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Background: Nonsteroidal anti-inflammatory drugs (NSAIDs) induce significant damage
to the small intestine, which is accompanied by changes in intestinal bacteria (dysbiosis)
and bile acids. However, it is still a question of debate whether besides mucosal
inflammation also other factors, such as direct antibacterial effects or delayed
peristalsis, contribute to NSAID-induced dysbiosis. Here we aimed to assess whether
ketorolac, an NSAID lacking direct effects on gut bacteria, has any significant impact on
intestinal microbiota and bile acids in the absence of mucosal inflammation. We also
addressed the possibility that ketorolac-induced bacterial and bile acid alterations are due
to a delay in gastrointestinal (GI) transit.

Methods: Vehicle or ketorolac (1, 3 and 10mg/kg) were given to rats by oral gavage once
daily for four weeks, and the severity of mucosal inflammation was evaluated
macroscopically, histologically, and by measuring the levels of inflammatory proteins
and claudin-1 in the distal jejunal tissue. The luminal amount of bile acids was
measured by liquid chromatography-tandem mass spectrometry, whereas the
composition of microbiota by sequencing of bacterial 16S rRNA. GI transit was
assessed by the charcoal meal method.

Results: Ketorolac up to 3mg/kg did not cause any signs of mucosal damage to the small
intestine. However, 3 mg/kg of ketorolac induced dysbiosis, which was characterized by a
loss of families belonging to Firmicutes (Paenibacillaceae, Clostridiales Family XIII,
Christensenellaceae) and bloom of Enterobacteriaceae. Ketorolac also changed the
composition of small intestinal bile by decreasing the concentration of conjugated bile
acids and by increasing the amount of hyodeoxycholic acid (HDCA). The level of
conjugated bile acids correlated negatively with the abundance of Erysipelotrichaceae,
Ruminococcaceae, Clostridiaceae 1,Muribaculaceae, Bacteroidaceae, Burkholderiaceae
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and Bifidobacteriaceae. Ketorolac, under the present experimental conditions, did not
change the GI transit.

Conclusion: This is the first demonstration that low-dose ketorolac disturbed the delicate
balance between small intestinal bacteria and bile acids, despite having no significant effect
on intestinal mucosal integrity and peristalsis. Other, yet unidentified, factors may
contribute to ketorolac-induced dysbiosis and bile dysmetabolism.

Keywords: ketorolac, nonsteroidal anti-inflammatory drug, enteropathy, microbiota, bile acid, peristalsis,
hyodeoxycholic acid

INTRODUCTION

Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the
most commonly used prescription and over-the-counter
medicines (Lanas and Scarpignato, 2006). They are widely
used to treat inflammatory pain and reduce fever, but their
use is associated with significant gastrointestinal (GI) adverse
events. Besides having the potential to seriously damage the
stomach and duodenum, NSAIDs can also damage the small
intestine. NSAID enteropathy can occur in up to 70% of chronic
NSAID users and may result in a wide variety of complications,
ranging from mucosal inflammation and protein loss to ulcers,
and even perforations (Maiden et al., 2005). The pathogenesis of
enteropathy is complex and still insufficiently understood. It
likely involves multiple mechanisms, including topical
damaging effects of NSAIDs, inhibition of cyclooxygenase
(COX)-mediated prostaglandin (PG) synthesis, and increased
toxicity of luminal aggressive factors, like intestinal bacteria
and bile acids (Wallace, 2013; Takeuchi and Satoh, 2015;
Bjarnason et al., 2018).

The importance of bacteria in NSAID enteropathy has been
demonstrated repeatedly by numerous studies. Antibiotic-treated
or germ-free animals are largely protected against NSAID-
induced small bowel damage (Kent et al., 1969; Robert and
Asano, 1977; Uejima et al., 1996). Bacteria may aggravate
mucosal damage by several ways, including delayed ulcer
healing (Elliott et al., 1998) and increased deconjugation and
enterohepatic recirculation of NSAIDs (LoGuidice et al., 2012). It
has also long been known that NSAIDs cause marked alterations
in the composition of intestinal microbiota (Kent et al., 1969;
Dalby et al., 2006; Craven et al., 2012; Blackler et al., 2015; Liang
et al., 2015; Rogers and Aronoff, 2016; Maseda et al., 2019). This
dysbiosis is typically characterized by a dramatic shift from
Gram-positive to Gram-negative organisms, and may
exacerbate NSAID-induced mucosal damage as well. Indeed,
the abundance of Gram-negative bacteria showed positive
correlation with the severity of mucosal injury (Blackler et al.,
2015).

Although NSAID-induced dysbiosis is well documented, little
is known about the underlying mechanisms. Because
inflammation-related perturbations in the microenvironment
favor the growth of Gram-negatives, such as
Enterobacteriaceae (Zeng et al., 2017), NSAID-induced
mucosal injury is likely to be a major determinant of
dysbiosis. This resonates well with studies showing that

microbial alterations appeared in rodents with moderate to
severe, but not with minimal or mild enteropathy (Reuter
et al., 1997; Craven et al., 2012). In addition, the composition
of microbiota changed with time and disease progression
(Maseda et al., 2019). However, there is some evidence that
certain NSAIDs can induce dysbiosis without any detectable
intestinal damage as well (Uejima et al., 1996; Lu et al., 2018),
suggesting that other factors than mucosal inflammation may
also contribute to NSAID-induced microbial alterations.

Several NSAIDs, such as ibuprofen, naproxen, diclofenac or
celecoxib have been reported to possess direct antimicrobial
properties in vitro (Jiménez-Serna and Hernández-Sánchez,
2011; Thangamani et al., 2015; Chan et al., 2017). It remains
unclear whether these effects have any significant relevance in
terms of dysbiosis, but it is noteworthy that ibuprofen and
celecoxib are active mainly against Gram-positive bacteria
in vitro (Jiménez-Serna and Hernández-Sánchez, 2011; Obad
et al., 2015; Thangamani et al., 2015; Chan et al., 2017), and
after chronic treatment both decreased the abundance of
Firmicutes (Gram-positives) without any significant or
reported intestinal injury in vivo (Montrose et al., 2016; Lu
et al., 2018). By contrast, chronic treatment with rofecoxib,
which lacks direct antibacterial effects, did not cause dysbiosis
in the uninflamed gut (Lázár et al., 2019).

Another mechanism by which NSAIDs might change the
microbiota is the disturbed GI motility. Several studies have
demonstrated that NSAIDs can alter intestinal contractility
and/or transit time, although there is still no consensus
whether this effect is stimulatory or inhibitory. Indomethacin,
for example, was shown to both increase (Takeuchi et al., 2002;
Nylander, 2011) and decrease small intestinal contractility in the
rat (Lichtenberger et al., 2015). Nevertheless, because GI transit
time and gut microbiota are highly interrelated, both accelerated
and delayed transit may result in dysbiosis (Kashyap et al., 2013).
Of note, slow GI transit in loperamide-treated mice was
associated with decreased abundance of Firmicutes (e.g.
Lachnospiraceae) and expansion of Bacteroidetes (Kashyap
et al., 2013; Touw et al., 2017), which were also commonly
reported following NSAID treatment (Craven et al., 2012;
Blackler et al., 2015; Colucci et al., 2018).

Ketorolac, a COX-1-preferential inhibitor (Warner et al.,
1999), is mainly used for the short-term treatment of
moderate to severe pain in postoperative or emergency
patients (Vadivelu et al., 2015). When given at low doses,
ketorolac was shown to spare the rat gastric and intestinal
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mucosa (Jamali et al., 1999; Wallace et al., 2000), despite almost
complete suppression of gastric prostaglandin synthesis (Wallace
et al., 2000). In addition, in a recent study (Maier et al., 2018)
ketorolac did not influence the growth of 40 representative gut
bacterial strains in vitro.

These properties prompted us to use ketorolac as a
pharmacological tool to investigate the relationship between
mucosal inflammation and dysbiosis. More specifically, we
aimed to determine whether chronic treatment with ketorolac,
an NSAID lacking direct effect on gut bacteria, has any significant
impact on intestinal microbiota in the absence of mucosal
inflammation. Because intestinal bacteria and bile acids are
closely interrelated (Begley et al., 2005), we also assessed the
effect of ketorolac on small intestinal bile acid composition. In
addition, we addressed the possibility that ketorolac-induced
bacterial and bile acid alterations are due to a delay in small
intestinal transit (“stasis”).

Here we show that ketorolac given at low, non-damaging dose
for 4 weeks caused small intestinal dysbiosis, which resembled
that caused by other NSAIDs. Namely, it decreased the
abundances of bacterial families belonging to Firmicutes, and
increased that of Enterobacteriaceae. These changes were
accompanied by and correlated with significant bile acid
alterations. GI transit was not influenced significantly by
ketorolac. These results suggest that besides direct effects on
bacteria, intestinal inflammation and stasis also other, yet
unidentied, factors may contribute to NSAID-induced
dysbiosis and bile dysmetabolism.

MATERIALS AND METHODS

Animals
Experiments were carried out on male Wistar rats weighing
180–240 g (Semmelweis University, Budapest, Hungary).
Animals were housed in a temperature (22 ± 2°C)- and
humidity-controlled room at a 12-h light/dark cycle. Food and
water were available ad libitum unless otherwise specified.

Ethical Considerations
All efforts weremade tominimize animal suffering and to reduce the
number of animals used in the experiments. All procedures
conformed to the Directive 2010/63/EU on European Convention
for the protection of animals used for scientific purposes. The
experiments were approved by the National Scientific Ethical
Committee on Animal Experimentation and permitted by the
government (Food Chain Safety and Animal Health Directorate
of the Government Office for Pest County (PEI/001/1493-4/2015)).

