vivo.17,18 Moreover, sev-
eral other tryptophan metabolites reportedly exert
similar salutary effects on the intestinal epithe-
lium.22,23 Therefore, we hypothesized that indole
would mitigate the severity of NSAID enteropathy. To
investigate this hypothesis, we co-administered indole
with the NSAID indomethacin and demonstrated a
reduction in severity of mucosal injury caused by

indomethacin alone. To determine whether the pro-
tective effects of indole were associated with altera-
tions in the GI microbiota, we characterized the
effects of administration of NSAIDs, indole, and their
co-administration on the composition and diversity of
the fecal microbiota. We observed that the co-admin-
istration of indole with indomethacin resulted in
maintenance of or even an increase of an important
member of the Firmicutes phylum. Finally, to better
understand the mechanisms of NSAID enteropathy
and the effects of indole on these processes, we per-
formed RNA-Seq of the distal small intestinal mucosa
in mice that were untreated or treated with indometh-
acin, indole alone, or the combination of indometha-
cin and indole. Pro-inflammatory pathways associated
with innate immune responses were up-regulated by
indomethacin administration relative to control mice,
and co-administration of indole significantly miti-
gated the up-regulation of these pathways concomi-
tant with reduced GI pathology.

Results

Indole reduced the severity of NSAID enteropathy

Calprotectin ELISA of fecal samples collected on
days 0 and 6 revealed that co-administration of
indole with indomethacin significantly decreased
fecal calprotectin levels (Fig. 1A). Moreover, atten-
uation of NSAID-induced small intestinal damage
was confirmed by microscopic pathology scores
(Fig. 1B and C) of mice in which indole was co-
administered with indomethacin. The reduction in
mean microscopic pathology scores were corrobo-
rated by morphological parameters which revealed
maintenance of villus height:crypt depth ratio
(Fig. 1D) and thickness of the submucosal layers
(Supplementary Fig. 1) in mice in which indole
was co-administered. Indomethacin had a negligible
effect on the large intestine (data not shown), con-
sistent with evidence that indomethacin induces
small intestinal ulcerations in mice in a location
similar to where NSAIDs injure people.24-28

Indole reduced indomethacin-induced neutrophilic
infiltration of spleen and MLN

Neutrophilic inflammation is primarily responsible for
NSAID enteropathy, therefore, we quantified the abun-
dance of neutrophils in the spleen and MLNs as
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measures of systemic neutrophilic response and traffick-
ing of neutrophils though the GI tract, respectively.29-30

Indomethacin treatment resulted in a significant
increase in neutrophils (defined as both CD11b- and
GR-1 double-positive; Supplementary Fig. 2) in both
the spleen (Fig. 1E) and MLNs (Fig. 1F), and co-admin-
istration of indole significantly decreased neutrophilic
infiltration of these tissues.31 Taken together, these data
demonstrate that indomethacin induced small intestinal
injury in mice that was accompanied by neutrophilic
infiltration of the spleen and mesenteric lymph node

and that co-administration of indole attenuated the
small intestinal injury and limited neutrophilic infiltra-
tion of the spleen and mesenteric lymph nodes caused
by indomethacin.

Indole prevented indomethacin-induced fecal
microbiota shift and alterations of the inferred
metagenome

Because NSAIDs alter the intestinal microbiota, we
evaluated the composition and diversity of the fecal

Figure 1. Indole attenuates severity of NSAID enteropathy. A) Fecal calprotectin levels were determined by ELISA on fecal samples on
Day 0 (white bar) and then again after 6 days of therapy (black bar) with indomethacin, indole, or the combination. Day 6 fecal calpro-
tectin values were significantly different from day 0 calprotectin only for the animals that received indomethacin alone (PD0.0095).
B) Microscopic pathology scores from analysis of Swiss-rolled H&E stained small intestinal sections (n D 5/group). Error bars represent
95% confidence intervals about the mean score. Groups with different letters differed significantly (P < 0.05): control and indole-treated
mice are not different from one another; NSAID alone results in a significant difference from control, indole alone, and from
NSAIDCindole; the NSAID C indole group was significantly higher than control and indole alone groups, but significantly lower than
the NSAID group). C) Representative H&E stained sections of small intestine. The microscopic appearance of both the control and indole
appear normal, whereas the small intestine of NSAID-treated mice showed ulceration, inflammation in the lamina propria and epithe-
lium, and thickening and blunting of the villi. These pathological findings were ameliorated by co-administration of indole with NSAID
(i.e., NSAID C indole). D) Ratio of villus height to crypt depth taken from small intestinal mucosa; relative to the controls, this ratio was
only significantly decreased for mice in the NSAID group. E) % CD11b- and GR-1-positive cells (i.e., neutrophils) in the spleen after
7 days of treatment. Groups with different letters differed significantly. Indole significantly attenuated the NSAID-induced increase in
splenic neutrophils. F) % CD11b positive and GR-1-positive cells (i.e., neutrophils) in the mesenteric lymph nodes (MLN) after 7 days of
treatment. Groups with different letters differed significantly. Indole significantly attenuated the NSAID-induced increase in MLN
neutrophils.
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microbiota in the 4 groups of mice. To adjust for
uneven sequencing depth among the samples, each
sample was rarefied to an even sequencing depth of
10,000 reads per sample prior to analysis. Alpha rare-
faction curves and Good’s coverage index estimates
indicated that over 90% of the species were repre-
sented across all samples at this sequencing depth
(Supplementary Fig. 3). Using analysis of similarities
(ANOSIM), no significant difference in the
unweighted Unifrac distance metric among the groups
was observed on day 0 (R D 0.10; P D 0.11); however,
by day 7 there was a significant difference among the
groups (R D 0.3007; P D 0.0031). Pairwise compari-
sons between groups revealed that a significant differ-
ence in the Unifrac distance metric existed only
between NSAID and control animals (Table 1) and
that co-administration of indole with indomethacin
attenuated this change in the b diversity of the fecal
microbiota.

