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NSAID enteropathy and bacteria: a complicated relationship
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Abstract The clinical significance of small intestinal

damage caused by nonsteroidal anti-inflammatory drugs

(NSAIDs) remains under-appreciated. It occurs with

greater frequency than the damage caused by these drugs in

the upper gastrointestinal tract, but is much more difficult

to diagnose and treat. Although the pathogenesis of NSAID

enteropathy remains incompletely understood, it is clear

that bacteria, bile, and the enterohepatic circulation of

NSAIDs are all important factors. However, they are also

interrelated with one another. Bacterial enzymes can affect

the cytotoxicity of bile and are essential for enterohepatic

circulation of NSAIDs. Gram-negative bacteria appear to

be particularly important in the pathogenesis of NSAID

enteropathy, possibly through release of endotoxin. Inhib-

itors of gastric acid secretion significantly aggravate

NSAID enteropathy, and this effect is due to significant

changes in the intestinal microbiome. Treatment with

antibiotics can, in some circumstances, reduce the severity

of NSAID enteropathy, but published results are inconsis-

tent. Specific antibiotic-induced changes in the microbiota

have not been causally linked to prevention of intestinal

damage. Treatment with probiotics, particularly Bifido-

bacterium, Lactobacillus, and Faecalibacteriaum pra-

usnitzii, has shown promising effects in animal models.

Our studies suggest that these beneficial effects are due to

colonization by the bacteria, rather than to products

released by the bacteria.
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NSAID enteropathy: an under-recognized clinical

problem

Nonsteroidal anti-inflammatory drugs (NSAIDs) remain

among the most widely used drugs worldwide despite

significant adverse effects that include gastrointestinal (GI)

ulceration and bleeding [1, 2] and an increased risk of

serious cardiovascular events [3]. Although there are drugs

available for preventing the upper GI tract adverse effects

of NSAIDs (inhibitors of gastric acid secretion), no mea-

sures have been identified that have been proven to be

effective at preventing the small intestinal injury caused by

these drugs [1, 4, 5]. There are also no proven-effective

treatments for NSAID enteropathy once it has occurred

[1, 2, 4]. With improved means of detection, such as video

capsule endoscopy, physicians are becoming more aware
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that the small intestinal damage caused by NSAIDs is

much more common and much more serious than previ-

ously recognized [4, 6–11]. The prevalence of NSAID-

induced damage in the small intestine was highlighted by

data showing that various features consistent with damage

are common among long-term NSAID users: inflammation

in 60–70 %, ulceration in 30–40 %, increased permeability

in up to 70 %, bleeding/anemia in 30 %, and malabsorp-

tion in 40–70 % [4]. These authors pointed out that ‘‘the

magnitude of these serious outcomes from the lower GI

tract is not well defined, but recent data suggest that they

may be as frequent and severe as upper GI complications’’

[4]. McCarthy [10] expressed a similar view, pointing out

that in the VIGOR trial [12], most of the damage and

bleeding caused by naproxen and rofecoxib occurred in the

small intestine, distal to the ligament of Treitz.

Unfortunately, the cost of video capsule endoscopy has

limited its widespread use, so NSAID enteropathy contin-

ues to be underdiagnosed. There is a lack of simple, non-

invasive methods with sufficient sensitivity and specificity

for detecting ulceration and bleeding in the small intestine.

An additional problem with detecting NSAID enteropathy

is that patients often do not have symptoms that would alert

them or their physician to a problem. Moreover, as com-

pared with upper GI tract events requiring hospitalization,

lower GI tract events were associated with higher rates of

mortality and relapse, and significantly longer periods of

hospitalization [11].

A relationship between acid suppression and NSAID

enteropathy?

In 2009, Lanas et al. [11] reported that hospitalizations due

to lower GI tract adverse events had been steadily rising

during the 1990s and the first decade of this century, when

use of proton pump inhibitors (PPIs) and selective cyclo-

oxygenase 2 inhibitors became prevalent. During the same

period, hospitalizations due to upper GI tract adverse

events declined significantly. The decrease in the incidence

of upper GI events was easy to understand, but why was

the incidence of lower GI tract events increasing? We

wondered if the rise in lower GI tract events might be

mechanistically linked to the increased use of PPIs. In

2011, we reported that in rodents, suppression of acid

secretion with PPIs, although effective at preventing gas-

troduodenal damage, resulted in a dramatic worsening of

distal intestinal damage [13]. This was confirmed by oth-

ers, and was shown to occur also with histamine H2

receptor antagonists [14–16]. Moreover, there is clinical

evidence linking use of PPIs and H2receptor antagonists to

severe intestinal damage observed in rheumatoid arthritis

patients taking NSAIDs [8]. We also observed that low-

dose aspirin significantly exacerbated NSAID-induced

small intestinal ulceration and bleeding [13].

The mechanism underlying the increase in intestinal

damage in rats treated with a PPI was linked to a dramatic

change in the intestinal microbiota. In particular, there was

a substantial decrease in the numbers of Bifidobacterium in

the intestine following PPI administration [13]. Restoration

of intestinal Bifidobacterium numbers resulted in a reversal

of the exacerbation of intestinal injury by PPIs. Studies

performed in germ-free mice confirmed that susceptibility

to NSAID-induced small intestinal injury could be trans-

ferred via the microbiota [13].

