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Abstract: Intestinal dysbiosis is linked to numerous gastrointestinal disorders, including inflammatory

bowel diseases. It is a question of debate if coxibs, selective inhibitors of cyclooxygenase (COX)-2, cause

dysbiosis. Therefore, in the present study, we aimed to determine the effect of long-term (four weeks)

selective inhibition of COX-2 on the small intestinal microbiota in the rat. In order to avoid mucosal damage

due to topical effects and inflammation-driven microbial alterations, rofecoxib, a nonacidic compound,

was used. The direct inhibitory effect of rofecoxib on the growth of bacteria was ruled out in vitro.

The mucosa-sparing effect of rofecoxib was confirmed by macroscopic and histological analysis, as well as

by measuring the intestinal levels of cytokines and tight junction proteins. Deep sequencing of bacterial

16S rRNA revealed that chronic rofecoxib treatment had no significant influence on the composition

and diversity of jejunal microbiota. In conclusion, this is the first demonstration that long-term selective

inhibition of COX-2 by rofecoxib does not cause small intestinal dysbiosis in rats. Moreover, inhibition

of COX-2 activity is not likely to be responsible per se for microbial alterations caused by some coxibs,

but other drug-specific properties may contribute to it.
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Cells 2019, 8, 251; doi:10.3390/cells8030251 www.mdpi.com/journal/cells

http://www.mdpi.com/journal/cells
http://www.mdpi.com
https://orcid.org/0000-0003-3296-0316
https://orcid.org/0000-0002-1307-7387
https://orcid.org/0000-0002-4523-3938
https://orcid.org/0000-0001-7312-618X
http://www.mdpi.com/2073-4409/8/3/251?type=check_update&version=1
http://dx.doi.org/10.3390/cells8030251
http://www.mdpi.com/journal/cells


Cells 2019, 8, 251 2 of 17

1. Introduction

Over the past decade, it has become increasingly recognized that nonsteroidal anti-inflammatory

drugs (NSAIDs), which are among the most commonly used medications worldwide [1], both damage

the stomach and duodenum and also injure the lower parts of the gastrointestinal (GI) tract. Small

intestinal injury (enteropathy) may occur in up to 30–70% of long-term NSAID users and can manifest

in a wide variety of ways, including inflammation, malabsorption, and mucosal ulcers [2,3]. At present,

there are no proven ways of either preventing or treating enteropathy. Preclinical studies suggest that

antisecretory agents are not only ineffective, but can even exacerbate the intestinal inflammation [4,5].

Since the recognition of NSAID-induced enteropathy, much effort has been put into understanding

its pathogenesis and several contributing factors have been identified [6–9]. One of these factors is

the suppression of cyclooxygenase (COX)-mediated prostaglandin (PG) synthesis. COX exists in two

isoforms, COX-1 and COX-2. The first is constitutively expressed in the GI tract, whereas COX-2

has little or no expression in most tissues but is rapidly induced by inflammatory and mitogenic

stimuli [10]. Therefore, in order to exploit the anti-inflammatory effect of NSAIDs but at the same time

avoid their undesired GI side effects, selective inhibitors of COX-2 (coxibs) were developed. According

to the original expectations, these drugs produce less gastroduodenal damage than the nonselective

NSAIDs [11–15]. However, in the lower segments of the gut, their safety is less obvious. Several studies

concluded that chronic treatment with coxibs is associated with much lower incidence of significant

intestinal events than treatment with non-selective NSAIDs [16–18]. Similarly, it was reported that

selective inhibition of COX-2 is likely to be safe in patients with inflammatory bowel diseases (IBDs),

at least in the short term [19]. In contrast, there is some evidence that long-term suppression of COX-2

activity, either pharmacologically or through gene inactivation, may induce damage to the intact

intestinal mucosa, which is comparable to that caused by the nonselective drugs [20–22]. Moreover,

coxibs may not only impair mucosal healing mediated by the COX-2 enzyme and exacerbate intestinal

inflammation in IBD [22–25], but may even precipitate de novo colitis [26].

Thus, although the available data are controversial, administration of coxibs, especially long-term,

appears to be more frequently associated with intestinal than gastroduodenal complications. One main

difference between the luminal environments of the upper and lower GI tracts is the significantly higher

abundance of bacteria, which contributes largely to the pathogenesis of NSAID-enteropathy [6,9].

Intestinal bacteria can aggravate NSAID-induced mucosal injury via multiple mechanisms, including

impaired ulcer healing and promotion of the enterohepatic recirculation of NSAIDs by deconjugating

them [27]. Moreover, it has long been recognized that nonselective NSAIDs can induce small intestinal

dysbiosis, in most cases by causing a shift from Gram-positive to predominantly Gram-negative

bacteria [28–31], which is believed to substantially contribute to the development of enteropathy.

There is also accumulating evidence that intestinal dysbiosis may predispose to IBD [32]. Regarding

coxibs, recent findings suggest that even selective COX-2 inhibitors can change the gut microbiota.

Long-term treatment with celecoxib was shown to induce intestinal (ileal and fecal) dysbiosis in

mice [33], whereas firocoxib changed the microbiota in horses [34]. Other treatments, however, did not

find any microbial alterations in response to celecoxib-treatment [35]. Hence, although the available

data are sparse and somewhat inconsistent, prolonged suppression of COX-2 activity may cause

intestinal dysbiosis, which could at least partly explain the apparent difference between the safety

profiles of coxibs in the upper and lower GI tracts.

It is also important to clarify whether intestinal dysbiosis is caused by inhibition of COX-2 itself

(which, in contrast to the classical view, may be expressed constitutively in the GI tract [36,37]),

or by other drug-specific properties. For example, celecoxib was shown to exert direct antibacterial

effect against Gram-positive strains [38], which may contribute to or be wholly responsible for the

observed dysbiotic effect. In addition, COX-2 inhibitors endowed with low pKa values may damage

epithelial cells by topical effects (due to interaction with lipid membranes and/or uncoupling of

oxidative phosphorylation) and lead to mild inflammation [39], which can cause intestinal dysbiosis

via multiple mechanisms [40].
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Therefore, in the present study, we aimed to determine the consequences of selective, long-term

inhibition of COX-2 on the composition of small intestinal microbiota in the rat, which to our best

knowledge has not been addressed before. In order to avoid inflammation-driven bacterial intestinal

dysbiosis, we chose rofecoxib as the selective COX-2 inhibitor test compound. Although this drug was

already withdrawn from the market, it is a nonacidic compound (pKa is 8.6), in contrast to the weak

acids etoricoxib, parecoxib, and lumiracoxib (with pKa values ranging from 4.6 to 4.9) [41–43] and

lacks any topical mucosal toxicity [44]. In addition, we aimed at first to rule out any potential direct

effects of rofecoxib on the growth of bacteria in vitro, which may cause intestinal dysbiosis.

Here, we report for the first time that long-term inhibition of COX-2 by rofecoxib, a nonacidic

GI-sparing drug lacking direct antibacterial properties, does not significantly alter the composition of

the small intestinal microbiota in rats. These findings argue against a simple COX-2-mediated direct

mechanism in the development of intestinal dysbiosis, and suggest that changes in the microbiota in

response to some coxibs may be due at least partly to other drug-specific properties.

2. Materials and Methods

2.1. 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.

2.2. Ethical Considerations

All efforts were made to minimize 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)).

2.3. In Vivo Studies

2.3.1. Study 1. Evaluating the Potency and Selectivity of Rofecoxib for Cyclooxygenase-2 Using the
Carrageenan-Airpouch Model

In order to determine the dose of rofecoxib for the chronic study, doses were first assayed in the

carrageenan-air pouch model [45]. Briefly, rats were treated intragastrically once daily with rofecoxib

(1, 5, and 10 mg/kg) or 1% hydroxyethylcellulose (vehicle) for five days in a volume of 0.33 mL/100 g.

On the fifth day, 2 h after the final gavage, 2 mL of a 1% solution of lambda-carrageenan was injected

into an air pouch, which was previously induced by injecting twice (on the first and third days of

treatment) 10 mL sterile air subcutaneously into the intrascapular area of the rats under isoflurane

anaesthesia. Three hours after the injection of carrageenan, the rats were anaesthetized, the pouch

fluid was collected by lavage with 1 mL of cold heparin saline, and its prostaglandin E2 (PGE2) content,

which is derived almost entirely from COX-2 [45], was determined by enzyme-linked immunosorbent

assay (ELISA), as described below. The gastric mucosal content of PGE2, which mirrors mainly the

activity of COX-1 [46], was measured in parallel.

In order to prove that once-daily administration of rofecoxib produces significant prolonged

inhibition of COX-2 in the rat, an additional group was treated with 5 mg/kg rofecoxib for four days,

and carrageenan was applied 24 h after the final gavage.
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2.3.2. Study 2. Evaluating the Effect of Long-Term Rofecoxib Treatment on Gastrointestinal Mucosal
Integrity and on the Composition of the Small Intestinal Microbiota

Sixteen rats were randomly allocated into two groups with eight rats in each group and were

treated intragastrically with either vehicle (1% hydroxyethylcellulose) or rofecoxib (5 mg/kg) in a

volume of 0.33 mL/100 g once daily for four weeks. In order to minimize the cage effect [47] (i.e., false

positive difference between the microbiota of vehicle- and rofecoxib-treated animals due to housing

them in different cages), rats in both groups were divided and housed in 2-2 cages, with four rats per

cage. Body weight was measured daily during the course of the treatment. Because both groups served

as sham controls for a parallel study (Brenner et al., under publication), on the 29th day, all rats were

anaesthetized with pentobarbital (60 mg/kg intraperitoneally) and underwent thoracotomy, but their

left anterior descending coronary artery was not occluded (as in the other groups of the parallel study).