In vivo Studies
Study 1. Evaluating the Effects of Chronic Ketorolac
Treatment on Small Intestinal Mucosal Integrity,
Microbiota and Bile Acids
40 rats were randomly allocated into 4 experimental groups, with
10 rats in each group. In order to control variations in microbiota
composition, before the start of the experiment rats were co-
housed for 1 week, and during the experiment all groups were

divided and housed in 2-2 individually ventillated cages, with 5
rats per cage, to minimize the cage effect (Laukens et al., 2016).

During the experiment, unfasted rats were treated
intragastrically with either vehicle (1% hydroxyethylcellulose)
or ketorolac tromethamine (1, 3 and 10 mg/kg) (Sigma, St.
Louis, MO, United States of America), in a volume of 0.33 ml/
100 g. These doses were chosen based on previous studies,
showing that ketorolac at doses of ≤3 mg/kg spared the GI
mucosa (Jamali et al., 1999; Wallace et al., 2000; Santos et al.,
2007), but inhibited gastric prostaglandin synthesis (Wallace
et al., 2000). Of note, ketorolac in this dose range has been
reported to possess both analgesic and anti-inflammatory
properties (Jett et al., 1999). This was also confirmed by our
pilot study, in which a 5-day treatment with 1, 3 and 10 mg/kg
ketorolac reduced the concentration of PGE2 in the carrageenan-
airpouch model by 67, 84 and 99%, respectively. Because non-
damaging COX-inhibitors (e.g. celecoxib or low-dose ibuprofen)
caused intestinal dysbiosis mainly after chronic treatment (1–10
weeks) (Montrose et al., 2016; Lu et al., 2018), we administered
ketorolac once daily for 4 weeks. Body weight was measured daily
during the course of the treatment. At the end of treatment, 24 h
after the final administration of ketorolac, animals were
euthanized under CO2, the small intestines were excised, the
content of distal jejunum was quickly collected, snap-frozen in
liquid nitrogen and stored at −80°C for analysis of the microbiota
and bile acids. The mucosa of the entire small intestine was
flushed with cold saline and examined thoroughly for the
presence of macroscopic alterations. The length of the whole
small intestine was measured, because bowel shortening
correlates with the severity of intestinal inflammation. Because
NSAID-induced ulcers in the rat occur predominantly in the
middle and distal parts of the small intestine (Kent et al., 1969),
full-thickness pieces of the distal jejunum were snap-frozen in
liquid nitrogen, pulverized and stored at −80°C for further
analysis. A further jejunal segment was fixed in 10% formalin
for evaluation of microscopic damage.

Study 2. Evaluating the Effect of Ketorolac on GI
Transit
Here we aimed to analyze whether ketorolac has any effect on GI
peristalsis, which could potentially favor the growth of distinct
bacteria and result in dysbiosis after long-term treatment. Rats
were treated intragastrically with either vehicle or ketorolac
tromethamine (1, 3 and 10 mg/kg) once daily for 5 days, in
order to allow any potential drug accumulation or the production
of metabolites. On the 5th day, following 18 h fasting and 1 h after
the final gavage of vehicle or ketorolac, a charcoal suspension
(10% charcoal in 5% gum arabic) was given in a volume of 2 ml/
rat per os (Zádor et al., 2020). The timing of charcoal
administration was chosen based on pharmacokinetic studies
on ketorolac in the rat, showing that maximal blood
concentration was achieved within 1 h following per os
administration (Granados-Soto et al., 1995; Jamali et al., 1999).
30 min later the rats were euthanized, their entire small intestines
were removed and the distance traveled by the charcoal
suspension was measured and compared to the total length of
small intestine.
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Histological Analysis
Samples taken from the distal part of the small intestine were
fixed in 10% formalin, embedded in paraffin, sectioned
(5 µm), and stained with hematoxylin and eosin. The
severity of epithelial damage, edema and cellular
infiltration was analysed by an expert pathologist in a
blinded fashion as described before (László et al., 2020).
The sections were also digitalized by using a
PANNORAMIC Digital Slide Scanner (3DHISTECH Ltd.,
Budapest, Hungary) in order to take representative images.

Measurement of Myeloperoxidase and
Tumor Necrosis Factor-α by ELISA
ELISA kits were used to quantify the jejunal protein levels of
tumor necrosis factor-α (TNF-α) (Invitrogen, Camirillo, CA)
and myeloperoxidase (MPO) (Hycult Biotech, Uden,
Netherlands). Tissue samples were homogenized and
assayed according to the manufacturers’ instructions, in a
blinded fashion and in duplicates. The total protein
concentration of supernatants was determined by using a
bicinchoninic acid assay kit (Thermo Scientific Pierce
Protein Research Products, Rockford, United States) with
bovine serum albumin as a standard.

Western Blot Analysis of Cyclooxygenase
Isoforms and Claudin-1
Distal jejunal tissues were homogenized with a TissueLyser
(Qiagen, Venlo, Netherlands) in lysis buffer containing
200 mM NaCl, 5 mM EDTA, 10 mM Tris, 10% glycerine, and
1 μg/ml leupeptin (pH 7.4), supplemented with a protease
inhibitor cocktail (cOmplete ULTRA Tablets, Roche, Basel,
Switzerland) and PMSF (Sigma, St. Louis, MO, United States).
The homogenized lysates were centrifuged twice at 1500 × g and
4°C for 15 min, then the supernatants were collected and their
protein concentration was measured by the bicinchoninic acid
assay (Thermo Fisher Scientific, Waltham, MA, United States).
Equal amount of protein (20 µg) was mixed with Pierce Lane
Marker reducing sample buffer (Thermo Fisher Scientific,
Waltham, MA, United States), and loaded and separated in a
4–20% precast Tris-glycine SDS polyacrilamide gel (BioRad,
Hercules, CA, United States). Proteins were transferred
electrophoretically onto a polyvinylidene difluoride membrane
(BioRad, Hercules, CA, United States) at 200 mA overnight.
Membranes were blocked with 5% nonfat dry milk (BioRad,
Hercules, CA, United States) in Tris-buffered saline containing
0.05% Tween-20 (0.05% TBS-T; Sigma, St. Louis, MO,
United States) at room temperature for 2 h. Membranes were
incubated with primary antibodies against COX-2 (#12282, 1:
500), COX-1 (#4841, 1:500) (Cell Signaling Technology, Danvers,
MA, United States) and claudin-1 (ab15098, 1:1000, Abcam,
Cambridge, United Kingdom) overnight at 4°C, followed by
2 h incubation at room temperature with anti-rabbit HRP-
linked secondary antibody. GAPDH was used to control for
sample loading and protein transfer and to normalize the
content of target protein. Signals were detected with a

chemiluminescence kit (BioRad, Hercules, CA, United States)
by Chemidoc XRS+ (BioRad, Hercules, CA, United States).

DNA Isolation, 16S rRNA Gene Library
Preparation and MiSeq Sequencing
Bacterial DNA was extracted from 100 mg small intestinal
content per sample using the QIAamp PowerFecal DNA Kit
(Qiagen, Hilden, Germany) and further purified using AMPure
XP beads (Beckman Coulter, Brea, CA, United States) according
to the manufacturer’s protocols. The concentration of genomic
DNA was measured using a Qubit 2.0 Fluorometer with Qubit
dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA,
United States). Bacterial DNA was amplified with tagged primers
(5′-TCG TCG GCAGCG TCAGAT GTG TAT AAGAGA CAG
CCT ACG GGN GGC WGC AG and 5′-GTC TCG TGG GCT
CGG AGA TGT GTA TAA GAG ACA GGA CTA CHV GGG
TAT CTA ATC C), covering the V3-V4 region of the bacterial
16S rRNA gene. PCR and DNA purifications were performed
according to Illumina’s demonstrated protocol (Part # 15044223
Rev. B). The PCR product libraries were quantified and qualified
by using DNA 1000 Kit on Agilent 2100 Bioanalyzer instrument
(Agilent Technologies, Waldbronn, Germany). Equimolar
concentrations of libraries were pooled and sequenced on an
Illumina MiSeq platform (Illumina, San Diego, CA,
United States) using MiSeq Reagent Kit v3 (600 cycles PE).

Essentially the bioinformatic analysis was carried out as described
by Mansour et al. (2020). Briefly, the quality of raw reads was assed
with FastQC andMultiQC38, the low quality sequences were filtered
and trimmed by Trimmomatic (Bolger et al., 2014) and only
sequences with minimal length of 36 were kept, and the low
quality base calls were discarded (phred score < 20). The SSU Ref
NR 99 database (release 132) of SILVA (Quast et al., 2013) was used,
which was preprocessed and indexed by the Kraken2 (Wood and
Salzberg, 2014) with k-mer � 31. The final microbiome composition
was estimated by Bracken (Breitwieser et al., 2019).

TABLE 1 | The list of measured bile acids.