The primary gram-positive and gram-negative
phyla found in murine feces are Firmicutes and Bac-
teroidetes, respectively.32 At the phylum level, PCA
revealed a separation of NSAID-treated mice from the
other groups characterized by increase in members of
the phyla Bacteroidetes in the NSAID-treated animals
between day 0 and day 7 (Fig. 2A and 2B). Interest-
ingly, PCA revealed qualitatively that co-administra-
tion of indole counteracted the increase in
Bacteroidetes and instead appeared to shift the group
closer to the phylum Firmicutes. Based on the results
of PCA, we compared the abundance of members of
the phyla Firmicutes and Bacteroidetes and found no
significant difference after treatment with NSAIDs,
indole, or their combination (Supplementary Fig. 4).
At lower taxonomic levels, however, significant differ-
ences were observed. For example, co-administration
of indole with indomethacin prevented a decrease in
Clostridiales and instead this group had a significant
increase in several members of the Clostridales order

(Fig. 2C). Furthermore, similarity percentage (SIM-
PER) based on the Bray Curtis dissimilarity measure
at phylum, order, and family levels further confirmed
that indomethacin treatment resulted in the gain of
members of the Bacteroidales S24-7 family, a major
family of Bacteroidetes found in murine feces, indicat-
ing that gain of this family contributed to the dissimi-
larity between NSAID and the other groups.33 Co-
administration of indole prevented this increase in
Bacteroidales and instead resulted in an increase in
Clostridiales with marginal increases in several other
members of the Firmicutes phyla (Supplemental
Tables 1 to 3 and Fig. 2D).

PCA of the inferred metagenome revealed cluster-
ing and separation of the NSAID-treated mice from
the other groups (Fig. 2E and 2F), although ANOSIM
based on the Bray Curtis dissimilarity metric indicated
this difference was not significant (P > 0.05). Consis-
tent with the microbiota data, the distance among
groups was greatest between the NSAID group and
the NSAID C indole group. The major up- and down-
regulated inferred functional pathways between
NSAID and NSAID C indole groups were tabulated
(Supplementary Table 4).

Co-administration of indole prevents the
indomethacin-induced tryptophan-derived
metabolite disruption in feces

We have identified multiple tryptophan-derived metabo-
lites produced by the microbiota predicted to be bioac-
tive and exert effects on the host.19 Given the
importance of the microbiota in NSAID enteropathy, we
chose to examine whether the effects of indole on the
intestinal epithelium and microbiota (Fig. 2) were corre-
lated with tryptophan metabolites. No single tryptophan
metabolite was significantly correlated with fecal calpro-
tectin (data not shown). Only the metabolite tyramine
was significantly (P < 0.01) correlated with microscopic
pathology scores (Supplemental Table 5). Examination
of the fecal profile of all tryptophan metabolites using
PCA revealed a visible separation of the NSAID-treated
mice from the remaining groups on day 7, while co-
administration of indole appeared to prevent this separa-
tion (Supplementary Fig. 5); however, ANOSIM of the
Bray Curtis dissimilarity measure indicated this apparent
difference was not significant (PD 0.55). Examination of
tryptophan metabolite concentrations by treatment
group revealed a significant increase in tyramine in the

Table 1. Pairwise ANOSIM R-values based on the unweighted
Unifrac distance metric at day 7. Only the difference between
control and NSAIDs was significantly different than 0.