Rats were ventilated with rodent ventilator (Ugo-Basile, Gemonio, Italy) with 6.2 mL/kg tidal volume

at a rate of 69 ± 3 breath/min according to body weight, their blood pressure was continuously

monitored in the carotid artery (AD Instruments, Bella Vista, Australia), and their body temperature

was maintained at 37 ◦C with a heating pad.

One-hundred ninety minutes later, the rats were sacrificed and the stomach and small intestine

were excised. The content of distal jejunum was quickly collected, snap-frozen in liquid nitrogen,

and stored at −80 ◦C for analysis of microbial composition and luminal pH. The mucosa of the stomach

and small intestine was flushed with cold saline and photographed for subsequent macroscopic

analysis. The length of the whole small intestine was measured, as another parameter to assess

intestinal inflammation [48]. Full-thickness pieces of the distal jejunum were snap-frozen in liquid

nitrogen and stored at −80 ◦C for analyzing the tissue levels of pro- and anti-inflammatory cytokines.

Other portions of tissues were fixed in 10% formalin for evaluation of microscopic GI damage.

2.4. Macroscopic Evaluation of Gastrointestinal Damage

High-resolution photographs of the gastric and small intestinal mucosa were thoroughly analyzed

and scored in blinded fashion, as follows: 0, no visible morphologic alteration; 1, small (1–2 mm)

hyperemic area at 1 site; 2, small (1–2 mm) hyperemic areas at 2 or more sites; 3, extensive (>2 mm)

hyperemic area at 1 site; 4, extensive (>2 mm) hyperemic areas at 2 or more sites.

2.5. Histological Analysis

Samples taken from the antrum and distal part of the small intestine were fixed in 10% formalin,

embedded in paraffin, sectioned (5 µm), and stained with haematoxylin and eosin. Digital micrographs

were taken by an Olympus BX51 microscope and Olympus DP50 camera. Histological injury was

assessed in blinded fashion by two histopathologists in the case of stomach qualitatively. Whereas,

in the case of small intestine, histoligical injury was assessed according to the scoring system described

by Mantyh et al. [49] with minor modifications (Table 1). The total histological score (ranging from 0 to

9) was calculated based on the sum of partial scores.

Table 1. Criteria for quantitative estimation of the small intestinal injury.

0 1 2 3

Epithelial damage none destruction of villus tips
destruction of up to one
half of villus

complete villus
destruction

Congestion
and edema

none
minimal increase in crypt
spacing, rare
RBC-containing vessels

moderate increase in crypt
spacing, up to one half of
vessels contain RBCs

widely spaced crypts,
numerous
RBC1-containing vessels in
lamina propria

Mononuclear cells none
mild mononuclear cell
infiltration

moderate mononuclear
cell infiltration

numerous mononuclear
cells throughout the
lamina propria

1 RBC–red blood cell.
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2.6. Inflammatory Cytokines

The jejunal levels of distinct inflammatory cytokines were measured by either Luminex xMAP

technology, or ELISA. Excised and snap-frozen jejunal tissues were pulverized and homogenized

according to the manufacturers’ instructions. The total protein concentration of supernatants was

determined by using a bicinchoninic acid assay kit (Thermo Scientific Pierce Protein Research Products,

Rockford, IL, USA) with bovine serum albumin as a standard.

Milliplex MAP assay based on the Luminex xMAP technology was performed to determine the

protein concentrations of interleukin-1β (IL-1β) and interleukin-10 (IL-10) using customized Milliplex

Rat Cytokin/Chemokine Magnetic Bead Panel (Merck Millipore, Burlington, MA, USA). The ELISA kit

was used to quantify the protein levels of tumor necrosis factor-α (TNF-α) (Invitrogen, Camarillo, CA,

USA). Following previous optimizations all samples were tested in a blind fashion and in duplicate,

and the results are given in pg/mg of total protein.

2.7. Western Blot Analysis of Occludin and Claudin-1

Distal jejunal tissues were homogenized with a TissueLyser (Qiagen, Venlo, The 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, USA). The homogenized lysates were centrifuged twice

at 1,500× 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, USA). Equal

amount of protein (40 µg) was mixed with Pierce Lane Marker reducing sample buffer (Thermo

Fisher Scientific, Waltham, MA, USA), and loaded and separated in a 4–20% precast Tris-glycine

SDS polyacrilamide gel (Bio-Rad, Hercules, CA, USA). Proteins were transferred electrophoretically

onto a polyvinylidene difluoride membrane (Bio-Rad, Hercules, CA, USA) at 200 mA overnight.

Membranes were blocked with 5% nonfat dry milk (Bio-Rad, Hercules, CA, USA) in Tris-buffered

saline containing 0.05% Tween-20 (0.05 % TBS-T; Sigma, St. Louis, MO, USA) at room temperature for

2 h. Membranes were incubated with primary antibodies against occludin (ABT 146, 1:2500, Merck

Millipore, Burlington, MA, USA) and claudin-1 (ab15098, 1:1000, Abcam, Cambridge, UK) overnight

at 4 ◦C, followed by 2 h incubation at room temperature with appropriate secondary antibodies.

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 (Bio-Rad, Hercules, CA, USA) by

Chemidoc XRS+ (Bio-Rad, Hercules, CA, USA).

2.8. Evaluation of Prostaglandin E2 Levels

The levels of PGE2 in the gastric mucosa and lavage fluid of air pouches were determined by ELISA

(Cayman Chemical, Ann Arbor, MI, USA) [46]. Briefly, gastric mucosa was scraped, homogenized in

precooled 100% ethanol containing 10 µM indomethacin, and centrifuged at 10,000× g for 10 min at

4 ◦C. Ethanol was evaporated from the supernatants using a vacuum centrifuge, then the residues

were resolved in assay buffer and used for determination of PGE2. Lavage fluids were centrifuged at

1,000× g for 10 min at 4 ◦C, and PGE2 was measured directly from the supernatant.

2.9. Antibacterial Activity Assay

The antibacterial activity of rofecoxib was evaluated on a panel of Gram-positive and

Gram-negative bacteria with the broth microdilution method according to the EUCAST guideline

(www.eucast.org), as previously described [50]. Celecoxib and various antibiotics were used as positive

controls. Bacterial strains were grown on COS agar (Columbia agar + 5% sheep blood, Biomérieux,

Budapest, Hungary) at 35.5 ◦C overnight. Appropriate numbers of colonies were suspended in

physiological saline in order to reach the density of 0.5 McFarland for inoculation. Stock solutions

containing the different substances were prepared with either 100% (celecoxib) or 50% dimethyl

www.eucast.org
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sulfoxide (all other substances, diluted with distilled water). These were two-fold serially diluted from

256–0.5 mg/L in cation-adjusted Mueller-Hinton broth (Biolab, Budapest, Hungary) and 100 µL of each

dilution was transferred into microplate holes. Inoculation was carried out with 10 µL of each bacterial

suspension. Incubation was performed at 35 ◦C for 24 h and minimal inhibitory concentrations (MICs)

were determined visually.

2.10. DNA Extraction, PCR Amplification and Sequencing

Bacterial DNA was extracted from 15 mg small intestinal content per sample using the

AquaGenomic Kit (MultiTarget Pharmaceuticals, Salt Lake City, UT, USA) and further purified

using KAPA PureBeads (Roche, Basel, Switzerland) according to the manufacturer’s protocols.

The concentration of genomic DNA was measured using a Qubit 3.0 Fluorometer with Qubit dsDNA

HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Bacterial DNA was amplified with tagged

primers (5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG and

5′-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC), covering

the V3-V4 region of the bacterial 16S rRNA gene [51]. Polymerase chain reactions (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 High Sensitivity D1000 ScreenTape on

TapeStation 2200 instrument (Agilent Technologies, Waldbronn, Germany). Equimolar concentrations

of libraries were pooled and sequenced on an Illumina MiSeq platform (Illumina, San Diego, CA, USA)

using MiSeq Reagent Kit v3 (600 cycles PE).

Raw sequencing reads per sample (299.200 ± 86.981) were generated, which were demultiplexed

and adapter-trimmed using MiSeq Control Software (Illumina). FastQ Toolkit (Illumina) was applied to

trim bases at the 3′- and the 5′-end with a quality score less than 30. Reads having mean quality scores

less than 30 and shorter than 250 bp were filtered out. The remaining 212.648 ± 68.407 high-quality

sequences per sample were aligned and classified by using the Kraken software and its MiniKraken

database 20141208 [52].

2.11. Determination of Small Intestinal Luminal pH

The content of the distal jejunum and ileum was collected, suspended in ultra-pure water at a

ratio of 1:20, and its pH was measured with a 7310 inoLab pH benchtop meter (Xylem Analytics,

Weilheim, Germany).

2.12. Materials

Rofecoxib [4-(4′-methylsulfonylphenyl)-3-phenyl-2-(5H)-furanone] was purchased from

MedChem Express (Sollentuna, Sweden). All other chemicals, unless otherwise stated, were obtained

from Sigma-Aldrich (St. Louis, MO, USA).