Abbreviation Name Type

CA Cholic acid Primary
CDCA Chenodeoxycholic acid Primary
DCA Deoxycholic acid Secondary
GCA Glycocholic acid Primary, glycine-conjugated
GCDCA Glycochenodeoxycholic acid Primary, glycine-conjugated
GDCA Glycodeoxycholic acid Secondary, glycine-conjugated
GUDCA Glycoursodeoxycholic acid Secondary, glycine-conjugated
HDCA Hyodeoxycholic acid Secondary
LCA Lithocholic acid Secondary
MCA(α) α-Muricholic acid Primary
MCA(β) β-Muricholic acid Primary
MCA(ω) ω-Muricholic acid Secondary
TCA Taurocholic acid Primary, taurine-conjugated
TCDCA Taurochenodeoxycholic acid Primary, taurine-conjugated
TDCA Taurodeoxycholic acid Secondary, taurine-conjugated
TLCA Taurolithocholic acid Secondary, taurine-conjugated
TMCA (α + β) α- and β-Tauromuricholic acid Primary, taurine-conjugated
TUDCA Tauroursodeoxycholic acid Secondary, taurine-conjugated
UDCA Ursodeoxycholic acid Secondary
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Measurement of Small Intestinal Bile Acids
by LC-MS/MS
Luminal samples (100mg on average) obtained from the distal small
intestine were sent to Biocrates Life Science AG (Innsbruck, Austria)
on dry ice, where metabolomic profiling was performed. Samples
were weighed, mixed with the 3-fold volume of extraction buffer
(85% ethanol, 15% 0.01M phosphate buffer (pH 7.4)), and vortexed
thoroughly until dissolution. Samples were then sonicated and
centrifuged, and the supernatant was used for further analysis.
Intestinal luminal bile acids were assessed by electrospray (ESI)
mass spectrometry coupled to liquid chromatography (LC) with a
tandem mass spectrometry (MS/MS) instrument (SCIEX 4000
QTRAP®,SCIEX, Darmstadt, Germany), by using the
commercially available Biocrates® Bile Acids Kit (Biocrates Life
Science AG, Innsbruck, Austria), which enabled the absolute
quantification of 20 different bile acids (Table 1). A highly
selective reversed phase high-performance liquid chromatography-
tandemmass spectrometry (LC-MS/MS) analysis method in negative
ion multiple reaction monitoring detection mode was applied to
determine the concentrations of bile acids The experimental
metabolomics measurement technique is described in detail by
patent US 2007/0004044 (accessible online at http://www.
freepatentsonline.com/20070004044.html). For highly accurate
quantification, 7-point external calibration curves and 10 stable
isotope-labeled internal standards were applied. Data of bile acids
were quantified using the appropriateMS software (SCIEX - Analyst)
and the results were finally imported into BiocratesMetIDQ software
for further analysis.

The mean hydrophobicity index of the luminal content was
calculated as a percentage-weighted mean of previously reported
hydrophobicities of the individual bile acids (Heuman, 1989;
Stenman et al., 2013; Poša, 2014).

Data Analysis
Statistical analysis of the data was performed with Student t test or
Mann-Whitney U test (in case of nonparametric values), or with
one-way ANOVA, followed by Holm-Sidak post hoc test. Two-
way repeated measures ANOVA was employed to compare the
time course of weight losses. Outliers detected by Grubb’s test
were excluded from the analyses. A probability of p < 0.05 was
considered statistically significant.

Alpha diversities were quantified by using the Shannon index
(quantifying entropy of the distribution of taxa proportions).
Taxa having at least support of 50 reads were considered as
positive, others were discarded from the downstream analysis.
Principal component analysis (PCA) was used for visualizing the
microbiome composition. The differential abundance tests were
performed using ANCOM (Mandal et al., 2015) with Holm-
Bonferroni corrected alpha of 0.05 as the rejection threshold. Zero
abundance of taxa was replaced by a pseudocount 1.

Associations between bacterial abundances and absolute and
relative bile acid concentrations were tested by calculating
Spearman’s rank correlation coefficients (Rho-value) for each pair
of these variables across all samples. Correlation test p-values were
corrected for type I error by applying the false discovery rate method
(FDR; q-value according to Benjamini and Hochberg (1995)), and

significant correlations were declared in case of q < 0.05. Heat maps
with rows and columns ordered by Euclidian distance-based
complete linkage clustering and corresponding dendrograms were
generated to visualize Rho-values of the pairwise correlation tests.
Zero row and column vectors were dropped from the heatmaps. All
steps of the correlation analysis were performed with the use of the R
software package (version 3.4.4) (R Core Team, 2018).

RESULTS

Ketorolac up to 3mg/kg did not Cause
Significant Damage to the Small Intestinal
Mucosa
None of the rats died over the 4-week treatment period, and none of
the tested doses of ketorolac caused weight loss compared to vehicle
(Figure 1A). Upon sacrificing the animals, the mucosa of the entire
small intestine was examined thoroughly, but there were no visible
morphologic alterations, such as bleeding or ulcers. There were no
differences in terms of intestinal lengths, indicating that ketorolac
treatment did not cause bowel shortening either (Figure 1B). We
have also performed a gross examination of the gastric mucosa, but it
did not reveal any significant damage (not shown).

The presence of inflammation was assessed by measuring the
tissue protein levels of TNF-α, COX-2 and MPO (Figures
1C,D,F). COX-2 expression was not detectable by Western
blotting in any of the samples, in contrast to the abundant
expression of the constitutive COX-1 isoform. Likewise,
ketorolac treatment had no effect on the expression of TNF-α,
measured by ELISA. The level of MPO, however, was significantly
increased in the small intestine of rats treated with the highest
dose of ketorolac. Because a decrease in key tight junction
proteins, including claudin-1, corresponds to an increase in
intestinal permeability (Han et al., 2016; Xiao et al., 2017), we
also measured the expression of claudin-1 to assess whether
ketorolac treatment has any effect on intestinal barrier. As
Figure 1E shows, we did not found difference between the
claudin-1 expression of vehicle- and ketorolac-treated animals.

Collectively, these data indicate that ketorolac at doses of 1 and
3 mg/kg did not cause significant damage to the small intestine,
whereas at a dose of 10 mg/kg ketorolac caused mild
inflammation with elevation of MPO. This was also confirmed
by histological analysis of the intestinal samples. The structure of
villi and epithelium were generally preserved in all rats.
Granulocytes were sparsely present in the lamina propria of
most samples, but the highest number of cells was noted in
the 10 mg/kg group (Figure 2).

Ketorolac at a Dose of 3mg/kg Induced
Small Intestinal Dysbiosis
We next examined whether ketorolac at the dose of 3 mg/kg (the
highest tested non-damaging dose) has any effect on the
composition of small intestinal microbiota. In control rats, the
vast majority of taxa belonged to Firmicutes (92.5%), followed by
Bacteroidetes (3.9%), Proteobacteria (2.3%) and Actinobacteria
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(0.3%). At the family level, the most abundant bacterial families
were Lactobacillaceae, Peptostreptococcaceae and Clostridiaceae
(Figure 3). Although the same taxa dominated the microbiota of
ketorolac-treated rats (Figure 3), there were notable differences
in their proportions compared to the vehicle group. As Figure 4
shows, at the phylum level ketorolac increased the abundance of
Actinobacteria, and tended to increase that of Bacteroidetes and
Proteobacteria. By contrast, the level of Firmicutes tended to
decrease, which was mainly due to the decreased level of the
families Paenibacillaceae, Clostridiales Family XIII and
Christensenellaceae. In addition, ketorolac treatment was
associated with higher levels of Enterobacteriaceae. Among the
identified genera we found significant difference only between the
levels of Ruminococcaceae UCG-014 (Figure 4), which was
increased in the ketorolac group.

Hence, despite the lack of mucosal injury ketorolac induced
significant changes in the composition of small intestinal
microbiota. This was also confirmed by principal component
analysis (PCA) of the data, in which a clear shift of ketorolac
samples was observed on both axes (Figure 5A). Bacterial
diversities were estimated by calculating the Shannon indices,
which were not different between the two groups (Figure 5B).

Ketorolac at a Dose of 3mg/kg Altered the
Small Intestinal Bile Acid Composition
The luminal concentration of bile acids in the distal small
intestine was measured by LC-MS/MS (Supplementary Table

S1). As Figure 6 shows, ketorolac treatment changed neither the
total concentration of bile acids, nor the overall hydrophobicity of
small intestinal bile. By contrast, it increased dramatically the
ratio of unconjugated to total bile acids. This was due to an
increase in the concentration of the secondary bile acid
hyodeoxycholic acid (HDCA), and a decrease in the levels of
glycine- and taurine-conjugated primary and secondary bile acids
(Figure 7). We found no differences between the concentrations
of any other unconjugated primary and secondary bile acids in
the two groups.

Ketorolac-Induced Dysbiosis Correlated
with the Changes of Bile Acids
Spearman’s correlation analysis was performed to explore the
associations between ketorolac-induced dysbiosis and bile
dysmetabolism, and calculated Rho-values were visualized as
heat maps with dendrograms to identify related variables.
Some bacterial families, such as Erysipelotrichaceae,
Ruminococcaceae, Clostridiaceae 1 (all belonging to
Firmicutes), Muribaculaceae, Bacteroidaceae (both belonging
to Bacteroidetes), Burkholderiaceae and Bifidobacteriaceae
clustered together and correlated negatively with the absolute
concentrations and proportions of glycine- and taurine
conjugates (Figure 8 and Supplementary Figure S1). The
family Burkholderiaceae also showed positive correlation with
the percentage of HDCA. By contrast, other Firmicutes bacteria
(Clostridiales Family XI and XIII, Peptocococcaceae,

FIGURE 1 | The effect of ketorolac (KET) given at different doses (1, 3 and 10 mg/kg per os, once daily for four weeks) on animal weight, small intestine length, and
expression of inflammatory mediators and claudin-1. PanelA: results are expressed as themean + SEM. PanelsB–F: Circles represent the data of each rat, bars indicate
the mean + SEM. For statistical analysis two-way repeatedmeasures ANOVA followed by Holm-Sidak post hoc test (A), and one-way ANOVAwith Holm-Sidak post hoc
test (B–F) were used, n � 4–10/group. **p < 0.01 compared to vehicle-treated group.
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FIGURE 2 | Representative histological micrographs of the distal jejunum of rats treated with vehicle (A), or ketorolac at doses of 1 (B), 3 (C) and 10 mg/kg (D) for
four weeks (scale bar: 100 μM, hematoxylin and eosin staining). White arrows point to neutrophil granulocytes, indicating increased cellularity of the lamina propria.

FIGURE 3 | The relative abundance of bacterial families in jejunal samples of rats treated with vehicle (VEH) or ketorolac (KET, 3 mg/kg) for four weeks, determined
by sequencing of 16 S rRNA. Each vertical bar represents the sequencing data for one rat. Unclassified families and families with an abundance less than 0.1% are
summarized as “Other.” Abbreviations: F: Firmicutes, B: Bacteroidetes, P: Proteobacteria, A: Actinobacteria.
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Peptostreptococcaceae, Christensenellaceae) formed another
cluster and showed positive correlation with conjugated bile
acids, and negative with HDCA (Figure 8 and Supplementary
Figure S1).