Pairwise AOSIM R-values Control NSAID Indole NSAIDCIndole

Control 0.5487� 0.2 0.2813
NSAID 0.5487� 0.2615 0.4444
Indole 0.2 0.2615 0.1938
NSAIDCIndole 0.2813 0.4444 0.1938

Note. �R value is significantly (P < 0.05) different than a value of 0.
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NSAID group that was attenuated by co-administration
of indole (Table 2); moreover, several other tryptophan
metabolites tended to be increased only in the feces of
mice treated exclusively with indomethacin, indicating
that NSAID treatment caused differences that were
attenuated by co-administration of indole (Table 2). Rel-
ative to controls, mice in the indole-only and indometh-
acin-only groups had significantly more indole; although
fecal indole concentrations were generally higher in the
NSAID C indole mice, this difference was not
significant.

Co-administration of indole attenuates NSAID-
induced pro-inflammatory mucosal transcriptomic
changes

We performed RNA-Seq of the distal small intestinal
mucosa to examine the in vivo transcriptomic changes
associated with NSAID enteropathy and to gain
insight into how the co-administration of indole
altered gene expression. The top genes that were sig-
nificantly up- or downregulated (fold change � 2) in
NSAID-treated mice relative to control mice,

Figure 2. Indole increases abundance of Clostridiales and prevents NSAID-induced shift of the microbiota and inferred metagenome.
A) Principal component analysis (PCA) plots of 16S rRNA sequencing of the fecal microbiota at the phylum level with biplot overlay and
ANOSIM based on the unweighted Unifrac distance metric (located in the lower right quadrant) of the OTU table from day 0 revealed
no significant differences among the groups at day 0.The area of the gray shaded shapes reflects the variation among individuals in a
group: the larger the shaded area, the more variation among the individuals in that group. B) Principal component analysis (PCA) plots
of 16S rRNA sequencing of the fecal microbiota at the phylum level with biplot overlay and ANOSIM based on the unweighted Unifrac
distance metric (located in the lower right quadrant) of the OTU table from day 7 reveal that there is a significant difference among the
groups at day 7. After 7 days, the NSAID group is significantly shifted from the other 3 groups, and this shift was associated with a quali-
tative increase in the phylum Bacteroidetes and loss of Firmicutes. C) Abundance of Clostridales from Day 0 (orange) and Day 7 (green)
and Bacteroidales Day 0 (white) and Day 7 (black). Error bars represent the upper bound of the symmetrical 95% confidence intervals
about the mean of the 5 animals in each group and P values displayed on the graph are corrected for multiplicity of comparisons by
the method of Sidak. Clostridiales were significantly increased on Day 7 relative to Day 0 by co-administration of indole with the NSAID
indomethacin. D) Mean abundance of several families of Clostridiales at Day 0 and Day 7 for each of the treatment groups depicting
reduction of these families following NSAID therapy but expansion indole is co-administered. E) PCA plots of inferred metagenome of
the fecal microbiota from Day 0. ANOSIM based on the Bray Curtis distance measure revealed no significant difference among the
groups at day 0. F) PCA plots of inferred metagenome of the fecal microbiota from Day 7. ANOSIM based on the Bray Curtis distance
measure revealed that, consistent with the microbiota data, the NSAID group visually separated from the other groups; however, this
apparent difference was not significant (P > 0.05 by ANOSIM based on Bray Curtis dissimilarity measure).
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indole-treated mice relative to control mice, and
NSAID C indole-treated mice relative to control mice
were tabulated (Supplemental Table 6). The Ingenuity
Pathway Analysis software package was used to iden-
tify pathways represented by differentially expressed
genes. Several canonical pathways were altered in
NSAID-treated mice relative to controls (Fig. 3A).
Several of the pathways that were modulated by
NSAID administration were either shifted to the
opposite direction (i.e., inhibited or activated, respec-
tively), or the degree of activation or inhibition was
markedly attenuated by co-administration of indole
(Fig. 3B). Moreover, transcription of specific pro-
inflammatory cytokines (interleukin [IL]-1a, IL-1b,
TNF, IL-6) and chemokines (CXCL1, CXCL3,
CXCL2, CXCL5, CCL2, CCL7) was significantly upre-
gulated in NSAID-treated mice; however, when indole
was co-administered the degree of upregulation was
not significantly different than control mice (Supple-
mentary Fig. 6). Based on our results, a proposed
schema of the interaction of NSAIDs, the host muco-
sal epithelium, the microbiota, and indole is presented
(Fig. 4).

Discussion

Co-administration of indole attenuated small intesti-
nal mucosal damage induced by administration of

indomethacin in mice as manifested by reduced
microscopic pathology and fecal calprotectin concen-
tration. Fecal calprotectin is a well-established, non-
invasive indicator of intestinal mucosal injury induced
by NSAIDs in human patients and animal models,
and correlates well with 4-day fecal excretion of
111Indium-labeled leukocytes.34,35 The findings of
decreased fecal calprotectin and decreased micro-
scopic pathology have important clinical implications.
A variety of NSAIDs are used widely for an array of
clinical conditions ranging from pain-relief for minor
injuries to management of rheumatoid arthritis or
cancer. The relatively low cost, high effectiveness, and
lack of alternatives to NSAIDs indicate that their use
will continue to be highly prevalent. Consequently,
agents that might be co-administered with NSAIDs to
diminish NSAID enteropathy would be clinically
important. Further evaluation of indole to ameliorate
NSAID enteropathy in animal models and naturally-
occurring disease is warranted by our findings.