2.13. Statistics

Data are expressed as mean ± SEM. 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 (many

groups), followed by Holm-Sidak post hoc test. Two-way repeated measures ANOVA was employed

to compare the time course of weight losses.

Discriminate taxa between vehicle- and rofecoxib-treated groups were determined using Wald

test in DESeq2 (implemented in QIIME) [53,54]. P-values were adjusted for multiple testing by

false discovery rate (FDR) using the Benjamini-Hochberg method. Observed species richness and

Shannon diversity index were used to estimate the richness and diversity of microbial community in

luminal samples. Principal component analysis (PCA) was used for testing the clustering of samples

with the same treatment. The differences between the clusters were measured with Hotelling’s

T-square test. The calculation of diversity and the PCA analysis were performed in MATLAB

programming environment.
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In all cases, a probability of p < 0.05 was considered statistically significant.

3. Results

3.1. Rofecoxib Had no Inhibitory Effect on the Growth of Bacteria In Vitro

In order to rule out any potential direct effect of rofecoxib on the growth of bacteria, rofecoxib

was first applied at increasing concentrations to different Gram-positive and Gram-negative strains

in the broth microdilution assay. As Tables 2 and 3 demonstrate, rofecoxib (up to 256 mg/L) had no

significant inhibitory effect on the growth of any of the bacteria tested. This markedly differed from the

effect of celecoxib, which inhibited the growth of the Gram-positive methicillin-sensitive and -resistant

Staphylococcus aureus and vancomycin-sensitive and -resistant Enterococcus faecalis strains with MICs

ranging from 32–64 mg/L. Gram-negative bacteria, such as Acinetobacter baumannii, carbapenemase-

and colistin-resistant Klebsiella pneumonia, Escherichia coli, and Pseudomonas aeruginosa, were not affected

by celecoxib.

Table 2. Minimum inhibitory concentration (MIC) of celecoxib and rofecoxib against Gram-positive bacteria.

Bacteria Description
MIC mg/L

Rofecoxib Celecoxib Vancomycin Ciprofloxacin

Staphylococcus
aureus
ATCC 29213

Methicillin-sensitive
strain (MSSA)

>256 32 1 ≤0.5

Staphylococcus
aureus
ATCC 33591

Methicillin-resistant
strain (MRSA)

>256 32 1 ≤0.5

Enterococcus
faecalis
ATCC 51299

vanB
vancomycin-resistant
strain

>256 64 64 2

Enterococcus
faecalis
ATCC 29212

Vancomycin-sensitive
strain

>256 64 2 1

Table 3. MIC of celecoxib and rofecoxib against Gram-negative bacteria.

Bacteria Description
MIC mg/L

Rofecoxib Celecoxib Imipenem Colistin

Acinetobacter
baumannii
ATCC
BAA1605

MDR strain isolated from
the sputum of a Canadian
soldier

>256 >256 16 <0.5

Klebsiella
pneumoniae
ST258 clone K
160/09 [55]

Clinical isolate with
Carbapenemase (KPC),
resistant to carbapenem
and colistin

>256 >256 >256 64

Escherichia coli
ATCC 25218

Quality control strain for
susceptibility testing of
beta-lactam antibiotics,
TEM-1
β-lactamase-producing
strain

>256 >256 1 4

Pseudomonas
aeruginosa
ATCC 27853

Quality control strain for
E-test Metallo
beta-lactamase strip

>256 >256 1 2
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3.2. Rofecoxib Produced Dose-Dependent, Selective, and Long-Lasting Inhibition of COX-2-Mediated
Prostaglandin E2 Synthesis In Vivo

Next, we aimed to determine the potency of rofecoxib and confirm its selectivity against COX-2

for the subsequent chronic study. As Figure 1 shows, rofecoxib given for five days and injected 2 h

prior to carrageenan on the last day at the lowest dose (1 mg/kg) reduced the concentration of PGE2 in

the inflammatory exudate by 60.6% (p < 0.001), whereas 5 and 10 mg/kg produced an almost complete

inhibition of PGE2 synthesis (98.2% and 98.1% inhibition, respectively; p < 0.001). None of the tested

doses affected the gastric mucosal PGE2 content significantly. The dose of 5 mg/kg was chosen for the

subsequent chronic study, as it proved to be highly effective and selective for COX-2. This dose also

corresponds to the maximal recommended daily dose (50 mg) of rofecoxib used earlier in the clinical

practice, calculating with a 60 kg weight individual, according to Reagan-Shaw et al. [56].

Although rofecoxib was reported to have a long elimination half-life allowing once-daily

dosing [57], we aimed to confirm it by measuring the levels of PGE2 24 h after the final gavage. As the

results show, the inhibition of COX-2-derived PGE2 synthesis (by 76.5%) remained significant 24 h

after the administration of rofecoxib, which allowed once daily administration for the chronic study.

 

β

 
Figure 1. The effect of rofecoxib (ROF, 1 mg/kg, n = 6; 5 mg/kg, n = 8; 10 mg/kg, n = 5) on the levels of

PGE2 in the gastric mucosa (A) and pouch exudate (B) in the carrageenan-airpouch model. The effect

of 5 mg/kg rofecoxib was also assayed 24 h after the final gavage (n = 8). The results are expressed

as the mean ± SEM percent of the control PGE2 levels measured in vehicle-treated rats. ***p < 0.001

compared to control (one-way ANOVA, Holm-Sidak post hoc test).

3.3. Long-Term Inhibition of Cyclooxygenase-2 by Rofecoxib did not Cause Significant Damage to the
Gastrointestinal Mucosa

Although the exact mechanism by which NSAIDs cause intestinal dysbiosis is unknown, mucosal

inflammation may alter the microbiota via multiple mechanisms [40], and there is some evidence

that chronic inhibition of COX-2 may cause enteropathy [21,22]. Thus, before evaluating the effect of

chronic rofecoxib treatment on the composition of microbiota, we aimed to determine whether it had

any effect on the GI mucosal integrity.

During the 28 day treatment period, none of the vehicle- or rofecoxib-treated animals died.

There was no difference in terms of general condition of animals or weight gain (Figure 2A).

As Figure 2B,C demonstrate, the gastric mucosa of rofecoxib-treated rats remained intact and there

was no macroscopic sign of any tissue damage. Qualitative histological examination of the mucosa

also revealed intact epithelial lining and regular glandular structure.

In the small intestine, thorough macroscopic examination of the entire mucosal surface revealed

small hyperemic areas in three of the control rats, whereas an extensive (~1 cm large) hyperemic

area was observed in one of the rofecoxib-treated animals. Apart from these, there were no other

visible morphologic alterations (like ulcerations, diaphragm-like strictures, ascites, or shortening of the



Cells 2019, 8, 251 9 of 17

bowel) in any rats (Figure 2D–F). Histological analysis confirmed the macroscopic findings. Although

in some rats focal epithelial erosions, mild mononuclear infiltration of the lamina propria or mild

edema was observed, they occured in both groups and the overall histological scores of vehicle- and

rofecoxib-treated rats were comparable (vehicle: 2 ± 0.3; rofecoxib: 1.2 ± 0.7).

 

α β

Figure 2. The effects of four-week vehicle (VEH, 1% methylcellulose) and rofecoxib (ROF, 5 mg/kg)

treatment on the body weight (A) and gastrointestinal mucosa. (B): Macroscopic scores of

gastric mucosa; (C): Representative photos of the gastric mucosa and histological micrographs

(haematoxylin-eosin staining); (D): Macroscopic scores of small intestinal mucosa; (E): Length of

small intestines; (F): Representative photos of the jejunal mucosa and histological micrographs

(haematoxylin-eosin staining), scale bar: 200 µM. There are no signs of any macroscopic or histological

tissue damage. (A): Results are expressed as the mean ± SEM. Panels (B), (D), and (E): Circles represent

the data of each rat, bars indicate the mean ± SEM. For statistical analysis two-way repeated measures

ANOVA followed by Holm-Sidak post hoc test (A), Mann-Whitney U test (B,D), and Student’s t test

(E) were used, n = 8/group.

The lack of inflammation and tissue damage was also reflected by the unchanged levels of

the inflammatory cytokines TNF-α and IL-1β, and the anti-inflammatory cytokine IL-10 (Figure 3).

In addition, Western blot analysis revealed similar expression of the tight junction proteins occludin and

claudin-1 in vehicle- and rofecoxib-treated animals, suggesting a maintained mucosal barrier function.

NSAID-induced changes in intestinal luminal pH [58] may also lead to dysbiosis because GI

pH has a well-recognized role in shaping the microbial community composition [59]. Therefore,

we examined whether long-term administration of rofecoxib caused any change in the pH of the

jejunal luminal content, but there was no difference between the pH values of the two groups (vehicle:

7.94 ± 0.14, rofecoxib: 7.92 ± 0.13, n = 8/group).

Altogether, these data indicate that the GI mucosa remained intact after four-week treatment

with rofecoxib.
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Figure 3. The effect of four-week vehicle (VEH, 1% methylcellulose) and rofecoxib (ROF, 5 mg/kg)

treatment on the tissue protein levels of TNF-α (A, n = 8/group), IL-1β (B, n = 7–8/group), IL-10 (C,

n = 7–8/group), occludin (D, n = 6/group), and claudin-1 (E, n = 6/group) in the distal jejunum of rats.