Ketorolac had no Significant Effect on GI
Transit
Small intestinal stasis has long been known to favor the growth of
Bacteroides and deconjugation of bile acids (Gorbach and

FIGURE 4 | The effect of four-week vehicle (VEH) or ketorolac treatment (KET, 3 mg/kg) on the small intestinal proportion of different bacterial phyla (A–D), families
(E–H) and the genus Ruminococcaceae UCG-014 (I). Box and whisker plots indicate the medians, first and third quartiles, and the minimum and maximum values, the
points represent individual samples. The differential abundance tests were performed using ANCOM with Holm-Bonferroni correction for multiple comparison, n � 10/
group. *q < 0.05 compared to vehicle-treated group.

FIGURE 5 | PanelA: Principal component analysis (PCA) score plot comparing the small intestinal microbiota composition of rats treated with either vehicle (VEH) or
ketorolac (KET, 3 mg/kg) for four weeks. Panel B: The effect of ketorolac on small intestinal bacterial diversity, estimated by the Shannon index. Box and whisker plots
indicate the medians, first and third quartiles, and the minimum and maximum values, the points represent individual samples. For statistical analysis Mann-Whitney U
test was used, n � 10/group.
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Tabaqchali, 1969). Therefore, we aimed to investigate whether
delayed intestinal peristalsis contributes to the observed
changes of bacteria and bile acids. As Figure 9 shows,
ketorolac treatment did not change the GI transit of the
charcoal suspension.

DISCUSSION

Here we report that small intestinal dysbiosis developed despite
any significant mucosal injury and inflammation in rats treated
with low-dose ketorolac, an NSAID lacking direct effects on gut

FIGURE 6 | The effect of four-week vehicle (VEH) or ketorolac treatment (KET, 3 mg/kg) on small intestinal total ileal bile acid level (A), mean hydrophobicity index
(B), and ratio of conjugated to total ileal bile acids (C). Circles represent the data of each rat, bars indicate the mean + SEM. For statistical analysis Student’s t test was
used, n � 9–10/group. **p < 0.01 compared to vehicle-treated group.

FIGURE 7 | The effect of four-week vehicle (VEH) or ketorolac treatment (KET, 3 mg/kg) on the small intestinal concentration of (A) unconjugated and (B)
conjugated bile acids. Bile acids are ordered by increasing hydrophobicity. Bars indicate the mean + SEM, for statistical analysis Student’s t test was used, n � 9–10/
group. *p < 0.05, ***p < 0.001 compared to vehicle-treated group. MCA, muricholic acid; UDCA, ursodeoxycholic acid; HDCA, hyodeoxycholic acid; CA, cholic acid;
CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; LCA, lithocholic acid; T, respective taurine conjugates; G, respective glycine conjugates.
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bacteria. The observed bacterial changes were similar to those
reported in previous studies on NSAID enteropathy,
characterized by a loss of families belonging to Firmicutes and
bloom of Enterobacteriaceae. Our results indicate that other
factors than mucosal inflammation may contribute to NSAID-
induced dysbiosis as well. The role of altered intestinal peristalsis
is unlikely, because ketorolac had no significant impact on GI
transit. In addition, ketorolac-induced dysbiosis was
accompanied by and correlated with significant changes in the
intestinal composition of bile acids, which were characterized by
reduction of conjugated bile acids and elevation of HDCA.

Although the influence of NSAIDs on the composition of
intestinal microbiota is known since several decades (Kent et al.,
1969), the underlying mechanism is still poorly understood.
Intestinal injury caused by NSAIDs is undoubtedly a major
factor driving the changes of microbiota, because the severity
of enteropathy correlates with the extent of dysbiosis (Reuter
et al., 1997; Craven et al., 2012). Moreover, the inflamed
microenvironment promotes the growth of Enterobacteriaceae
(Zeng et al., 2017), and the expansion of this bacterial family is
common following NSAID treatment (Kent et al., 1969; Craven
et al., 2012; Terán-Ventura et al., 2014; Blackler et al., 2015).
Another factor that may potentially contribute to the NSAID-
induced shift in the microbiota toward Gram-negative bacteria is
an antibacterial activity against Gram-positives, which has been
reported in vitro for several NSAIDs, including ibuprofen,
diclofenac and celecoxib (Obad et al., 2015; Thangamani et al.,
2015; Chan et al., 2017). Of note, ketorolac, a COX-1 preferring

NSAID (Warner et al., 1999), had no significant effect on the
growth of 40 representative gut bacterial strains in vitro (Maier
et al., 2018). Our results that chronic treatment with ketorolac at
non-damaging dose altered the intestinal microbiota provides
evidence for the contribution of additional factors to NSAID-
induced dysbiosis.

FIGURE 8 | Heat map of Spearman’s correlation coefficients between the small intestinal concentration of individual bile acids and the relative abundance of
bacterial families. Individual p values were corrected by the false discovery rate method according to Benjamini and Hochberg, asterisks indicate q < 0.05.

FIGURE 9 | The effect of vehicle (VEH) or ketorolac (KET) given at
different doses (1, 3 and 10 mg/kg per os, once daily for five days) on rat
gastrointestinal transit. Circles represent the distance traveled by charcoal in
each rat, bars indicate the mean + SEM. For statistical analysis one-way
ANOVA with Holm-Sidak post hoc test was used, n � 5–6/group.
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Although the non-damaging dose of ketorolac (3 mg/kg) used
for analysis of bacteria and bile acids was chosen based on
previous publications (Jamali et al., 1999; Wallace et al., 2000;
Santos et al., 2007), the first and most critical step was to confirm
its GI safety. The effect of ketorolac given at different doses on the
small intestine was evaluated by macroscopic examination of the
entire intestinal mucosa, histological analysis and measurement
of inflammatory mediators and claudin-1. Our results that
ketorolac at doses up to 3 mg/kg did not cause significant GI
damage in the rat correspond to literature data (Jamali et al., 1999;
Wallace et al., 2000; Santos et al., 2007). Of note, in cats the same
dose of ketorolac induced ulcers in the duodenum, although not
in other parts of the small intestine (Satoh et al., 2013), suggesting
species differences in its GI tolerability.

Despite no signs of injury we found overt changes in the small
intestinal microbiota following ketorolac treatment, which was
primarily characterized by a loss of Firmicutes and increased
representation of Enterobacteriaceae. This result corroborates
some previous findings that NSAID-induced dysbiosis can
appear without the development of enteropathy as well
(Uejima et al., 1996; Liang et al., 2015; Montrose et al., 2016;
Lu et al., 2018). These studies, however, focused mainly on the
NSAID-induced compositional changes of microbiota, and not
on the relationship between inflammation and dysbiosis,
therefore only morphological alterations of the intestinal
mucosa were assessed. In addition, such NSAIDs were used
that may potentially influence the growth of bacteria directly.
Our current analysis using ketorolac clearly indicates that
NSAID-induced dysbiosis can develop without mucosal
inflammation, and based on the in vitro results of Maier et al.
(2018) also the role of direct effects on gut bacteria is unlikely.

In some (Bennett et al., 1976; Shahbazian et al., 2001;
Lichtenberger et al., 2015), but not in other (Takeuchi et al.,
2002; Satoh et al., 2009) studies NSAIDs were shown to suppress
intestinal motility. Because slower peristalsis was associated with
a decrease in Firmicutes and an increase in Bacteroidetes
(Kashyap et al., 2013; Touw et al., 2017), we hypothesized that
ketorolac induced bacterial changes may be due at least partly to
delayed GI peristalsis. However, we found no significant change
in GI transit following ketorolac treatment. Of note, in the study
of Santos et al. (2007), ketorolac delayed the peristalsis of
proximal and medial small intestine. Nevertheless, this effect
was detectable only 10 and 20, but not 30, minutes after the
application of the test meal. Here we evaluated the transit of test
meal 30 min after the gavage, in an attempt to reveal
perturbations in peristalsis in more distal parts of the small
intestine, at the site of dysbiosis. The lack of effect at this time
point (in both studies) indicates that the effect of ketorolac on
small intestinal motility at low doses is moderate at best, and does
not affect the transit in distal parts of the small intestine. Hence, it
is unlikely that altered peristalsis would account for the observed
shift in the distal small intestinal microbiota following ketorolac
treatment. Similar conclusion was drawn by Hagiwara et al.
(2004), who found that DuP-697, a selective COX-2 inhibitor,
induced dysbiosis without suppression of peristalsis. A potential
limitation of our study is that small intestinal peristalsis was
measured only by the charcoal method. Although this simple

technique is widely used to assess the net effect of drugs on small
intestinal transit, it does not allow to determine the contractile
and peristaltic activities of different intestinal segments. Hence,
we cannot exclude the possibility that ketorolac had diverse
effects on the contractility of proximal, medial and distal parts
of the small intestine, resulting in an apparently unchanged
transit at the time of evaluation. Further studies are needed to
reveal such effects and their potential contribution to small
intestinal dysbiosis.