Administration of NSAIDs increases the propor-
tion of gram-negative organisms at the expense of
gram-positive organisms in the intestinal microbiota,
and this shift has been shown to contribute to
NSAID-induced intestinal injury.14,36,37 Specifically,
NSAID administration decreases various members of
the class Clostridia and increases members of the class
Bacteroidia.38 Mice treated with indole and indometh-
acin did not have a change in the abundance of Bacter-
oidia but did have an increase in several members of
the gram-positive family Clostridiales in concert with
diminution of the severity of intestinal mucosal dam-
age. Evidence exists that the microbiota plays an
important role in the development of NSAID enterop-
athy. Germ-free rats treated with NSAIDs develop less
severe enteropathy than specific-pathogen-free rats or
germ-free rats that have been colonized with gram-
negative bacteria.39 Toll-like receptor (TLR) 4-defi-
cient mice develop less severe lesions than isogeneic
TLR4-competent strains.37 Dramatic NSAID-induced
alterations of the gut microbiota are well-documented
and most often characterized by a loss of gram-posi-
tive bacteria with a concurrent increase in gram-nega-
tive bacteria.14,40 Moreover, this particular shift in the
microbiota has been associated with increased severity
of intestinal mucosal injury, and preventing this shift
can reduce mucosal injury.15 The classic indometha-
cin-induced increase in types of Bacteroidia we
observed in our study were not significant, but this

Table 2. Group effects of tryptophan-derived metabolites identi-
fying the direction and magnitude of change in fecal concentra-
tion between Days 0 and 7. Several tryptophan-derived
metabolites tended to be increased in the NSAID treated mice (5-
hydroxytryptamine, 5-hydroxyindole, indole, serotonin, tyra-
mine). Fecal concentrations of indole increased in the groups in
which indole was administered.

Metabolite Group effect Magnitude (95%CI) P valu�e

5 - Hv d roxy try pt a mi ne t NSAID onlv 13.9 (¡1.4 to 29.3) 0.1029
5-Hydroxvindole t NSAID €unly 27.2 (¡2.2 to 56.6) 0.0657
Arginine O
Glutamine <->
lndole-3-acetamide <->
lndole-3-acetate
lndole-3-carboxaldehvde
Indole T NSAID 6.7 {1.6 to 28.2) 0.0255

^Indole 5.3 (1.1 to 24.7) 0.0364
t NSAID C Indole 4.7 {0.9 to 24.7) 0.0641

Kyneurine O
Ornithine O
Phenvlalanine O
Serotonin T NSAID only 1.6 (¡0.3 to 3.5) 0.0895
Tryptamine O
Tryptophan O
Tyramine T NSAID onlv 6.7 (1.3 to 33.6) 0.0024
Tyrosine O
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was likely attributable to limited power to detect a sta-
tistically significant difference resulting from our small
sample size. It is not clear why increased abundance of
gram-negative bacteria worsens the severity of NSAID
enteropathy, but direct effects of LPS and the host
innate immune response to LPS appear to be impor-
tant.14,16 It is also possible that loss of beneficial gram-
positive bacteria is important. Commensal Clostridia
have been shown to be critically important in gut
homeostasis, specifically members of Clostridium clus-
ter XIVa and Clostridium cluster IV.41 Interestingly,
several members of these 2 clostridial clusters were
increased in the NSAID-treated animals in which
indole was co-administered.

The host response to the microbiota might be more
important than the microbiota itself in the pathogene-
sis of NSAID enteropathy. Neutrophils are key effec-
tor cells of innate immunity and are critically
important in the pathogenesis of NSAID enteropa-
thy.29,42 Neutrophils are recruited to the site of injury
by the influx of luminal contents following increased
mucosal permeability. The resident innate immune

cells present in the epithelium and lamina propria
release cytokines and chemokines that attract circulat-
ing neutrophils. These neutrophils, along with other
innate immune cells, then release pro-inflammatory
cytokines, typically characterized by an abundance of
the IL-1 super family, TNF-a, IL-6, and others, that
are responsible for the damage to the lower GI
tract.43,44 This critical role for neutrophils in NSAID
enteropathy is supported by our findings of neutro-
philic infiltration of both the spleen and MLN follow-
ing NSAID administration and reduced neutrophil
concentrations in these tissues with co-administration
of indole. Our data also affirm the importance of the
innate immune response in the pathophysiology of
NSAID enteropathy because many of the most up-reg-
ulated pathways identified by RNA-Seq reflected the
innate immune response (viz., NF-kB pathway, TLR
signaling pathways, and the LPS/IL-1 response).
Moreover, at the individual gene level, several of the
classic pro-inflammatory cytokines associated with
neutrophil activation and known to be important in
NSAID enteropathy (e.g., TNF-a, IL-1, and IL-6) were