Circles represent the data of each rat, bars indicate the mean ± SEM. For statistical analysis, Student’s t

test was used. Panel F: Representative Western blots for occludin and claudin-1 proteins in the distal

jejunum of vehicle- and rofecoxib-treated rats.

3.4. Rofecoxib Had no Significant Effect on the Composition of Small Intestinal Microbiota

After excluding the possibility of inflammation-driven microbial alterations, the microbiota of

vehicle- and rofecoxib-treated animals was determined by deep sequencing of 16S rRNA. At the

phylum level, 18 different taxonomic groups were identified. The vast majority of taxa in both

the vehicle- and rofecoxib-treated animals belonged to Firmicutes (88.8 ± 10 and 87.5 ± 14% of all

classified bacteria, respectively), followed by Proteobacteria, Actinobacteria, and Bacteroidetes, whereas

the proportion of all other phyla was less than 0.1%. As Figures 4 and 5A demonstrate, the most

abundant bacterial family in all samples was Lactobacillaceae (control: 49.3 ± 12%, rofecoxib: 50.7 ± 7%),

followed generally by two other Firmicutes families, Peptostreptococcaceae (control: 14.1 ± 5%, rofecoxib:

16.8 ± 8%), and Clostridiaceae (control: 11.6 ± 4%, rofecoxib: 6.6 ± 4%). Relative abundances of the

identified organisms at all taxonomic levels (from strain to phylum) were compared between vehicle-

and rofecoxib-treated groups, but none of the differences reached statistical significance (p-values

corrected for multiple testing > 0.05). Most abundant bacterial phyla, classes, orders, and genera are

shown on Figure S1.

We next examined whether rofecoxib had any effect on the bacterial richness and diversity in

the small intestine. There was no difference in the number of observed species and Shannon index

between the two groups, indicating similar richness and diversity (Figure 5B,C).

Furthermore, principal component analysis (PCA) failed to identify distinct clusters of microbiota

profiles from vehicle- and rofecoxib-treated animals, which further indicates that rofecoxib had no

significant effect on bacterial composition (Figure 5D and Figure S2).
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Figure 4. The relative abundance of bacterial families in jejunal samples of rats treated with vehicle

(VEH, 1% methylcellulose) and rofecoxib (ROF, 5 mg/kg) for four weeks, determined by deep

sequencing of 16S 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”: Relative

abundances of the bacterial families were compared between vehicle- and rofecoxib-treated groups by

Wald test with Benjamini-Hochberg correction, which did not show any significant difference.

 

Figure 5. The effects of four-week vehicle (VEH, 1% methylcellulose) and rofecoxib (ROF, 5 mg/kg)

treatment on the jejunal microbiota. (A): Relative abundances of the most abundant bacterial families

in the jejunum. Box and whisker plots indicate the medians, first and third quartiles, and the minimum

and maximum values. Panels (B) and (C): Bacterial richness (observed operational taxonomic units)

and diversity estimated by the Shannon index, circles represent the data of each rat, bars indicate the

mean ± SEM. (D): Principal component analysis (PCA) plot comparing the microbiota composition of

vehicle- and rofecoxib-treated rats. The percentage of variation explained by the principal components

(PC1 and PC2) is indicated on the axes. There was no clustering between rats treated with vehicle versus

rofecoxib. For statistical analysis, Wald test with Benjamini-Hochberg correction (A), Mann-Whitney

U test (B,C), and Hotelling’s T-square test (D) were used, n = 8/group.
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4. Discussion

This study demonstrates for the first time that long-term (four weeks) selective inhibition of

COX-2 by rofecoxib, a compound lacking direct antibacterial and mucosal damaging properties,

does not cause small intestinal dysbiosis in rats. These findings suggest that microbial alterations,

reported sporadically after repeated administration of some coxibs in different species, cannot simply

be explained by inhibition of COX-2 activity and other drug-specific properties may largely contribute

to it.

In the present study, we aimed to elucidate whether chronic, selective inhibition of COX-2 has any

significant impact on the composition of microbiota. This question was raised since, in some recent

publications, intestinal dysbiosis was reported after repeated administration of coxibs. In the study of

Montrose et al. [33], a celecoxib-contaning diet (1000 ppm) for 10 weeks decreased the abundance of

Lactobacillaceae and Bifidobacteriaceae, whereas the diet increased the abundance of Coriobacteriaceae

in the small and large intestine of mice, which was associated with significant alterations of the

fecal metabolome and reduced epithelial cell proliferation. Rogers and Aronoff [60] found similar

fecal microbial profiles in humans using celecoxib and ibuprofen in the past 30 days, which both

were characterized by enrichment of Acidaminococcaceae and Enterobacteriaceae. More recently,

temporary changes of fecal microbiota were described in phenylbutazone- and firocoxib-treated

horses (drugs were given for 10 days), which were primarily characterized by loss of members of

the Firmicutes phylum, specifically the family Lachnospiraceae and, to a lesser extent, the families

Clostridiaceae and Ruminococcaceae [34]. In contrast, in a diet-controlled study, celecoxib (200 mg

twice daily for 10 days) had no effect on the composition, richness and diversity of fecal microbiome of

postmenopausal women [35]. Hence, although the results are contradictory, selective COX-2 inhibitors

may evoke bacterial alterations in different species that resemble, in many aspects, those caused

by nonselective NSAIDs, such as indomethacin, naproxen, and diclofenac, in both rats [28,31,61,62]

and humans [63]. This intestinal dysbiosis is typically associated with a significant decrease in the

numbers of Gram-positive bacteria, in favor of Gram-negative microorganisms. Probiotic strains

of Gram-positive Lactobacilli and Bifidobacteria can ameliorate intestinal injury by improving

the barrier functions and suppressing inflammation [64,65], whereas Gram-negative bacteria can

induce a toll-like receptor (TLR)-4-dependent inflammatory reaction [66]. Thus, an altered balance

between Gram-positive and Gram-negative bacteria may contribute to the development of both

NSAID-enteropathy and other GI diseases, including IBDs [9,32,67]. Thus, revealing microbial

alterations caused by selective COX-2 inhibitors is of particular importance, as such effects could at least

partly explain the apparent difference between the safety profiles of coxibs in the upper and lower GI

tracts. Namely, there is some evidence that these drugs may not only cause relapse of IBD by impairing

COX-2-mediated healing processes [23,25], but may also damage the healthy mucosa [21,22,26].

In order to determine whether chronic, selective COX-2 inhibition is associated with any change

in the intestinal microbiota, an animal model of enteropathy was used in which rats were treated

with rofecoxib for one month. Although rofecoxib was withdrawn from the market owing to serious

cardiovascular side effects [68], the rationale behind choosing this compound was that we specifically

aimed to exclude any non-COX-2-mediated effects that could potentially influence the outcome of

the study.

One such effect is the mucosal damage due to so-called topical effects. It is increasingly recognized

that the mucosal damaging effect of NSAIDs is closely related to their acidic and lipophilic chemical

structure, which enables these compounds to trigger epithelial cell damage [44]. It was shown that even

selective COX-2 inhibitors endowed with acidic character, such as etoricoxib, can cause topical damage

to intestinal mucosa [39]. Gut inflammation, on the other hand, can alter the microbiota via multiple

mechanisms, including production of reactive oxygen species or nutritional changes, like increased

release of ethanolamine from damaged epithelial cells and its subsequent conversion to ammonia [40].

Because rofecoxib is endowed with high pKa (8.6) and does not have topical irritative effect [44], it was

expected to be devoid of mucosal damage. Our results confirmed the GI-sparing property of rofecoxib,
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and showed that it did not cause any significant macroscopic or histological damage to the gastric or

small intestinal mucosa. The lack of inflammation was confirmed by unaltered tissue levels of the

inflammatory cytokines TNF-α and IL-1β, and the anti-inflammatory cytokine IL-10. In addition,

we found that occludin and claudin-1, two tight junction proteins that are localized in the rat jejunum

and contribute to barrier properties [69], showed similar expression in vehicle- and rofecoxib-treated

animals, suggesting a maintained mucosal barrier function. It is well-established that tight junctions

are critical for the maintenance of normal epithelial barrier function and their loss is associated

with increased permeability, an important factor in the pathogenesis of both NSAID-enteropathy

and IBD [7,70]. Finally, rofecoxib treatment had no effect on the intestinal luminal pH, which has a

well-recognized role in shaping the microbial community composition [59], and altered luminal pH

caused by some NSAIDs [58] may either be a cause or a consequence of intestinal dysbiosis.

Besides mucosal inflammation also non-COX-2-mediated direct effects on the bacteria may also

result in intestinal dysbiosis. Several NSAIDs have been reported to possess direct antibacterial

properties, such as ibuprofen, flurbiprofen, ketoprofen and diclofenac [71,72]. Recently, also celecoxib

was shown to inhibit the growth of Gram-positive, but not Gram-negative bacteria with MICs ranging

from 16–64 mg/L [38], which was also confirmed by our present study. It is hard to estimate whether

the antibacterial effect of these NSAIDs makes any meaningful contribution to their dysbiotic effect,

as their GI luminal concentrations usually have not been determined. Nevertheless, it can be speculated

that NSAIDs undergoing extensive enterohepatic circulation, or those given at high doses, may reach

sufficient luminal concentrations to directly affect the growth of distinct bacteria. Such an effect in the

case of rofecoxib, however, is unlikely, as it did not influence the growth of various Gram-positive and

Gram-negative strains in the broth microdilution assay up to 256 mg/L.