There is a large body of evidence on the close bidirectional
relationship between gut bacteria and bile acids. The gut microbiota
is capable of producing a wide variety of bile acidmetabolites, which
may also have diverse effects on the growth of different bacteria
(Begley et al., 2005; Ridlon and Bajaj, 2015; Ridlon et al., 2016).
Hence, we also aimed to assess whether ketorolac-induced dysbiosis
and alterations in the availability of bacterial enzymes had any effect
on intestinal bile composition. We found that ketorolac decreased
the amount of glycine- and taurine-conjugated primary and
secondary bile acids, and increased the concentration of the
hydrophilic secondary bile acid HDCA. To date, there is only
limited data on the effect of NSAIDs on bile acid composition.
Because indomethacin was shown to increase the biliary proportion
of hydrophobic bile acids and bile hydrophobicity (Yamada et al.,
1996; Uchida et al., 1997), and because the hydrophobicity of bile
acids correlates with their cytotoxicity (Heuman, 1989), it was
postulated that NSAID-induced small intestinal damage may be
partly due to an increased ratio of hydrophobic secondary bile acids
(Yamada et al., 1996; Wallace, 2013; Montenegro et al., 2014; Syer
et al., 2015). However, in a recent paper focusing mainly on the
combined toxicity of ibuprofen and glucocorticoids (Lu et al., 2018),
ibuprofen treatment had no effect on the total amount secondary
bile acids in the ileum of mice, but increased the amount of primary
and conjugated bile acids. Moreover, our recent studies with high-
dose indomethacin showed that in severe enteropathy the levels of
all conjugated bile acids increased irrespective of their primary or
secondary nature, whereas the levels of unconjugated bile acids
decreased, except that of HDCA (Lázár et al., submitted
manuscript)1. Hence, NSAIDs may have diverse effects on small
intestinal bile composition, depending on the presence and severity
of mucosal damage and the actual microbiota, and the elevation of
hydrophobic secondary bile acids is probably not a general
consequence of NSAID treatment. On the other hand, NSAIDs
can also increase the cytotoxicity of bile due to the formation of
more toxic mixed micelles (Barrios and Lichtenberger, 2000;
Petruzzelli et al., 2006; Petruzzelli et al., 2007; Zhou et al., 2010;
Dial et al., 2015). Therefore, we cannot rule out the possibility that
ketorolac treatment increased the toxicity of bile despite having no
effect on the overall hydrophobicity of bile acids, but even if this is
the case, it still did not cause significant mucosal damage.

The reduced level of conjugated bile acids was likely due to the
overgrowth of bacteria involved in bile acid deconjugation. Indeed,

1Lázár, B., Brenner, G., Makkos, A., Balogh, M., László, S., Al-Khrasani, M., et al.
(2019). Lack of Small Intestinal Dysbiosis Following Long-Term Selective
Inhibition of Cyclooxygenase-2 by Rofecoxib in the Rat. Cells 8 (3), 251. doi:
10.3390/cells8030251
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deconjugation of bile acids is mainly performed by members of
Firmicutes (e.g. Clostridium, Ruminococcus), Bacteroidetes and
Bifidobacteriaceae (belonging to Actinobacteria) (Ridlon et al., 2016;
Martin et al., 2018), and ketorolac treatment was associated with
increased abundance of Actinobacteria and Ruminococcaceae UCG-
014, and tendency toward elevation of Bacteroidetes. In addition, our
correlation analysis revealed negative associations between the levels of
conjugated bile acids and the abundance of some Firmicutes
(Erysipelotrichaceae, Ruminococcaceae, Clostridiaceae 1),
Muribaculaceae and Bacteroidaceae (both belonging to
Bacteroidetes) and Bifidobacteriaceae. Although we also found
positive correlations between other Firmicutes bacteria (Clostridiales
Family XI and XIII, Peptocococcaceae, Peptostreptococcaceae,
Christensenellaceae) and conjugated bile acids, these reflect most
likely the loss of these bacteria due to ketorolac treatment in
parallel with the reduction of conjugated bile acids and lack causality.

At present, little is known about the bacteria involved in the
formation of HDCA. Eyssen et al. (1999) reported the isolation of a
Gram-positive rod (termedHDCA-1) capable to produce HDCA in
the presence of an unidentified growth factor produced by a
Ruminococcus productus strain. Trudeau et al. (2018) recently
found positive correlation between the levels of HDCA and
Lachnospiraceae in pigs. In the present study, the percentage of
HDCA showed the strongest positive correlation with the
abundance of Burkholderiaceae. Whether this association is due
to a causal relationship warrants further investigation.

Although the mild changes in small intestinal microbiota and
bile acids due to chronic ketorolac treatment were not translated
into enteropathy, they may have other important effects on the
host. For example, a decreased ratio of Firmicutes to
Bacteroidetes may decrease the capacity to harvest energy
from the diet (Turnbaugh et al., 2006), and also the increased
luminal concentration of HDCA may have glucose-lowering and
obesity-preventing effects (Shih et al., 2013). Nevertheless, these
potential favourable effects have probably limited, if any,
translational relevance due to the GI damaging property and
short-term use of ketorolac in humans.

In conclusion, our present study demonstrates that ketorolac, an
NSAID lacking direct antibacterial properties, given at low dose
causedmarked changes in the composition of small intestinal bacteria
in rats without inducing significant mucosal inflammation and tissue
damage. This dysbiosis was accompanied by and correlated with
significant changes in the intestinal composition of bile acids. Our
result, that ketorolac had no significant effect on GI peristalsis,
suggests that dysbiosis is not likely to be caused by small
intestinal stasis, and other, yet unidentified, factors contribute to
the observed changes of bacteria and bile acids. Further studies are
warranted to reveal the exactmechanisms underlying the associations
between NSAIDs, bacteria and bile acids.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and

accession number(s) can be found below: Bioproject: https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA705956, Zenodo:
https://zenodo.org/record/4601191.

ETHICS STATEMENT

The animal study was reviewed and approved by the National
Scientific Ethical Committee on Animal Experimentation and
permitted by the government (Food Chain Safety and Animal
Health Directorate of the Government Office for Pest
County).

AUTHOR CONTRIBUTIONS

BH, BLá, KK, MA, KG, and ZZ contributed to conception and
design of the study. BH, BLá, AT, BÁ, SL, NM, BLi, BS, and ZZ
organized the database. BH, BLá, AT, BÁ, SL, NM, BLi, BS, and
ZZ performed the statistical analysis. BH, BLá, and ZZ wrote the
first draft of the manuscript. DS, PF, and KG wrote sections of the
manuscript. All authors contributed to manuscript revision, read,
and approved the submitted version.

FUNDING

The research was supported by the National Research,
Development and Innovation Office of Hungary (NKFI FK
124878: and NKFI K 120650), by the Scientific and Innovative
Research Fund of Semmelweis University (SE STIA-KF-17),
by the Higher Education Institutional Excellence Program of
the Ministry of Human Capacities, within the framework of
the Neurology thematic program of the Semmelweis
University (FIKP 2018), and by the Research Excellence
Program of the National Research, Development and
Innovation Office of the Ministry of Innovation and
Technology in Hungary (TKP/ITM/NKFIH).

ACKNOWLEDGMENTS

The authors wish to express their thanks to Veronika Pol-Maruzs,
Ádám Lakos, Viktor Sajtos, Mirtill Nagy and Petra Sólymos for
their technical assistance. The graphical abstract contains
artworks produced by Servier Medical Art (http://smart.
servier.com).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2021.664177/
full#supplementary-material

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66417712

Hutka et al. Ketorolac Induces Small Intestinal Dysbiosis

https://www.ncbi.nlm.nih.gov/bioproject/PRJNA705956
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA705956
https://zenodo.org/record/4601191
http://smart.servier.com
http://smart.servier.com
https://www.frontiersin.org/articles/10.3389/fphar.2021.664177/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2021.664177/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Barrios, J. M., and Lichtenberger, L. M. (2000). Role of Biliary
Phosphatidylcholine in Bile Acid Protection and NSAID Injury of the
Ileal Mucosa in Rats. Gastroenterology 118 (6), 1179–1186. doi:10.1016/
s0016-5085(00)70371-4

Begley, M., Gahan, C. G. M., and Hill, C. (2005). The Interaction between Bacteria
and Bile. FEMS Microbiol. Rev. 29 (4), 625–651. doi:10.1016/j.femsre.2004.
09.003

Benjamini, Y., and Hochberg, Y. (1995). Controlling the False Discovery Rate: A
Practical and Powerful Approach to Multiple Testing. J. R. Stat. Soc. Ser. B
(Methodological) 57 (1), 289–300. doi:10.1111/j.2517-6161.1995.tb02031.x

Bennett, A., Eley, K. G., and Stockley, H. L. (1976). Inhibition of Peristalsis in
guinea-pig Isolated Ileum and Colon by Drugs that Block Prostaglandin
Synthesis. Br. J. Pharmacol. 57 (3), 335–340. doi:10.1111/j.1476-5381.1976.
tb07671.x

Bjarnason, I., Scarpignato, C., Holmgren, E., Olszewski, M., Rainsford, K. D., and
Lanas, A. (2018). Mechanisms of Damage to the Gastrointestinal Tract from
Nonsteroidal Anti-Inflammatory Drugs. Gastroenterology 154 (3), 500–514.
doi:10.1053/j.gastro.2017.10.049

Blackler, R.W., De Palma, G., Manko, A., Da Silva, G. J., Flannigan, K. L., Bercik, P.,
et al. (2015). Deciphering the Pathogenesis of NSAID Enteropathy Using
Proton Pump Inhibitors and a Hydrogen Sulfide-Releasing NSAID. Am.
J. Physiol.-Gastrointestinal Liver Physiol. 308 (12), G994–G1003. doi:10.
1152/ajpgi.00066.2015

Bolger, A. M., Lohse, M., and Usadel, B. (2014). Trimmomatic: a Flexible Trimmer
for Illumina Sequence Data. Bioinformatics 30 (15), 2114–2120. doi:10.1093/
bioinformatics/btu170

Breitwieser, F. P., Lu, J., and Salzberg, S. L. (2019). A Review of Methods and
Databases for Metagenomic Classification and Assembly. Brief Bioinform 20
(4), 1125–1136. doi:10.1093/bib/bbx120