Figure 3. NSAID enteropathy results in upregulation of innate immune response pathways and the co-administration of indole regulates
this response. A) Heatmap showing upregulated (red) and down regulated (blue) pathways in the small intestinal mucosa from NSAID-
treated mice compared with control animals. B) 2-column heatmap showing upregulated (red) and down-regulated (blue) pathways in
the small intestinal mucosa from NSAID-treated mice compared with control mice (left column) and NSAID C indole versus control
mice (right column).
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upregulated among NSAID-treated mice.43,45,46

Co-administration of indole, however, attenuated or
reversed up-regulation of genes associated with innate
immunity and inflammation that contribute to the
pathogenesis of NSAID enteropathy. In addition, sev-
eral chemokines that attract neutrophils were up-regu-
lated in the NSAID-treated mice and this upregulation
was dramatically attenuated by the co-administration
of indole. These data indicate that indole can mitigate
the host innate immune response to the influx of
luminal contents across injured epithelia. Indole has
been shown to inhibit NF-kB signaling in intestinal
epithelial cells.17 It is thus plausible that indole exerts
similar effects on neutrophils and other innate
immune cells, thereby reducing cytokines dependent
upon NF-kB signaling. Although NF-kB signaling was
activated by administration of both NSAID and
NSAID C indole, activation of this pathway was
greatly diminished by co-administration of indole
with NSAIDs, suggesting indole might mitigate

NSAID damage in part by inhibiting NF-kB. It is
important to note that the mRNA for RNA-seq was
isolated from mucosal scrapings. These scrapings
likely contain epithelial cells as well as cells residing in
the lamina propria (i.e., immune cells recruited to the
inflamed gut due to loss of barrier function) and there-
fore we cannot be sure the exact source of gene expres-
sion profiles. NSAID enteropathy is characterized as a
mucosal injury and we felt examining the transcrip-
tome of this location would be more informative than
examining the transcriptome of whole tissue.11 The
observed anti-inflammatory effects of indole may be
due to indole’s effects on epithelial cells, immune cells
in the lamina propria, or both.

It is unclear how indole prevented the characteristic
shifts in the composition of the microbiota associated
with NSAID administration. Indole has long been rec-
ognized as a quorum-sensing molecule so it is possible
that indole directly affected the microbial community
by acting as an intra-kingdom signaling molecule.20,21

Figure 4. Co-administration of indole with indomethacin attenuates NSAID enteropathy and indole may exert these beneficial effects
through several possible mechanisms. NSAID enteropathy is characterized by a loss of barrier function resulting in an influx of luminal
contents and a massive innate immune response. Indole is known to have direct effects on intestinal epithelial cells including upregula-
tion of tight-cell junctional proteins, effects on immune responses including inhibition of NF-kB, and regulating the overall innate
immune response. Moreover, co-administration of indole with NSAID administration resulted in an increase in the abundance of Firmi-
cutes, principally Costridales, known to be important in maintaining intestinal homeostasis, and appeared to prevent any increase in
Bacteroidales.
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It is, however, also plausible that changes in the micro-
biota associated with NSAID use occur secondary to
mucosal inflammation because mucosal inflammation
has been shown to alter the luminal environment.47

Indole might have attenuated mucosal damage, which
in-turn prevented the expected changes in the micro-
biota. Finally, it has been shown that GI microbiota
can vary with environment including cage-dependent
variation and cage-dependent clustering.48 In order to
mitigate this phenomenon, after acclimation and
immediately prior to starting the study (Day 0), we
randomly assigned mice into treatment groups and
then moved them into cages based on the group to
which they were randomly assigned. There were no
significant differences in the fecal b diversity among
the groups at Day 0. It is possible, however, that were
some cage-dependent microbiota changes that
occurred over the 7 days of treatment that might have
influenced the composition of the microbiota after
treatment.