Hence, rofecoxib proved to be a valuable tool for analysing the effect of long-term COX-2 inhibition

on the microbiota, as it did not cause GI mucosal damage in vivo and lacked any effect on the growth of

bacteria in vitro. As our bacterial 16S rRNA analysis revealed, rofecoxib did not have any major impact

on either the composition or diversity of microbiota. The most abundant bacterial phylum in the

distal jejunum of rats was Firmicutes, followed by Proteobacteria, Actinobacteria, and Bacteroidetes,

which corresponds well to previous reports [62,73]. There were no differences in the proportions of the

identified bacterial phyla between control and rofecoxib-treated groups, or in the bacterial proportions

at any lower taxonomic levels. The lack of intestinal dysbiosis was also confirmed by comparing the

bacterial richness and diversity of the two groups, which were largely similar.

In conclusion, the present study demonstrates for the first time that chronic, selective inhibition

of COX-2 by rofecoxib, a compound lacking direct antibacterial and mucosal damaging properties,

does not cause small intestinal dysbiosis in rats. Our findings suggest that inhibition of COX-2 enzyme

activity is not likely to be responsible per se for microbial alterations caused by some coxibs, and other

drug-specific properties, like topical irritancy or direct antibacterial effects, may largely contribute to

it. Nevertheless, future studies with different COX-2 inhibitors will allow us to fully understand the

effects of coxibs on the intestinal microbiome and also whether dysbiosis caused by COX-2 inhibitors

contributes to their potentially harmful effects on the healthy and inflamed gut.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/8/3/251/s1,
Figure S1: Relative abundances of the most abundant bacterial phyla, classes, orders and genera in the jejunum of
vehicle- and rofecoxib-treated rats. Figure S2: Principal component analysis (PCA) plots comparing the microbiota
composition of vehicle- and rofecoxib-treated rats at phylum, class, order and genus levels.

Author Contributions: Conceptualization: B.L, K.G., and Z.S.Z.; investigation: B.L., G.B.B., A.M., M.B., S.B.L.,
E.O., A.K., B.H. and Z.B.; data curation: B.L., G.B.B., A.M., E.B., J.J., E.O., A.K., T.L., and L.T.; formal analysis: B.L.
and Z.S.Z.; writing—original draft preparation: B.L. and Z.S.Z.; supervision: M.A.-K., Z.G., D.S., Z.H., P.F., K.G.,
and Z.S.Z.; funding acquisition: Z.H., P.F., K.G. and Z.S.Z.

Funding: The research was supported by the National Research, Development and Innovation Office of Hungary
[Grants NKFI FK 124878, NVKP-16-1-2016-0017 National Heart Program, GINOP-2.3.2.-15-2016-00048 „Stay
Alive”, EFOP 3.6.2. „Live longer”, EFOP-3.6.3-VEKOP-16-2017-00009]; the National Brain Research Program
[Grant 20017-1.2.1-NKP-2017-00002]; and by the Higher Education Institutional Excellence Programme, within
the framework of the Therapeutic Development thematic programme of the Semmelweis University. Zoltán S.

http://www.mdpi.com/2073-4409/8/3/251/s1


Cells 2019, 8, 251 14 of 17

Zádori and Mihály Balogh were supported by the Ministry of Human Capacities [ÚNKP-17-4 and ÚNKP-18-3,
respectively, New National Excellence Program]. Zoltán Giricz holds a “János Bolyai Research Scholarship”

from the Hungarian Academy of Sciences. Ágnes Kemény was supported by János Bolyai and Bolyai+ Research
Scholarships of the Hungarian Academy of Sciences.

Acknowledgments: The authors wish to express their thanks to Veronika Pol-Maruzs, Judit Simon, Dávid Szili,
Viktor Sajtos, Bálint Heródek and Anikó Perkecz for their technical assistance.

Conflicts of Interest: P.F. is the founder and CEO of Pharmahungary, a group of R&D companies.

References

1. Laine, L. Approaches to nonsteroidal anti-inflammatory drug use in the high-risk patient. Gastroenterology

2001, 120, 594–606. [CrossRef] [PubMed]

2. Bjarnason, I.; Takeuchi, K. Intestinal permeability in the pathogenesis of NSAID-induced enteropathy.

J. Gastroenterol. 2009, 44 (Suppl. 19), 23–29. [CrossRef] [PubMed]

3. Lanas, A.; Sopena, F. Nonsteroidal anti-inflammatory drugs and lower gastrointestinal complications.

Gastroenterol. Clin. N. Am. 2009, 38, 333–352. [CrossRef] [PubMed]

4. Wallace, J.L.; Syer, S.; Denou, E.; de Palma, G.; Vong, L.; McKnight, W.; Jury, J.; Bolla, M.; Bercik, P.;

Collins, S.M.; et al. Proton pump inhibitors exacerbate NSAID-induced small intestinal injury by inducing

dysbiosis. Gastroenterology 2011, 141, 1314–1322. [CrossRef] [PubMed]

5. Satoh, H.; Amagase, K.; Takeuchi, K. Exacerbation of nonsteroidal anti-inflammatory drug-induced small

intestinal lesions by antisecretory drugs in rats: The role of intestinal motility. J. Pharmacol. Exp. Ther. 2012,

343, 270–277. [CrossRef] [PubMed]

6. Wallace, J.L. Mechanisms, prevention and clinical implications of nonsteroidal anti-inflammatory

drug-enteropathy. World. J. Gastroenterol. 2013, 19, 1861–1876. [CrossRef] [PubMed]

7. Boelsterli, U.A.; Redinbo, M.R.; Saitta, K.S. Multiple NSAID-induced hits injure the small intestine:

Underlying mechanisms and novel strategies. Toxicol. Sci. 2013, 131, 654–667. [CrossRef] [PubMed]

8. Takeuchi, K.; Satoh, H. NSAID-induced small intestinal damage—Roles of various pathogenic factors.

Digestion 2015, 91, 218–232. [CrossRef] [PubMed]

9. Bjarnason, I.; Scarpignato, C.; Holmgren, E.; Olszewski, M.; Rainsford, K.D.; Lanas, A. Mechanisms of

Damage to the Gastrointestinal Tract From Nonsteroidal Anti-Inflammatory Drugs. Gastroenterology 2018,

154, 500–514. [CrossRef] [PubMed]

10. Kargman, S.; Charleson, S.; Cartwright, M.; Frank, J.; Riendeau, D.; Mancini, J.; Evans, J.; O’Neill, G.

Characterization of Prostaglandin G/H Synthase 1 and 2 in rat, dog, monkey, and human gastrointestinal

tracts. Gastroenterology 1996, 111, 445–454. [CrossRef] [PubMed]

11. Masferrer, J.L.; Zweifel, B.S.; Manning, P.T.; Hauser, S.D.; Leahy, K.M.; Smith, W.G.; Isakson, P.C.; Seibert, K.

Selective inhibition of inducible cyclooxygenase 2 in vivo is antiinflammatory and nonulcerogenic. Proc. Natl.

Acad. Sci. USA 1994, 91, 3228–3232. [CrossRef] [PubMed]

12. Lanza, F.L.; Rack, M.F.; Simon, T.J.; Quan, H.; Bolognese, J.A.; Hoover, M.E.; Wilson, F.R.; Harper, S.E. Specific

inhibition of cyclooxygenase-2 with MK-0966 is associated with less gastroduodenal damage than either

aspirin or ibuprofen. Aliment. Pharmacol. Ther. 1999, 13, 761–767. [CrossRef] [PubMed]

13. Bombardier, C.; Laine, L.; Reicin, A.; Shapiro, D.; Burgos-Vargas, R.; Davis, B.; Day, R.; Ferraz, M.B.;

Hawkey, C.J.; Hochberg, M.C.; et al. Comparison of upper gastrointestinal toxicity of rofecoxib and naproxen

in patients with rheumatoid arthritis. VIGOR Study Group. N. Engl. J. Med. 2000, 343, 1520–1528. [CrossRef]

[PubMed]

14. Goldstein, J.L.; Silverstein, F.E.; Agrawal, N.M.; Hubbard, R.C.; Kaiser, J.; Maurath, C.J.; Verburg, K.M.;

Geis, G.S. Reduced risk of upper gastrointestinal ulcer complications with celecoxib, a novel COX-2 inhibitor.