Chan, E. W. L., Yee, Z. Y., Raja, I., and Yap, J. K. Y. (2017). Synergistic Effect of
Non-steroidal Anti-inflammatory Drugs (NSAIDs) on Antibacterial Activity of
Cefuroxime and Chloramphenicol against Methicillin-Resistant
Staphylococcus aureus. J. Glob. Antimicrob. Resist. 10, 70–74. doi:10.1016/j.
jgar.2017.03.012

Colucci, R., Pellegrini, C., Fornai, M., Tirotta, E., Antonioli, L., Renzulli, C., et al.
(2018). Pathophysiology of NSAID-Associated Intestinal Lesions in the Rat:
Luminal Bacteria and Mucosal Inflammation as Targets for Prevention. Front.
Pharmacol. 9, 1340. doi:10.3389/fphar.2018.01340

Craven, M., Egan, C. E., Dowd, S. E., McDonough, S. P., Dogan, B., Denkers, E. Y.,
et al. (2012). Inflammation Drives Dysbiosis and Bacterial Invasion in Murine
Models of Ileal Crohn’s Disease. PLoS One 7 (7), e41594. doi:10.1371/journal.
pone.0041594

Dalby, A. B., Frank, D. N., St. Amand, A. L., Bendele, A. M., and Pace, N. R. (2006).
Culture-independent Analysis of Indomethacin-Induced Alterations in the Rat
Gastrointestinal Microbiota. Aem 72 (10), 6707–6715. doi:10.1128/aem.
00378-06

Dial, E. J., Dawson, P. A., and Lichtenberger, L. M. (2015). In vitro evidence that
Phosphatidylcholine Protects against Indomethacin/bile Acid-Induced Injury
to Cells. Am. J. Physiol.-Gastrointestinal Liver Physiol. 308 (3), G217–G222.
doi:10.1152/ajpgi.00322.2014

Elliott, S. N., Buret, A., McKnight, W., Miller, M. J. S., and Wallace, J. L. (1998).
Bacteria Rapidly Colonize and Modulate Healing of Gastric Ulcers in Rats. Am.
J. Physiol.-Gastrointestinal Liver Physiol. 275 (3), G425–G432. doi:10.1152/
ajpgi.1998.275.3.G425

Eyssen, H. J., De Pauw, G., and Van Eldere, J. (1999). Formation of Hyodeoxycholic
Acid from Muricholic Acid and Hyocholic Acid by an Unidentified Gram-
Positive Rod Termed HDCA-1 Isolated from Rat Intestinal Microflora. Appl.
Environ. Microbiol. 65 (7), 3158–3163. doi:10.1128/aem.65.7.3158-3163.1999

Gorbach, S. L., and Tabaqchali, S. (1969). Bacteria, Bile and the Small Bowel.Gut 10
(12), 963–972. doi:10.1136/gut.10.12.963

Granados-Soto, V., López-Muñoz, F. J., Hong, E., and Flores-Murrieta, F. J. (1995).
Relationship between Pharmacokinetics and the Analgesic Effect of Ketorolac
in the Rat. J. Pharmacol. Exp. Ther. 272 (1), 352–356.

Hagiwara, M., Kataoka, K., Arimochi, H., Kuwahara, T., and Ohnishi, Y. (2004).
Role of Unbalanced Growth of Gram-Negative Bacteria in Ileal Ulcer

Formation in Rats Treated with a Nonsteroidal Anti-inflammatory Drug.
J. Med. Invest. 51 (1-2), 43–51. doi:10.2152/jmi.51.43

Han, Y.-M., Park, J.-M., Kang, J. X., Cha, J.-Y., Lee, H.-J., Jeong, M., et al. (2016).
Mitigation of Indomethacin-Induced Gastrointestinal Damages in Fat-1
Transgenic Mice via Gate-Keeper Action of ω-3-polyunsaturated Fatty
Acids. Sci. Rep. 6, 33992. doi:10.1038/srep33992

Heuman, D. M. (1989). Quantitative Estimation of the Hydrophilic-Hydrophobic
Balance of Mixed Bile Salt Solutions. J. Lipid Res. 30 (5), 719–730. doi:10.1016/
s0022-2275(20)38331-0

Jamali, F., Lovlin, R., Corrigan, B. W., Davies, N. M., and Aberg, G. (1999).
Stereospecific Pharmacokinetics and Toxicodynamics of Ketorolac after Oral
Administration of the Racemate and Optically Pure Enantiomers to the Rat.
Chirality 11 (3), 201–205. doi:10.1002/(sici)1520-636x(1999)11:3<201::aid-
chir5>3.0.co;2-z

Jett, M. F., Ramesha, C. S., Brown, C. D., Chiu, S., Emmett, C., Voronin, T., et al.
(1999). Characterization of the Analgesic and Anti-inflammatory Activities of
Ketorolac and its Enantiomers in the Rat. J. Pharmacol. Exp. Ther. 288 (3),
1288–1297.

Jiménez-Serna, A., and Hernández-Sánchez, H. (2011). Effect of Different
Antibiotics and Non-steroidal Anti-inflammatory Drugs on the Growth of
Lactobacillus Casei Shirota. Curr. Microbiol. 62 (3), 1028–1033. doi:10.1007/
s00284-010-9819-7

Kashyap, P. C., Marcobal, A., Ursell, L. K., Larauche, M., Duboc, H., Earle, K. A.,
et al. (2013). Complex Interactions Among Diet, Gastrointestinal Transit, and
Gut Microbiota in Humanized Mice. Gastroenterology 144 (5), 967–977. doi:10.
1053/j.gastro.2013.01.047

Kent, T. H., Cardelli, R. M., and Stamler, F. W. (1969). Small Intestinal Ulcers and
Intestinal Flora in Rats Given Indomethacin. Am. J. Pathol. 54 (2), 237–249.

Lanas, Á., and Scarpignato, C. (2006). Microbial Flora in NSAID-Induced
Intestinal Damage: a Role for Antibiotics? Digestion 73 (Suppl. 1), 136–150.
doi:10.1159/000089789

László, S. B., Lázár, B., Brenner, G. B., Makkos, A., Balogh, M., Al-Khrasani, M.,
et al. (2020). Chronic Treatment with Rofecoxib but Not Ischemic
Preconditioning of the Myocardium Ameliorates Early Intestinal Damage
Following Cardiac Ischemia/reperfusion Injury in Rats. Biochem. Pharmacol.
178, 114099. doi:10.1016/j.bcp.2020.114099

Laukens, D., Brinkman, B. M., Raes, J., De Vos, M., and Vandenabeele, P. (2016).
Heterogeneity of the Gut Microbiome in Mice: Guidelines for Optimizing
Experimental Design. FEMS Microbiol. Rev. 40 (1), 117–132. doi:10.1093/
femsre/fuv036

Lázár, B., Brenner, G., Makkos, A., Balogh, M., László, S., Al-Khrasani, M., et al.
(2019). Lack of Small Intestinal Dysbiosis Following Long-Term Selective
Inhibition of Cyclooxygenase-2 by Rofecoxib in the Rat. Cells 8 (3), 251.
doi:10.3390/cells8030251

Liang, X., Bittinger, K., Li, X., Abernethy, D. R., Bushman, F. D., and FitzGerald, G.
A. (2015). Bidirectional Interactions between Indomethacin and the Murine
Intestinal Microbiota. Elife 4, e08973. doi:10.7554/eLife.08973

Lichtenberger, L. M., Bhattarai, D., Phan, T. M., Dial, E. J., and Uray, K. (2015).
Suppression of Contractile Activity in the Small Intestine by Indomethacin and
Omeprazole. Am. J. Physiol.-Gastrointestinal Liver Physiol. 308 (9),
G785–G793. doi:10.1152/ajpgi.00458.2014

LoGuidice, A., Wallace, B. D., Bendel, L., Redinbo, M. R., and Boelsterli, U. A.
(2012). Pharmacologic Targeting of Bacterial β-Glucuronidase Alleviates
Nonsteroidal Anti-Inflammatory Drug-Induced Enteropathy in Mice.
J. Pharmacol. Exp. Ther. 341 (2), 447–454. doi:10.1124/jpet.111.191122

Lu, Z., Lu, Y., Wang, X., Wang, F., and Zhang, Y. (2018). Activation of Intestinal
GR-FXR and PPARα-UGT Signaling Exacerbates Ibuprofen-Induced
Enteropathy in Mice. Arch. Toxicol. 92 (3), 1249–1265. doi:10.1007/s00204-
017-2139-y

Maiden, L., Thjodleifsson, B., Theodors, A., Gonzalez, J., and Bjarnason, I. (2005).
A Quantitative Analysis of NSAID-Induced Small Bowel Pathology by Capsule
Enteroscopy. Gastroenterology 128 (5), 1172–1178. doi:10.1053/j.gastro.2005.
03.020

Maier, L., Pruteanu, M., Kuhn, M., Zeller, G., Telzerow, A., Anderson, E. E., et al.
(2018). Extensive Impact of Non-antibiotic Drugs on Human Gut Bacteria.
Nature 555 (7698), 623–628. doi:10.1038/nature25979

Mandal, S., Van Treuren, W., White, R. A., Eggesbø, M., Knight, R., and Peddada,
S. D. (2015). Analysis of Composition of Microbiomes: a Novel Method for