Indole is present in the GI tract of humans and ani-
mals at relatively high concentrations (»250–
1,100 mM).49,50 It has been speculated that, because
intestinal epithelial cells are continually exposed to
indole, indole may act as an interkingdom signaling
molecule. Indeed we have shown, in vitro, that indole
does behave in this manner and has anti-inflamma-
tory effects on intestinal epithelial cells and upregu-
lates expression of genes associated with tight cell
junctions.17 We therefore expected increasing the con-
centration of indole within the lumen of the GI tract
might mitigate NSAID enteropathy because of the in
vitro effects of indole on intestinal epithelial cells. As
expected, we observed that mice gavaged with indole
(alone or in combination with indomethacin) had
increased fecal concentration of indole. Interestingly,
the NSAID-only treated mice also had increased fecal
concentrations of indole. Although both gram-nega-
tive and gram-positive bacteria produce indole, the list
of gram-negative bacteria known to produce indole is
much larger than gram-positive bacteria.20 Thus, the
observed increase in gram-negative bacteria in the
NSAID treated mice might explain their increased
fecal concentrations of indole. The beneficial effects of
indole in this study were observed at the distal small
intestine, but the concentration of indole and the
microbiota diversity were determined using fecal sam-
ples. Fecal metabolite and microbiota characterization
do not always correlate well with those of more

proximal mucosal locations in the GI tract.51,52 There-
fore, it is possible that indole was present in higher
concentrations in the distal small intestine of mice
treated with NSAID combined with indole compared
with mice treated with the NSAID alone, thus contrib-
uting to the attenuation of NSAID-induced injury by
indole administration. Interestingly, several trypto-
phan metabolites that act as neurotransmitters includ-
ing serotonin and 5-hydroxytryptamine were also
increased in NSAID-treated mice. Hypermotility of
the GI tract is induced by NSAIDs and contributes to
the pathophysiology of NSAID enteropathy.53,54 The
microbiota shift induced by NSAIDs might result in
production of prokinetic metabolites that contribute
to GI hypermotility.

In summary, indole supplementation of mice
attenuates the deleterious effects of NSAIDs on the
distal small intestine and modulates NSAID-induced
alterations in the composition of the fecal microbiota.
The major events in the onset of NSAID enteropathy
are intestinal epithelial cell death, increased mucosal
permeability, influx of luminal contents, and host
innate immune response to the microbiota.36,55,56

Indole likely reduces intestinal injury induced by
NSAIDs at multiple levels, including neutrophilic
infiltration, NSAID-induced dysbiosis, and pro-
inflammatory pathways in the distal small intestine.
Future work will focus on interrogating the potential
mechanisms by which indole exerts this beneficial
effect in order to further elucidate means to control or
prevent NSAID enteropathy.

Materials and methods

Animal protocols were approved by the Texas A&M
Institutional Animal Care and Use Committee in
accordance with appropriate institutional and regula-
tory bodies’ guidelines.

Mice and treatments

Eight- to 10-week-old specific-pathogen-free C57BL/
6J mice were purchased and allowed to acclimate for 2
weeks. Mice were fed standardized laboratory rodent
diet and sterile water ad libitum. Mice were randomly
divided into the following 4 groups (n D 5 mice/
group): 1) NSAID (indomethacin); 2) indole; 3)
NSAID C indole; and, 4) untreated controls. Mice
were then rehoused on the basis of treatment group
assignment, with 5 animals/group-cage. To induce
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NSAID enteropathy, mice in group 1 were gavaged
once daily with indomethacin (5 mg/kg; for 7 days;
Sigma Aldrich, St. Louis, MO) dissolved in DMSO
(Sigma Aldrich, St. Louis, MO) and further diluted in
phosphate buffered saline (PBS). Mice in group 2
received indole by gavage (20 mg/kg; once daily for
7 days; Sigma Aldrich, St. Louis, MO) dissolved in
sterile water warmed to 55�C. Mice in group 3
received indole co-administered with indomethacin
by gavage at the dosages described above. All mice
were gavaged with equal volumes (200 mL) and equal
concentrations of DMSO (0.001%).

Sample collection

Feces were collected daily by placing individual ani-
mals in sterile plastic cups that were RNase- and
DNase-free until they passed feces. The mice were
immediately returned to their home cages and the
feces immediately flash frozen at ¡80�C. All ani-
mals were euthanized via CO2 asphyxiation on day
8 (i.e., after 7 days of treatment). The small intes-
tine was harvested, opened longitudinally, rinsed
with ice-cold PBS, and the distal 1/3 of the intesti-
nal mucosa was scraped for tissue gene expression
analysis. The remaining small intestine was fixed in
4% paraformaldehyde, Swiss-rolled, paraffin-embed-
ded, and stained with hematoxylin and eosin. The
spleen and mesenteric lymph nodes (MLN) were
harvested, and immediately placed in ice cold
RPMI-1640-c C 10% fetal calf serum (FCS: Life
Technologies, Carlsbad, CA), homogenized, and
prepared as a single cell suspension for flow cyto-
metric analysis as previously described.57

Fecal calprotectin ELISA

A murine calprotectin ELISA kit (HK214, Hycult Bio-
tech, Plymouth Meeting, PA) was used according to
the manufacturer’s protocol with slight modifications.
Briefly, 100 mg of feces was homogenized in extrac-
tion buffer (0.1 M Tris, 0.15 M NaCl, 1.0 M urea,
10 mM CaCl2, 0.1 M citric acid monohydrate, 5 g/l
bovine serum albumin (BSA) and 0.25 mM thimerosal
[pH 8.0]). The homogenate was centrifuged at 10,000
x g at 4�C for 20 minutes and the supernatant used as
directed in manufacturer’s protocol.