Am. J. Gastroenterol. 2000, 95, 1681–1690. [CrossRef] [PubMed]

15. Silverstein, F.E.; Faich, G.; Goldstein, J.L.; Simon, L.S.; Pincus, T.; Whelton, A.; Makuch, R.; Eisen, G.;

Agrawal, N.M.; Stenson, W.F.; et al. Gastrointestinal toxicity with celecoxib vs nonsteroidal anti-inflammatory

drugs for osteoarthritis and rheumatoid arthritis: The CLASS study: A randomized controlled trial. Celecoxib

Long-term Arthritis Safety Study. JAMA 2000, 284, 1247–1255. [CrossRef] [PubMed]

http://dx.doi.org/10.1053/gast.2001.21907
http://www.ncbi.nlm.nih.gov/pubmed/11179238
http://dx.doi.org/10.1007/s00535-008-2266-6
http://www.ncbi.nlm.nih.gov/pubmed/19148789
http://dx.doi.org/10.1016/j.gtc.2009.03.007
http://www.ncbi.nlm.nih.gov/pubmed/19446262
http://dx.doi.org/10.1053/j.gastro.2011.06.075
http://www.ncbi.nlm.nih.gov/pubmed/21745447
http://dx.doi.org/10.1124/jpet.112.197475
http://www.ncbi.nlm.nih.gov/pubmed/22854201
http://dx.doi.org/10.3748/wjg.v19.i12.1861
http://www.ncbi.nlm.nih.gov/pubmed/23569332
http://dx.doi.org/10.1093/toxsci/kfs310
http://www.ncbi.nlm.nih.gov/pubmed/23091168
http://dx.doi.org/10.1159/000374106
http://www.ncbi.nlm.nih.gov/pubmed/25791157
http://dx.doi.org/10.1053/j.gastro.2017.10.049
http://www.ncbi.nlm.nih.gov/pubmed/29221664
http://dx.doi.org/10.1053/gast.1996.v111.pm8690211
http://www.ncbi.nlm.nih.gov/pubmed/8690211
http://dx.doi.org/10.1073/pnas.91.8.3228
http://www.ncbi.nlm.nih.gov/pubmed/8159730
http://dx.doi.org/10.1046/j.1365-2036.1999.00529.x
http://www.ncbi.nlm.nih.gov/pubmed/10383505
http://dx.doi.org/10.1056/NEJM200011233432103
http://www.ncbi.nlm.nih.gov/pubmed/11087881
http://dx.doi.org/10.1111/j.1572-0241.2000.02194.x
http://www.ncbi.nlm.nih.gov/pubmed/10925968
http://dx.doi.org/10.1001/jama.284.10.1247
http://www.ncbi.nlm.nih.gov/pubmed/10979111


Cells 2019, 8, 251 15 of 17

16. Hunt, R.H.; Bowen, B.; Mortensen, E.R.; Simon, T.J.; James, C.; Cagliola, A.; Quan, H.; Bolognese, J.A.

A randomized trial measuring fecal blood loss after treatment with rofecoxib, ibuprofen, or placebo in

healthy subjects. Am. J. Med. 2000, 109, 201–206. [CrossRef]

17. Laine, L.; Connors, L.G.; Reicin, A.; Hawkey, C.J.; Burgos-Vargas, R.; Schnitzer, T.J.; Yu, Q.; Bombardier, C.

Serious lower gastrointestinal clinical events with nonselective NSAID or coxib use. Gastroenterology 2003,

124, 288–292. [CrossRef] [PubMed]

18. Chan, F.K.; Lanas, A.; Scheiman, J.; Berger, M.F.; Nguyen, H.; Goldstein, J.L. Celecoxib versus omeprazole

and diclofenac in patients with osteoarthritis and rheumatoid arthritis (CONDOR): A randomised trial.

Lancet 2010, 376, 173–179. [CrossRef]

19. Takeuchi, K.; Smale, S.; Premchand, P.; Maiden, L.; Sherwood, R.; Thjodleifsson, B.; Bjornsson, E.; Bjarnason, I.

Prevalence and mechanism of nonsteroidal anti-inflammatory drug-induced clinical relapse in patients with

inflmmatory bowel disease. Clin. Gastroenterol. Hepatol. 2006, 4, 196–202. [CrossRef]

20. Morham, S.G.; Langenbach, R.; Loftin, C.D.; Tiano, H.F.; Vouloumanos, N.; Jennette, J.C.; Mahler, J.F.;

Kluckman, K.D.; Ledford, A.; Lee, C.A.; et al. Prostaglandin synthase 2 gene disruption causes severe renal

pathology in the mouse. Cell 1995, 83, 473–482. [CrossRef]

21. Sigthorsson, G.; Simpson, R.J.; Walley, M.; Anthony, A.; Foster, R.; Hotz-Behoftsitz, C.; Palizban, A.;

Pombo, J.; Watts, J.; Morham, S.G.; et al. COX-1 and 2, intestinal integrity, and pathogenesis of nonsteroidal

anti-inflammatory drug enteropathy in mice. Gastroenterology 2002, 122, 1913–1923. [CrossRef] [PubMed]

22. Maiden, L.; Thjodleifsson, B.; Seigal, A.; Bjarnason, I.I.; Scott, D.; Birgisson, S.; Bjarnason, I. Long-term

effects of nonsteroidal anti-inflammatory drugs and cyclooxygenase-2 selective agents on the small bowel:

A cross-sectional capsule enteroscopy study. Clin. Gastroenterol. Hepatol. 2007, 5, 1040–1045. [CrossRef]

[PubMed]

23. Reuter, B.K.; Asfaha, S.; Buret, A.; Sharkey, K.A.; Wallace, J.L. Exacerbation of inflammation-associated

colonic injury in rat through inhibition of cyclooxygenase-2. J. Clin. Investig. 1996, 98, 2076–2085. [CrossRef]

[PubMed]

24. Bonner, G.F. Exacerbation of inflammatory bowel disease associated with use of celecoxib. Am. J. Gastroenterol.

2001, 96, 1306–1308. [CrossRef] [PubMed]

25. Matuk, R.; Crawford, J.; Abreu, M.T.; Targan, S.R.; Vasiliauskas, E.A.; Papadakis, K.A. The spectrum of

gastrointestinal toxicity and effect on disease activity of selective cyclooxygenase-2 inhibitors in patients

with inflammatory bowel disease. Inflamm. Bowel. Dis. 2004, 10, 352–356. [CrossRef] [PubMed]

26. Wilcox, G.M.; Mattia, A.R. Rofecoxib and inflammatory bowel disease: Clinical and pathologic observations.

J. Clin. Gastroenterol. 2005, 39, 142–143. [CrossRef] [PubMed]

27. Syer, S.D.; Blackler, R.W.; Martin, R.; De Palma, G.; Rossi, L.; Verdu, E.; Bercik, P.; Surette, M.G.; Aucouturier, A.;

Langella, P.; et al. NSAID enteropathy and bacteria: A complicated relationship. J. Gastroenterol. 2015, 50, 387–393.

[CrossRef] [PubMed]

28. Kent, T.H.; Cardelli, R.M.; Stamler, F.W. Small intestinal ulcers and intestinal flora in rats given indomethacin.

Am. J. Pathol. 1969, 54, 237–249. [PubMed]

29. Hagiwara, M.; Kataoka, K.; Arimochi, H.; Kuwahara, T.; Ohnishi, Y. Role of unbalanced growth of

gram-negative bacteria in ileal ulcer formation in rats treated with a nonsteroidal anti-inflammatory drug.

J. Med. Investig. 2004, 51, 43–51. [CrossRef]

30. Dalby, A.B.; Frank, D.N.; St Amand, A.L.; Bendele, A.M.; Pace, N.R. Culture-independent analysis of

indomethacin-induced alterations in the rat gastrointestinal microbiota. Appl. Environ. Microbiol. 2006,

72, 6707–6715. [CrossRef] [PubMed]

31. Blackler, R.W.; De Palma, G.; Manko, A.; Da Silva, G.J.; Flannigan, K.L.; Bercik, P.; Surette, M.G.; Buret, A.G.;

Wallace, J.L. Deciphering the pathogenesis of NSAID enteropathy using proton pump inhibitors and a

hydrogen sulfide-releasing NSAID. Am. J. Physiol. Gastrointest. Liver. Physiol. 2015, 308, G994–G1003.

[CrossRef] [PubMed]

32. Kaur, N.; Chen, C.C.; Luther, J.; Kao, J.Y. Intestinal dysbiosis in inflammatory bowel disease. Gut. Microbes

2011, 2, 211–216. [CrossRef] [PubMed]

33. Montrose, D.C.; Zhou, X.K.; McNally, E.M.; Sue, E.; Yantiss, R.K.; Gross, S.S.; Leve, N.D.; Karoly, E.D.;

Suen, C.S.; Ling, L.; et al. Celecoxib Alters the Intestinal Microbiota and Metabolome in Association with

Reducing Polyp Burden. Cancer. Prev. Res. 2016, 9, 721–731. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0002-9343(00)00470-8
http://dx.doi.org/10.1053/gast.2003.50054
http://www.ncbi.nlm.nih.gov/pubmed/12557133
http://dx.doi.org/10.1016/S0140-6736(10)60673-3
http://dx.doi.org/10.1016/S1542-3565(05)00980-8
http://dx.doi.org/10.1016/0092-8674(95)90125-6
http://dx.doi.org/10.1053/gast.2002.33647
http://www.ncbi.nlm.nih.gov/pubmed/12055598
http://dx.doi.org/10.1016/j.cgh.2007.04.031
http://www.ncbi.nlm.nih.gov/pubmed/17625980
http://dx.doi.org/10.1172/JCI119013
http://www.ncbi.nlm.nih.gov/pubmed/8903327
http://dx.doi.org/10.1111/j.1572-0241.2001.03730.x
http://www.ncbi.nlm.nih.gov/pubmed/11316199
http://dx.doi.org/10.1097/00054725-200407000-00005
http://www.ncbi.nlm.nih.gov/pubmed/15475742
http://dx.doi.org/10.1097/01.mcg.0000150243.72499.6b
http://www.ncbi.nlm.nih.gov/pubmed/15681911
http://dx.doi.org/10.1007/s00535-014-1032-1
http://www.ncbi.nlm.nih.gov/pubmed/25572030
http://www.ncbi.nlm.nih.gov/pubmed/5765565
http://dx.doi.org/10.2152/jmi.51.43
http://dx.doi.org/10.1128/AEM.00378-06
http://www.ncbi.nlm.nih.gov/pubmed/17021222
http://dx.doi.org/10.1152/ajpgi.00066.2015
http://www.ncbi.nlm.nih.gov/pubmed/25882612
http://dx.doi.org/10.4161/gmic.2.4.17863
http://www.ncbi.nlm.nih.gov/pubmed/21983063
http://dx.doi.org/10.1158/1940-6207.CAPR-16-0095
http://www.ncbi.nlm.nih.gov/pubmed/27432344


Cells 2019, 8, 251 16 of 17

34. Whitfield-Cargile, C.M.; Chamoun-Emanuelli, A.M.; Cohen, N.D.; Richardson, L.M.; Ajami, N.J.;

Dockery, H.J. Differential effects of selective and non-selective cyclooxygenase inhibitors on fecal microbiota

in adult horses. PLoS ONE 2018, 13, e0202527. [CrossRef] [PubMed]

35. Bokulich, N.A.; Battaglia, T.; Aleman, J.O.; Walker, J.M.; Blaser, M.J.; Holt, P.R. Celecoxib does not alter

intestinal microbiome in a longitudinal diet-controlled study. Clin. Microbiol. Infect. 2016, 22, 464–465.