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66417713

Hutka et al. Ketorolac Induces Small Intestinal Dysbiosis

https://doi.org/10.1016/s0016-5085(00)70371-4
https://doi.org/10.1016/s0016-5085(00)70371-4
https://doi.org/10.1016/j.femsre.2004.09.003
https://doi.org/10.1016/j.femsre.2004.09.003
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1111/j.1476-5381.1976.tb07671.x
https://doi.org/10.1111/j.1476-5381.1976.tb07671.x
https://doi.org/10.1053/j.gastro.2017.10.049
https://doi.org/10.1152/ajpgi.00066.2015
https://doi.org/10.1152/ajpgi.00066.2015
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bib/bbx120
https://doi.org/10.1016/j.jgar.2017.03.012
https://doi.org/10.1016/j.jgar.2017.03.012
https://doi.org/10.3389/fphar.2018.01340
https://doi.org/10.1371/journal.pone.0041594
https://doi.org/10.1371/journal.pone.0041594
https://doi.org/10.1128/aem.00378-06
https://doi.org/10.1128/aem.00378-06
https://doi.org/10.1152/ajpgi.00322.2014
https://doi.org/10.1152/ajpgi.1998.275.3.G425
https://doi.org/10.1152/ajpgi.1998.275.3.G425
https://doi.org/10.1128/aem.65.7.3158-3163.1999
https://doi.org/10.1136/gut.10.12.963
https://doi.org/10.2152/jmi.51.43
https://doi.org/10.1038/srep33992
https://doi.org/10.1016/s0022-2275(20)38331-0
https://doi.org/10.1016/s0022-2275(20)38331-0
https://doi.org/10.1002/(sici)1520-636x(1999)11:3<201::aid-chir5>3.0.co;2-z
https://doi.org/10.1002/(sici)1520-636x(1999)11:3<201::aid-chir5>3.0.co;2-z
https://doi.org/10.1007/s00284-010-9819-7
https://doi.org/10.1007/s00284-010-9819-7
https://doi.org/10.1053/j.gastro.2013.01.047
https://doi.org/10.1053/j.gastro.2013.01.047
https://doi.org/10.1159/000089789
https://doi.org/10.1016/j.bcp.2020.114099
https://doi.org/10.1093/femsre/fuv036
https://doi.org/10.1093/femsre/fuv036
https://doi.org/10.3390/cells8030251
https://doi.org/10.7554/eLife.08973
https://doi.org/10.1152/ajpgi.00458.2014
https://doi.org/10.1124/jpet.111.191122
https://doi.org/10.1007/s00204-017-2139-y
https://doi.org/10.1007/s00204-017-2139-y
https://doi.org/10.1053/j.gastro.2005.03.020
https://doi.org/10.1053/j.gastro.2005.03.020
https://doi.org/10.1038/nature25979
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Studying Microbial Composition. Microb. Ecol. Health Dis. 26, 27663. doi:10.
3402/mehd.v26.27663

Mansour, B., Monyók, Á., Makra, N., Gajdács, M., Vadnay, I., Ligeti, B., et al.
(2020). Bladder Cancer-Related Microbiota: Examining Differences in Urine
and Tissue Samples. Sci. Rep. 10, 11042. doi:10.1038/s41598-020-67443-2

Martin, G., Kolida, S., Marchesi, J. R., Want, E., Sidaway, J. E., and Swann, J. R.
(2018). In Vitro Modeling of Bile Acid Processing by the Human Fecal
Microbiota. Front. Microbiol. 9, 1153. doi:10.3389/fmicb.2018.01153

Maseda, D., Zackular, J. P., Trindade, B., Kirk, L., Roxas, J. L., Rogers, L. M., et al.
(2019). Nonsteroidal Anti-inflammatory Drugs Alter the Microbiota and
Exacerbate Clostridium difficile Colitis while Dysregulating the Inflammatory
Response. mBio 10 (1), e02282. doi:10.1128/mBio.02282-18

Montenegro, L., Losurdo, G., Licinio, R., Zamparella, M., Giorgio, F., Ierardi, E.,
et al. (2014). Non Steroidal Anti-inflammatory Drug Induced Damage on
Lower Gastro-Intestinal Tract: Is There an Involvement of Microbiota?. Curr.
Drug Saf. 9 (3), 196–204. doi:10.2174/1574886309666140424143852

Montrose, D. C., Zhou, X. K., McNally, E. M., Sue, E., Yantiss, R. K., Gross, S. S.,
et al. (2016). Celecoxib Alters the Intestinal Microbiota and Metabolome in
Association with Reducing Polyp Burden. Cancer Prev. Res. 9 (9), 721–731.
doi:10.1158/1940-6207.Capr-16-0095

Nylander, O. (2011). The Impact of Cyclooxygenase Inhibition on Duodenal
Motility and Mucosal Alkaline Secretion in Anaesthetized Rats. Acta
Physiol. (Oxf) 201 (1), 179–192. doi:10.1111/j.1748-1716.2010.02196.x
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Poša, M. (2014). Heuman Indices of Hydrophobicity of Bile Acids and Their
Comparison with a Newly Developed and Conventional Molecular Descriptors.
Biochimie 97, 28–38. doi:10.1016/j.biochi.2013.09.010

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA Ribosomal RNA Gene Database Project: Improved Data Processing
and Web-Based Tools. Nucleic Acids Res. 41 (Database issue), D590–D596.
doi:10.1093/nar/gks1219

R Core Team (2018). R: A Language and Environment for Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing. URL. Available at:
http://www.R-project.org/.

Reuter, B., Davies, N., and Wallace, J. (1997). Nonsteroidal Anti-inflammatory
Drug Enteropathy in Rats: Role of Permeability, Bacteria, and Enterohepatic
Circulation. Gastroenterology 112 (1), 109–117. doi:10.1016/s0016-5085(97)
70225-7

Ridlon, J. M., and Bajaj, J. S. (2015). The Human Gut Sterolbiome: Bile Acid-
Microbiome Endocrine Aspects and Therapeutics. Acta Pharm. Sin. B 5 (2),
99–105. doi:10.1016/j.apsb.2015.01.006

Ridlon, J. M., Harris, S. C., Bhowmik, S., Kang, D.-J., and Hylemon, P. B. (2016).
Consequences of Bile Salt Biotransformations by Intestinal Bacteria. Gut
Microbes 7 (1), 22–39. doi:10.1080/19490976.2015.1127483

Robert, A., and Asano, T. (1977). Resistance of Germfree Rats to Indomethacin-
Induced Intestinal Lesions. Prostaglandins 14 (2), 333–341. doi:10.1016/0090-
6980(77)90178-2

Rogers, M. A. M., and Aronoff, D. M. (2016). The Influence of Non-steroidal Anti-
inflammatory Drugs on the Gut Microbiome. Clin. Microbiol. Infect. 22 (2),
178.e1–178.e9. doi:10.1016/j.cmi.2015.10.003

Santos, c. l., Medeiros, b. a., Palheta-Junior, r. c., Macedo, g. m., Nobre-e-Souza, m.
a., Troncon, l. e. a., et al. (2007). Cyclooxygenase-2 Inhibition Increases Gastric
Tone and Delays Gastric Emptying in Rats. Neurogastroenterol Motil. 19 (3),
225–232. doi:10.1111/j.1365-2982.2007.00913.x

Satoh, H., Amagase, K., Ebara, S., Akiba, Y., and Takeuchi, K. (2013).
Cyclooxygenase (COX)-1 and COX-2 Both Play an Important Role in the
Protection of the Duodenal Mucosa in Cats. J. Pharmacol. Exp. Ther. 344 (1),
189–195. doi:10.1124/jpet.112.199182

Satoh, H., Shiotani, S., Otsuka, N., Hatao, K., and Nishimura, S. (2009). Role of
Dietary Fibres, Intestinal Hypermotility and Leukotrienes in the Pathogenesis
of NSAID-Induced Small Intestinal Ulcers in Cats. Gut 58 (12), 1590–1596.
doi:10.1136/gut.2008.156596

Shahbazian, A., Schuligoi, R., Heinemann, A., Peskar, B. A., and Holzer, P. (2001).
Disturbance of Peristalsis in the guinea-pig Isolated Small Intestine by
Indomethacin, but Not Cyclo-Oxygenase Isoform-Selective Inhibitors. Br.
J. Pharmacol. 132 (6), 1299–1309. doi:10.1038/sj.bjp.0703940

Shih, D. M., Shaposhnik, Z., Meng, Y., Rosales, M., Wang, X., Wu, J., et al. (2013).
Hyodeoxycholic Acid Improves HDL Function and Inhibits Atherosclerotic
Lesion Formation in LDLR-knockout Mice. FASEB J. 27, 3805–3817. doi:10.
1096/fj.12-223008

Stenman, L. K., Holma, R., Forsgård, R., Gylling, H., and Korpela, R. (2013). Higher
Fecal Bile Acid Hydrophobicity Is Associated with Exacerbation of Dextran
Sodium Sulfate Colitis in Mice. J. Nutr. 143 (11), 1691–1697. doi:10.3945/jn.
113.180810

Syer, S. D., Blackler, R. W., Martin, R., de Palma, G., Rossi, L., Verdu, E., et al.
(2015). NSAID Enteropathy and Bacteria: a Complicated Relationship.
J. Gastroenterol. 50 (4), 387–393. doi:10.1007/s00535-014-1032-1

Takeuchi, K., Miyazawa, T., Tanaka, A., Kato, S., and Kunikata, T. (2002).
Pathogenic Importance of Intestinal Hypermotility in NSAID-Induced
Small Intestinal Damage in Rats. Digestion 66 (1), 30–41. doi:10.1159/
000064419

Takeuchi, K., and Satoh, H. (2015). NSAID-Induced Small Intestinal Damage -
Roles of Various Pathogenic Factors. Digestion 91 (3), 218–232. doi:10.1159/
000374106

Terán-Ventura, E., Aguilera, M., Vergara, P., and Martínez, V. (2014). Specific
Changes of Gut Commensal Microbiota and TLRs during Indomethacin-
Induced Acute Intestinal Inflammation in Rats. J. Crohns Colitis 8 (9),
1043–1054. doi:10.1016/j.crohns.2014.02.001

Thangamani, S., Younis, W., and Seleem, M. N. (2015). Repurposing Celecoxib as a
Topical Antimicrobial Agent. Front. Microbiol. 6, 750. doi:10.3389/fmicb.2015.
00750