Tissue RNA extraction, sequencing, and processing

RNA was extracted from the mucosal scrapings using
an RNeasy mini kit (QIAGEN, Redwood City, CA)
following the manufacturer’s instructions and includ-
ing on-column DNase treatment. RNA quantity was
determined using a Nanodrop spectrophotometer
(Fisher Thermoscientific) and the quality was assessed
using the Nano6000 chip on a Bioanalyzer 2100(Agi-
lent Technologies). Only RNA with an integrity num-
ber (RIN) > 8 was used. The samples were
randomized before beginning the RNA-Seq library
preparation. Sequencing libraries were made using
250 ng of RNA and the TruSeq RNA Sample Prepara-
tion kit (Illumina) following the manufacturer’s
instructions. A volume of 2.5 ml of ERCC spike-in
RNA control mix (Life Technologies) was added to
the starting RNA at a dilution of 1:1000. The libraries
were pooled and sequenced on an Illumina HiSeq
2500 at the Texas AgriLife Genomics and Bioinfor-
matics Services Core Facility (College Station, TX).
Sequencing data were provided in a de-multiplexed
format and aligned using Spliced Transcripts Align-
ment to a Reference (STAR) software with default
parameters and referenced against the genome of Mus
musculus (Ensembl version GRCm38).58 Differentially
expressed genes were determined using EdgeR based
on the matrix of gene counts.59 Gene lists were ana-
lyzed through use of QIAGEN’s Ingenuity � Pathway
Analysis (IPA, QIAGEN, Redwood City, CA http://
www.qiagen.com/ingenuity). Sequence data were
uploaded into NCBI small reads archive (Accession
number PRJNA290483).

Microbiota DNA extraction, sequencing, and
processing

Microbiota 16S rRNA gene sequencing methods were
adapted from the methods developed for the NIH-
Human Microbiome Project.60,61 Briefly, bacterial
genomic DNA was extracted using MO BIO Power-
Soil DNA Isolation Kit (MO BIO Laboratories)
according to the manufacturer’s protocol. The 16S
rDNA V4 region was amplified by PCR and
sequenced in the MiSeq platform (Illumina) using
the 2 x 250-bp paired-end protocol yielding paired-
end reads that overlap almost completely.62 The pri-
mers used for amplification contain adapters for
MiSeq sequencing and dual-index barcodes so that
the PCR products can be pooled and sequenced
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directly. The software suite Quantitative Insights Into
Microbial Ecology (QIIME v1.9 [http://qiime.source
forge.net]) was used for data processing and analysis.63

The raw sequence data were de-multiplexed, and low-
quality reads were filtered using the database’s default
parameters. Chimeric sequences were detected using
Uchime and removed prior to further analysis.64

Sequences were then assigned to operational taxo-
nomic units (OTUs) using an open-reference OTU
picking protocol [http://qiime.org/scripts/pick_open_
reference_otus.html] with UCLUST software in
QIIME based on 97% identity with the Greengenes
database (v13_5).65-67 To adjust for uneven sequenc-
ing depth among the samples, each sample was rare-
fied to an even sequencing depth (10,512 reads/
sample) prior to further analysis.

Alpha rarefaction, b diversity measures, richness,
taxonomic summaries, and tests for significance
were calculated and plotted using QIIME. The
weighted and unweighted Unifrac distances were
calculated for comparison of b diversity. Differen-
ces in microbial communities among the treatment
groups were investigated by visual assessment of
clustering on principal component analysis (PCA)
and by analysis of similarity (ANOSIM) calculated
on unweighted UniFrac distance metrics.68-70 ANO-
SIM is a non-parametric test of difference between
2 or more groups based on a distance metric. This
test gives an R value between ¡1 and 1 where large
positive R values indicate a large magnitude of dis-
similarity between the groups and small R values
indicate small magnitudes of dissimilarity; the P
value provides statistical significance.68 When
ANOSIM identified significant differences among
groups, then pairwise ANOSIM was performed to
determine which groups differed significantly and
similarity percentage (SIMPER) was used to exam-
ine which features contributed to the differences
among groups. ANOSIM, SIMPER, and PCA plots
were performed with PAST v3.05.71

The software Phylogenetic Investigation of Communi-
ties by Reconstruction of Unobserved States (PICRUSt)
was used to predict the metagenome.72 Sequencing data
were prepared as described above, but sequences were
then clustered into OTUs using a closed-reference OTU
picking protocol at the 97% sequencing identity
level [http://qiime.org/scripts/pick_closed_reference_o
tus.html]. The resulting OTU table was normalized by
the expected copy number(s) of the 16s rRNA gene in

each OTU. PICRUSt was then used to predict the
metagenome [https://picrust.github.io/picrust/tutori
als/metagenome_prediction.html#metagenome-predic
tion-tutorial]. Each sample was rarefied to an even
sequencing depth to adjust for uneven sequencing
depth prior to further analysis. Differences in the
metagenomes among the groups were investigated by
visual assessment of clustering on PCA and by analy-
sis of similarity (ANOSIM) calculated on Bray Curtis
dissimilarity metric.