[CrossRef] [PubMed]

36. Jackson, L.M.; Wu, K.C.; Mahida, Y.R.; Jenkins, D.; Hawkey, C.J. Cyclooxygenase (COX) 1 and 2 in normal,

inflamed, and ulcerated human gastric mucosa. Gut 2000, 47, 762–770. [CrossRef] [PubMed]

37. Haworth, R.; Oakley, K.; McCormack, N.; Pilling, A. Differential expression of COX-1 and COX-2 in the

gastrointestinal tract of the rat. Toxicol. Pathol. 2005, 33, 239–245. [CrossRef] [PubMed]

38. Thangamani, S.; Younis, W.; Seleem, M.N. Repurposing celecoxib as a topical antimicrobial agent.

Front. Microbiol. 2015, 6, 750. [CrossRef] [PubMed]

39. Fornai, M.; Antonioli, L.; Colucci, R.; Pellegrini, C.; Giustarini, G.; Testai, L.; Martelli, A.; Matarangasi, A.;

Natale, G.; Calderone, V.; et al. NSAID-induced enteropathy: Are the currently available selective COX-2

inhibitors all the same? J. Pharmacol. Exp. Ther. 2014, 348, 86–95. [CrossRef] [PubMed]

40. Zeng, M.Y.; Inohara, N.; Nunez, G. Mechanisms of inflammation-driven bacterial dysbiosis in the gut.

Mucosal. Immunol. 2017, 10, 18–26. [CrossRef] [PubMed]

41. Rordorf, C.M.; Choi, L.; Marshall, P.; Mangold, J.B. Clinical pharmacology of lumiracoxib: A selective

cyclo-oxygenase-2 inhibitor. Clin. Pharmacokinet. 2005, 44, 1247–1266. [CrossRef] [PubMed]

42. Okumu, A.; DiMaso, M.; Lobenberg, R. Computer simulations using GastroPlus to justify a biowaiver for

etoricoxib solid oral drug products. Eur. J. Pharm. Biopharm. 2009, 72, 91–98. [CrossRef] [PubMed]

43. Kim, T.W.; Vercelli, C.; Briganti, A.; Re, G.; Giorgi, M. The pharmacokinetics and in vitro/ex vivo cyclooxygenase

selectivity of parecoxib and its active metabolite valdecoxib in cats. Vet. J. 2014, 202, 37–42. [CrossRef] [PubMed]

44. Bjarnason, I.; Scarpignato, C.; Takeuchi, K.; Rainsford, K.D. Determinants of the short-term gastric damage

caused by NSAIDs in man. Aliment. Pharmacol. Ther. 2007, 26, 95–106. [CrossRef] [PubMed]

45. Wallace, J.L.; Chapman, K.; McKnight, W. Limited anti-inflammatory efficacy of cyclo-oxygenase-2 inhibition

in carrageenan-airpouch inflammation. Br. J. Pharmacol. 1999, 126, 1200–1204. [CrossRef] [PubMed]

46. Gierse, J.K.; Zhang, Y.; Hood, W.F.; Walker, M.C.; Trigg, J.S.; Maziasz, T.J.; Koboldt, C.M.; Muhammad, J.L.;

Zweifel, B.S.; Masferrer, J.L.; et al. Valdecoxib: Assessment of cyclooxygenase-2 potency and selectivity.

J. Pharmacol. Exp. Ther. 2005, 312, 1206–1212. [CrossRef] [PubMed]

47. McCafferty, J.; Muhlbauer, M.; Gharaibeh, R.Z.; Arthur, J.C.; Perez-Chanona, E.; Sha, W.; Jobin, C.; Fodor, A.A.

Stochastic changes over time and not founder effects drive cage effects in microbial community assembly in

a mouse model. ISME J. 2013, 7, 2116–2125. [CrossRef] [PubMed]

48. Yamamoto, A.; Itoh, T.; Nasu, R.; Nishida, R. Sodium alginate ameliorates indomethacin-induced

gastrointestinal mucosal injury via inhibiting translocation in rats. World. J. Gastroenterol. 2014, 20, 2641–2652.

[CrossRef] [PubMed]

49. Mantyh, C.R.; Pappas, T.N.; Lapp, J.A.; Washington, M.K.; Neville, L.M.; Ghilardi, J.R.; Rogers, S.D.;

Mantyh, P.W.; Vigna, S.R. Substance P activation of enteric neurons in response to intraluminal Clostridium

difficile toxin A in the rat ileum. Gastroenterology 1996, 111, 1272–1280. [CrossRef] [PubMed]

50. Szucs, Z.; Bereczki, I.; Csavas, M.; Roth, E.; Borbas, A.; Batta, G.; Ostorhazi, E.; Szatmari, R.; Herczegh, P.

Lipophilic teicoplanin pseudoaglycon derivatives are active against vancomycin- and teicoplanin-resistant

enterococci. J. Antibiot. 2017, 70, 664–670. [CrossRef] [PubMed]

51. Klindworth, A.; Pruesse, E.; Schweer, T.; Peplies, J.; Quast, C.; Horn, M.; Glockner, F.O. Evaluation of general

16S ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity studies.

Nucleic. Acids. Res. 2013, 41, e1. [CrossRef] [PubMed]

52. Wood, D.E.; Salzberg, S.L. Kraken: Ultrafast metagenomic sequence classification using exact alignments.

Genome. Biol. 2014, 15, R46. [CrossRef] [PubMed]

53. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.; Fierer, N.; Pena, A.G.;

Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput community sequencing data.

Nat. Methods 2010, 7, 335–336. [CrossRef] [PubMed]

54. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data

with DESeq2. Genome. Biol. 2014, 15, 550. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0202527
http://www.ncbi.nlm.nih.gov/pubmed/30138339
http://dx.doi.org/10.1016/j.cmi.2016.01.013
http://www.ncbi.nlm.nih.gov/pubmed/26806255
http://dx.doi.org/10.1136/gut.47.6.762
http://www.ncbi.nlm.nih.gov/pubmed/11076873
http://dx.doi.org/10.1080/01926230590906512
http://www.ncbi.nlm.nih.gov/pubmed/15902967
http://dx.doi.org/10.3389/fmicb.2015.00750
http://www.ncbi.nlm.nih.gov/pubmed/26284040
http://dx.doi.org/10.1124/jpet.113.207118
http://www.ncbi.nlm.nih.gov/pubmed/24135073
http://dx.doi.org/10.1038/mi.2016.75
http://www.ncbi.nlm.nih.gov/pubmed/27554295
http://dx.doi.org/10.2165/00003088-200544120-00004
http://www.ncbi.nlm.nih.gov/pubmed/16372823
http://dx.doi.org/10.1016/j.ejpb.2008.10.019
http://www.ncbi.nlm.nih.gov/pubmed/19056493
http://dx.doi.org/10.1016/j.tvjl.2014.07.025
http://www.ncbi.nlm.nih.gov/pubmed/25135338
http://dx.doi.org/10.1111/j.1365-2036.2007.03348.x
http://www.ncbi.nlm.nih.gov/pubmed/17555426
http://dx.doi.org/10.1038/sj.bjp.0702420
http://www.ncbi.nlm.nih.gov/pubmed/10205009
http://dx.doi.org/10.1124/jpet.104.076877
http://www.ncbi.nlm.nih.gov/pubmed/15494548
http://dx.doi.org/10.1038/ismej.2013.106
http://www.ncbi.nlm.nih.gov/pubmed/23823492
http://dx.doi.org/10.3748/wjg.v20.i10.2641
http://www.ncbi.nlm.nih.gov/pubmed/24627600
http://dx.doi.org/10.1053/gast.1996.v111.pm8898641
http://www.ncbi.nlm.nih.gov/pubmed/8898641
http://dx.doi.org/10.1038/ja.2017.2
http://www.ncbi.nlm.nih.gov/pubmed/28144040
http://dx.doi.org/10.1093/nar/gks808
http://www.ncbi.nlm.nih.gov/pubmed/22933715
http://dx.doi.org/10.1186/gb-2014-15-3-r46
http://www.ncbi.nlm.nih.gov/pubmed/24580807
http://dx.doi.org/10.1038/nmeth.f.303
http://www.ncbi.nlm.nih.gov/pubmed/20383131
http://dx.doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281


Cells 2019, 8, 251 17 of 17

55. Toth, A.; Damjanova, I.; Puskas, E.; Janvari, L.; Farkas, M.; Dobak, A.; Borocz, K.; Paszti, J. Emergence of a

colistin-resistant KPC-2-producing Klebsiella pneumoniae ST258 clone in Hungary. Eur. J. Clin. Microbiol.