Touw, K., Ringus, D. L., Hubert, N., Wang, Y., Leone, V. A., Nadimpalli, A., et al.
(2017). Mutual Reinforcement of Pathophysiological Host-Microbe
Interactions in Intestinal Stasis Models. Physiol. Rep. 5 (6), e13182. doi:10.
14814/phy2.13182

Trudeau, M. P., Zhou, Y., Leite, F. L., Gomez, A., Urriola, P. E., Shurson, G. C., et al.
(2018). Fecal Hyodeoxycholic Acid Is Correlated with Tylosin-Induced
Microbiome Changes in Growing Pigs. Front. Vet. Sci. 5, 196. doi:10.3389/
fvets.2018.00196

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., and
Gordon, J. I. (2006). An Obesity-Associated Gut Microbiome with Increased
Capacity for Energy Harvest. Nature 444, 1027–1031. doi:10.1038/nature05414

Uchida, A., Yamada, T., Hayakawa, T., and Hoshino, M. (1997).
Taurochenodeoxycholic Acid Ameliorates and Ursodeoxycholic Acid
Exacerbates Small Intestinal Inflammation. Am. J. Physiology-
Gastrointestinal Liver Physiol. 272 (5 Pt 1), G1249–G1257. doi:10.1152/ajpgi.
1997.272.5.G1249

Uejima, M., Kinouchi, T., Kataoka, K., Hiraoka, I., and Ohnishi, Y. (1996). Role of
Intestinal Bacteria in Ileal Ulcer Formation in Rats Treated with a Nonsteroidal
Antiinflammatory Drug. Microbiol. Immunol. 40 (8), 553–560. doi:10.1111/j.
1348-0421.1996.tb01108.x

Vadivelu, N., Gowda, A. M., Urman, R. D., Jolly, S., Kodumudi, V., Maria, M., et al.
(2015). Ketorolac Tromethamine - Routes and Clinical Implications. Pain
Pract. 15 (2), 175–193. doi:10.1111/papr.12198

Wallace, J. L., McKnight, W., Reuter, B. K., and Vergnolle, N. (2000). NSAID-
induced Gastric Damage in Rats: Requirement for Inhibition of Both
Cyclooxygenase 1 and 2. Gastroenterology 119 (3), 706–714. doi:10.1053/
gast.2000.16510

Wallace, J. L. (2013). Mechanisms, Prevention and Clinical Implications of
Nonsteroidal Anti-inflammatory Drug-Enteropathy. Wjg 19 (12),
1861–1876. doi:10.3748/wjg.v19.i12.1861

Warner, T. D., Giuliano, F., Vojnovic, I., Bukasa, A., Mitchell, J. A., and Vane, J. R.
(1999). Nonsteroid Drug Selectivities for Cyclo-Oxygenase-1 rather Than
Cyclo-Oxygenase-2 Are Associated with Human Gastrointestinal Toxicity: a
Full In Vitro Analysis. Proc. Natl. Acad. Sci. 96 (13), 7563–7568. doi:10.1073/
pnas.96.13.7563

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66417714

Hutka et al. Ketorolac Induces Small Intestinal Dysbiosis

https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.3402/mehd.v26.27663
https://doi.org/10.1038/s41598-020-67443-2
https://doi.org/10.3389/fmicb.2018.01153
https://doi.org/10.1128/mBio.02282-18
https://doi.org/10.2174/1574886309666140424143852
https://doi.org/10.1158/1940-6207.Capr-16-0095
https://doi.org/10.1111/j.1748-1716.2010.02196.x
https://doi.org/10.1016/j.ejps.2015.02.011
https://doi.org/10.1007/s10620-006-3204-1
https://doi.org/10.1016/j.clinbiochem.2007.01.015
https://doi.org/10.1016/j.biochi.2013.09.010
https://doi.org/10.1093/nar/gks1219
http://www.R-project.org/
https://doi.org/10.1016/s0016-5085(97)70225-7
https://doi.org/10.1016/s0016-5085(97)70225-7
https://doi.org/10.1016/j.apsb.2015.01.006
https://doi.org/10.1080/19490976.2015.1127483
https://doi.org/10.1016/0090-6980(77)90178-2
https://doi.org/10.1016/0090-6980(77)90178-2
https://doi.org/10.1016/j.cmi.2015.10.003
https://doi.org/10.1111/j.1365-2982.2007.00913.x
https://doi.org/10.1124/jpet.112.199182
https://doi.org/10.1136/gut.2008.156596
https://doi.org/10.1038/sj.bjp.0703940
https://doi.org/10.1096/fj.12-223008
https://doi.org/10.1096/fj.12-223008
https://doi.org/10.3945/jn.113.180810
https://doi.org/10.3945/jn.113.180810
https://doi.org/10.1007/s00535-014-1032-1
https://doi.org/10.1159/000064419
https://doi.org/10.1159/000064419
https://doi.org/10.1159/000374106
https://doi.org/10.1159/000374106
https://doi.org/10.1016/j.crohns.2014.02.001
https://doi.org/10.3389/fmicb.2015.00750
https://doi.org/10.3389/fmicb.2015.00750
https://doi.org/10.14814/phy2.13182
https://doi.org/10.14814/phy2.13182
https://doi.org/10.3389/fvets.2018.00196
https://doi.org/10.3389/fvets.2018.00196
https://doi.org/10.1038/nature05414
https://doi.org/10.1152/ajpgi.1997.272.5.G1249
https://doi.org/10.1152/ajpgi.1997.272.5.G1249
https://doi.org/10.1111/j.1348-0421.1996.tb01108.x
https://doi.org/10.1111/j.1348-0421.1996.tb01108.x
https://doi.org/10.1111/papr.12198
https://doi.org/10.1053/gast.2000.16510
https://doi.org/10.1053/gast.2000.16510
https://doi.org/10.3748/wjg.v19.i12.1861
https://doi.org/10.1073/pnas.96.13.7563
https://doi.org/10.1073/pnas.96.13.7563
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Wood, D. E., and Salzberg, S. L. (2014). Kraken: Ultrafast Metagenomic Sequence
Classification Using Exact Alignments. Genome Biol. 15 (3), R46. doi:10.1186/
gb-2014-15-3-r46

Xiao, X., Nakatsu, G., Jin, Y., Wong, S., Yu, J., and Lau, J. Y. W. (2017). Gut
Microbiota Mediates Protection against Enteropathy Induced by
Indomethacin. Sci. Rep. 7, 40317. doi:10.1038/srep40317

Yamada, T., Hoshino, M., Hayakawa, T., Kamiya, Y., Ohhara, H., Mizuno, K., et al.
(1996). Bile Secretion in Rats with Indomethacin-Induced Intestinal
Inflammation. Am. J. Physiology-Gastrointestinal Liver Physiol. 270 (5 Pt 1),
G804–G812. doi:10.1152/ajpgi.1996.270.5.G804

Zádor, F., Mohammadzadeh, A., Balogh, M., Zádori, Z. S., Király, K., Barsi, S., et al.
(2020). Comparisons of In Vivo and In Vitro Opioid Effects of Newly
Synthesized 14-Methoxycodeine-6-O-Sulfate and Codeine-6-O-Sulfate.
Molecules 25 (6), 1370. doi:10.3390/molecules25061370

Zeng, M. Y., Inohara, N., and Nuñez, G. (2017). Mechanisms of Inflammation-
Driven Bacterial Dysbiosis in the Gut.Mucosal Immunol. 10 (1), 18–26. doi:10.
1038/mi.2016.75

Zhou, Y., Dial, E. J., Doyen, R., and Lichtenberger, L. M. (2010). Effect of
Indomethacin on Bile Acid-Phospholipid Interactions: Implication for Small

Intestinal Injury Induced by Nonsteroidal Anti-inflammatory Drugs. Am.
J. Physiol.-Gastrointestinal Liver Physiol. 298 (5), G722–G731. doi:10.1152/
ajpgi.00387.2009

Conflict of Interest: PF is the founder and CEO of Pharmahungary, a group of
R&D companies. BA was employed by Pharmahungary Group.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Hutka, Lázár, Tóth, Ágg, László, Makra, Ligeti, Scheich, Király,
Al-Khrasani, Szabó, Ferdinandy, Gyires and Zádori. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2021 | Volume 12 | Article 66417715

Hutka et al. Ketorolac Induces Small Intestinal Dysbiosis

https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1186/gb-2014-15-3-r46
https://doi.org/10.1038/srep40317
https://doi.org/10.1152/ajpgi.1996.270.5.G804
https://doi.org/10.3390/molecules25061370
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1038/mi.2016.75
https://doi.org/10.1152/ajpgi.00387.2009
https://doi.org/10.1152/ajpgi.00387.2009
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	The Nonsteroidal Anti-Inflammatory Drug Ketorolac Alters the Small Intestinal Microbiota and Bile Acids Without Inducing In ...
	Introduction
	Materials and Methods
	Animals
	Ethical Considerations
	In vivo Studies
	Study 1. Evaluating the Effects of Chronic Ketorolac Treatment on Small Intestinal Mucosal Integrity, Microbiota and Bile Acids
	Study 2. Evaluating the Effect of Ketorolac on GI Transit

	Histological Analysis
	Measurement of Myeloperoxidase and Tumor Necrosis Factor-α by ELISA
	Western Blot Analysis of Cyclooxygenase Isoforms and Claudin-1
	DNA Isolation, 16S rRNA Gene Library Preparation and MiSeq Sequencing
	Measurement of Small Intestinal Bile Acids by LC-MS/MS
	Data Analysis

	Results
	Ketorolac up to 3 mg/kg did not Cause Significant Damage to the Small Intestinal Mucosa
	Ketorolac at a Dose of 3 mg/kg Induced Small Intestinal Dysbiosis
	Ketorolac at a Dose of 3 mg/kg Altered the Small Intestinal Bile Acid Composition
	Ketorolac-Induced Dysbiosis Correlated with the Changes of Bile Acids
	Ketorolac had no Significant Effect on GI Transit

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