Metabolite extraction from fecal samples

Metabolites from the fecal contents were extracted
using a solvent-based method as previously
described.19 Briefly, fecal pellets were homogenized
using a homogenizer (Omni International) with equal
volume of cold methanol and half volume of chloro-
form. The samples were then centrifuged at 10,000 g
at 4�C (Thermo Fisher Scientific) for 10min. Superna-
tant was passed through a 70-mm sterile nylon cell
strainer (Falcon) and 0.6 ml of ice cold water was
added. The samples were vortex and centrifuged again
at 10,000 g for 5 minutes. The upper phase and lower
phase were collected and 400 ml of upper phase was
dried to a pellet using a vacufuge (Eppendorf,
Hauppauge, NY), and then reconstituted in 50ml of
methanol/water (1:1, v/v). The samples were stored at
¡80�C until analysis. Tryptophan metabolites in the
samples were detected and quantified on a triple quad-
rupole linear ion trap mass spectrometer (3200
QTRAP, AB SCIEX, Foster City, CA) coupled to a
binary pump HPLC (Prominence LC-20, Shimazu,
Concord, Ontario, Canada).

Flow cytometry

Spleens and MLNs were processed individually to
single-cell suspensions with frosted glass slides in
RPMI-c C 10% FCS, and spleen cells underwent
red blood cell lysis.73 Cell suspensions were plated
in individual wells, washed with 0.5% BSA in PBS,
surface-stained for CD11b-AlexaFluor488 (eBio-
science cat. #53-0112-82) and Gr-1-biotin (BD cat.
#553125), followed by streptavidin-PE (eBioscience
cat. #12-4317), fixed with 0.4% paraformaldehyde,
and samples were acquired on a BD FACS Aria II
in the College of Medicine Cell Analysis Facility
(COM-CAF) at the Texas A&M Health Science
Center.
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Histology and small intestinal morphometric
measurements

The stained sections of the small intestine were analyzed
by a board-certified veterinary pathologist (BRW)
blinded to treatment group. The slides were scored as
previously described for intestinal inflammation.74

Briefly, mucosal injury was determined by the following
parameters scored from 0 (no evidence) to 3 (marked):
mucosal ulceration, mucosal erosion, and presence of
squamified epithelium. Inflammatory changes were
scored similarly based on the following parameters: lym-
phocytic infiltration, plasma cell infiltration, and neutro-
philic infiltration. Finally, an overall evidence of injury
score was used to document total injury graded from 0
(none) to 4 (marked). Morphological parameters were
obtained from digitally scanned slides using SPOT vr 5.0
software. Three sets of measurements from 3 separate
sections were recorded for each animal by an observer
blinded to treatment group. Measurements consisted of
villus height, crypt depth, and submucosal mural thick-
ness. The ratio of the villus height to crypt depth was cal-
culated (Supplementary Fig. 1)

Data analysis

Results were expressed as mean § 95% confidence
interval unless indicated otherwise. For all analyses, sig-
nificance was set P � 0.05. Data were analyzed using
S-PLUS statistical software (Version 8.2, TIBCO Inc.,
Seattle, WA) unless otherwise noted. Histology scores,
the proportion of neutrophils in the spleen and MLNs,
ratios of villus height to crypt depth, submucosal thick-
nesses, paired differences between Day 7 and Day 0 in
phyla and families, and fecal tryptophan metabolites
were compared among treatment groups using a gener-
alized linear model with post hoc testing for pairwise
differences among groups using the method of Sidak.75

To meet statistical assumptions underlying the general-
ized linear model, the histology scores were converted
to ranks and the neutrophil data were log10 trans-
formed prior to analysis. Ratios of villus height to crypt
depth and submucosal thicknesses were compared
among groups using a generalized linear model with
post hoc testing for pairwise differences among groups
using the method of Sidak. Fecal calprotectin concen-
trations were analyzed as a function of treatment
group, time (Day 0 [baseline] and Day 7), and their
interaction using linear mixed-effects modeling with
treatment group and time modeled as fixed, categorical

effects and individual mouse modeled as a random
effect to account for repeated measures on individual
mice. Paired differences between Day 0 and Day 7 in
phyla and families were compared among groups using
a generalized linear model and post hoc testing for pair-
wise differences among groups using the method of
Sidak.
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