Infect. Dis. 2010, 29, 765–769. [CrossRef] [PubMed]

56. Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited. Faseb J.

2008, 22, 659–661. [CrossRef] [PubMed]

57. Davies, N.M.; Teng, X.W.; Skjodt, N.M. Pharmacokinetics of rofecoxib: A specific cyclo-oxygenase-2 inhibitor.

Clin. Pharmacokinet. 2003, 42, 545–556. [CrossRef] [PubMed]

58. Singh, D.P.; Borse, S.P.; Nivsarkar, M. A novel model for NSAID induced gastroenteropathy in rats.

J. Pharmacol. Toxicol. Methods. 2016, 78, 66–75. [CrossRef] [PubMed]

59. Duncan, S.H.; Louis, P.; Thomson, J.M.; Flint, H.J. The role of pH in determining the species composition of

the human colonic microbiota. Environ. Microbiol. 2009, 11, 2112–2122. [CrossRef] [PubMed]

60. Rogers, M.A.M.; Aronoff, D.M. The influence of non-steroidal anti-inflammatory drugs on the gut

microbiome. Clin. Microbiol. Infect. 2016, 22, 178.e1–178.e9. [CrossRef] [PubMed]

61. Teran-Ventura, E.; Aguilera, M.; Vergara, P.; Martinez, V. Specific changes of gut commensal microbiota and TLRs

during indomethacin-induced acute intestinal inflammation in rats. J. Crohns. Colitis. 2014, 8, 1043–1054. [CrossRef]

[PubMed]

62. Colucci, R.; Pellegrini, C.; Fornai, M.; Tirotta, E.; Antonioli, L.; Renzulli, C.; Ghelardi, E.; Piccoli, E.; Gentile, D.;

Benvenuti, L.; et al. Pathophysiology of NSAID-Associated Intestinal Lesions in the Rat: Luminal Bacteria

and Mucosal Inflammation as Targets for Prevention. Front. Pharmacol. 2018, 9, 1340. [CrossRef] [PubMed]

63. Makivuokko, H.; Tiihonen, K.; Tynkkynen, S.; Paulin, L.; Rautonen, N. The effect of age and non-steroidal

anti-inflammatory drugs on human intestinal microbiota composition. Br. J. Nutr. 2010, 103, 227–234.

[CrossRef] [PubMed]

64. Ng, S.C.; Hart, A.L.; Kamm, M.A.; Stagg, A.J.; Knight, S.C. Mechanisms of action of probiotics: Recent

advances. Inflamm. Bowel. Dis. 2009, 15, 300–310. [CrossRef] [PubMed]

65. Montalto, M.; Gallo, A.; Gasbarrini, A.; Landolfi, R. NSAID enteropathy: Could probiotics prevent it?

J. Gastroenterol. 2013, 48, 689–697. [CrossRef] [PubMed]

66. Watanabe, T.; Higuchi, K.; Kobata, A.; Nishio, H.; Tanigawa, T.; Shiba, M.; Tominaga, K.; Fujiwara, Y.;

Oshitani, N.; Asahara, T.; et al. Non-steroidal anti-inflammatory drug-induced small intestinal damage is

Toll-like receptor 4 dependent. Gut 2008, 57, 181–187. [CrossRef] [PubMed]

67. Kamada, N.; Seo, S.U.; Chen, G.Y.; Nunez, G. Role of the gut microbiota in immunity and inflammatory

disease. Nat. Rev. Immunol. 2013, 13, 321–335. [CrossRef] [PubMed]

68. Baron, J.A.; Sandler, R.S.; Bresalier, R.S.; Lanas, A.; Morton, D.G.; Riddell, R.; Iverson, E.R.; Demets, D.L.

Cardiovascular events associated with rofecoxib: Final analysis of the APPROVe trial. Lancet 2008,

372, 1756–1764. [CrossRef]

69. Markov, A.G.; Veshnyakova, A.; Fromm, M.; Amasheh, M.; Amasheh, S. Segmental expression of claudin

proteins correlates with tight junction barrier properties in rat intestine. J. Comp. Physiol. B 2010, 180, 591–598.

[CrossRef] [PubMed]

70. Landy, J.; Ronde, E.; English, N.; Clark, S.K.; Hart, A.L.; Knight, S.C.; Ciclitira, P.J.; Al-Hassi, H.O. Tight

junctions in inflammatory bowel diseases and inflammatory bowel disease associated colorectal cancer.

World. J. Gastroenterol. 2016, 22, 3117–3126. [CrossRef] [PubMed]

71. Hersh, E.V.; Hammond, B.F.; Fleury, A.A. Antimicrobial activity of flurbiprofen and ibuprofen in vitro

against six common periodontal pathogens. J. Clin. Dent. 1991, 3, 1–5. [PubMed]

72. Mohsen, A.; Gomaa, A.; Mohamed, F.; Ragab, R.; Eid, M.; Ahmed, A.-H.; Khalaf, A.; Kamal, M.; Mokhtar, S.;

Mohamed, H.; et al. Antibacterial, Anti-biofilm Activity of Some Non-steroidal Anti-Inflammatory Drugs

and N-acetyl Cysteine against Some Biofilm Producing Uropathogens. Am. J. Epidemiol. 2015, 3, 1–9.

[CrossRef]

73. Li, D.; Chen, H.; Mao, B.; Yang, Q.; Zhao, J.; Gu, Z.; Zhang, H.; Chen, Y.Q.; Chen, W. Microbial Biogeography

and Core Microbiota of the Rat Digestive Tract. Sci. Rep. 2017, 8, 45840. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access

article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10096-010-0921-3
http://www.ncbi.nlm.nih.gov/pubmed/20401676
http://dx.doi.org/10.1096/fj.07-9574LSF
http://www.ncbi.nlm.nih.gov/pubmed/17942826
http://dx.doi.org/10.2165/00003088-200342060-00004
http://www.ncbi.nlm.nih.gov/pubmed/12793839
http://dx.doi.org/10.1016/j.vascn.2015.11.008
http://www.ncbi.nlm.nih.gov/pubmed/26655077
http://dx.doi.org/10.1111/j.1462-2920.2009.01931.x
http://www.ncbi.nlm.nih.gov/pubmed/19397676
http://dx.doi.org/10.1016/j.cmi.2015.10.003
http://www.ncbi.nlm.nih.gov/pubmed/26482265
http://dx.doi.org/10.1016/j.crohns.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24566169
http://dx.doi.org/10.3389/fphar.2018.01340
http://www.ncbi.nlm.nih.gov/pubmed/30555323
http://dx.doi.org/10.1017/S0007114509991553
http://www.ncbi.nlm.nih.gov/pubmed/19703328
http://dx.doi.org/10.1002/ibd.20602
http://www.ncbi.nlm.nih.gov/pubmed/18626975
http://dx.doi.org/10.1007/s00535-012-0648-2
http://www.ncbi.nlm.nih.gov/pubmed/22875474
http://dx.doi.org/10.1136/gut.2007.125963
http://www.ncbi.nlm.nih.gov/pubmed/17639086
http://dx.doi.org/10.1038/nri3430
http://www.ncbi.nlm.nih.gov/pubmed/23618829
http://dx.doi.org/10.1016/S0140-6736(08)61490-7
http://dx.doi.org/10.1007/s00360-009-0440-7
http://www.ncbi.nlm.nih.gov/pubmed/20049600
http://dx.doi.org/10.3748/wjg.v22.i11.3117
http://www.ncbi.nlm.nih.gov/pubmed/27003989
http://www.ncbi.nlm.nih.gov/pubmed/1812907
http://dx.doi.org/10.12691/ajeid-3-1-1
http://dx.doi.org/10.1038/srep45840
http://www.ncbi.nlm.nih.gov/pubmed/28374781
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals 
	Ethical Considerations 
	In Vivo Studies 
	Study 1. Evaluating the Potency and Selectivity of Rofecoxib for Cyclooxygenase-2 Using the Carrageenan-Airpouch Model 
	Study 2. Evaluating the Effect of Long-Term Rofecoxib Treatment on Gastrointestinal Mucosal Integrity and on the Composition of the Small Intestinal Microbiota 

	Macroscopic Evaluation of Gastrointestinal Damage 
	Histological Analysis 
	Inflammatory Cytokines 
	Western Blot Analysis of Occludin and Claudin-1 
	Evaluation of Prostaglandin E2 Levels 
	Antibacterial Activity Assay 
	DNA Extraction, PCR Amplification and Sequencing 
	Determination of Small Intestinal Luminal pH 
	Materials 
	Statistics 

	Results 
	Rofecoxib Had no Inhibitory Effect on the Growth of Bacteria In Vitro 
	Rofecoxib Produced Dose-Dependent, Selective, and Long-Lasting Inhibition of COX-2-Mediated Prostaglandin E2 Synthesis In Vivo 
	Long-Term Inhibition of Cyclooxygenase-2 by Rofecoxib did not Cause Significant Damage to the Gastrointestinal Mucosa 
	Rofecoxib Had no Significant Effect on the Composition of Small Intestinal Microbiota 

	Discussion 
	References