Many studies have implicated bacteria in the patho-

genesis of NSAID enteropathy, but the underlying mech-

anism has not been identified. Bacteria will rapidly

colonize ulcers, and can delay their healing [17], but in

terms of a primary role in ulceration, bacteria may con-

tribute through effects on the cytotoxicity of bile. Sec-

ondary bile acids are particularly damaging to epithelial

cells [18]. The conversion of primary bile acids to sec-

ondary bile acids is catalyzed by bacterial enzymes [19].

Treatment of rats with PPIs or H2 receptor antagonists has

been shown to markedly increase the cytotoxicity of bile

[20]. The presence of NSAIDs in bile (free or glucuroni-

dated) may also contribute to epithelial damage and sub-

sequent ulceration [21]. Enterohepatic circulation of

NSAIDs is key to the induction of intestinal damage [22–

25], and is dependent on bacterial b-glucuronidases [26].

Inhibition of b-glucuronidase activity has been shown to

prevent NSAID enteropathy in mice [26]. Germ-free rats

do not develop intestinal damage when given NSAIDs,

further suggesting a key role of bacteria in the pathogenesis

of this injury [27, 28]. However, this could be related to the

absence of bacterial enzymes important to the processes

outlined above (e.g., conversion of primary bile acids to

secondary bile acids and deglucuronidation to allow reab-

sorption of NSAIDs in the ileum and their subsequent

enterohepatic circulation).

Do antibiotics prevent NSAID enteropathy?

Although antibiotics have been suggested as a viable

approach to prevention of NSAID enteropathy, there is

very little clinical evidence to support such use. For

example, metronidazole was suggested to be effective for

such an application, but this was based on a single, open-

label study [29]. On the other hand, there have been

numerous studies on the effects of antibiotics in animal

models of NSAID enteropathy. One of the consistent

findings from animal studies of the role of bacteria in

NSAID enteropathy has been the increase in Gram-nega-

tive bacteria in the intestine following NSAID
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administration [13, 23, 30]. A role for Gram-negative

bacteria in the pathogenesis of NSAID enteropathy is

supported by evidence that bacterial endotoxin contributes

significantly to ulceration in the intestine [31]. Koga et al.

[32] reported that oral pretreatment of rats with kanamycin,

which targets Gram-negative bacteria, dose-dependently

prevented the small intestinal injury induced by indo-

methacin. Leite et al. [33] reported protective effects

against indomethacin-induced enteropathy by metronida-

zole, which is effective at killing Gram-negative and

Gram-positive anaerobes. However, these treatments have

not been found to be consistently effective [30]. For

example, as shown in Fig. 1, we observed that treatment of

rats with kanamycin had no significant effect on naproxen-

induced small intestinal damage. In the same study, treat-

ment with vancomycin (which mainly targets Gram-posi-

tive bacteria) or rifaximin (a broad-spectrum, nonabsorbed

antibiotic) also failed to significantly affect the severity of

naproxen-induced enteropathy. In each of these experi-

ments, the rats received the antibiotic for several days prior

to initiation of twice daily naproxen administration.

In contrast to these studies of a single antibiotic, studies

in which a cocktail of antibiotics was used have consis-

tently demonstrated a protective effect against NSAID-

induced intestinal damage [23, 28, 30]. For example, Kent

et al. [23] observed a significant reduction of indometha-

cin-induced intestinal damage with a cocktail of antibiotics

(neomycin, polymixin B, and bacitracin). Similarly, we

observed (Fig. 2) that treatment with a cocktail of ampi-

cillin, vancomycin, neomycin, and metronidazole resulted

in a significant diminution of the severity of naproxen-

induced intestinal damage. Despite treatment with the

antibiotic cocktail, in the drinking water, for several days

prior to treatment with the NSAID, the intestinal damage

was reduced, but not prevented. This is consistent with the

early observations of Kent et al. [23], who remarked:

‘‘since these agents do not prevent completely the ulcera-

tion, we think that these agents reduce the severity of the

lesions by allowing healing to start sooner, rather than by

preventing some synergistic effect between the flora and

the drug in causing the initial damage’’. GI ulcers are

rapidly colonized by bacteria (even in the near-sterile

stomach), and colonization generally delays ulcer healing,

although healing can be promoted through selective colo-

nization of the ulcers with certain bacteria [17].

To try to gain a better understanding of the mechanisms

through which antibiotics may affect susceptibility to

NSAID enteropathy, we examined the changes in micro-

biota in rats treated with different antibiotics by partial 16S

RNA gene profiling using Illumina sequencing of cecal

samples from each rat [34]. As shown in Fig. 3, the

intestinal microbiome of healthy rats was dominated by

bacteria of the phyla Firmicutes and Bacteroidetes.

Administration of naproxen over several days did not

appear to cause much of a change in the microbiota, but

actually there were significant shifts in the nondominant

species (in particular, a marked increase in Proteobacte-

ria), and these changes may contribute to intestinal dam-

age. Vancomycin is an antibiotic that primarily targets

Gram-positive bacteria, so not surprisingly, in rats treated

Fig. 1 When administered to rats once daily for 5 days prior to

initiating twice daily naproxen treatment, rifaximin (a), kanamycin

(b), and vancomycin (c) did not significantly affect the severity of

intestinal damage. The entire small intestine was examined by an

individual blind to the treatments the rats received. The area of each

ulcer was measured with calipers, and was summed to give the

‘‘intestinal damage score’’. Each bar represents the mean ± the

standard error of the mean of at least six rats per group. The damage

scores for antibiotic-treated groups did not differ significantly from

the damage scores for vehicle-treated groups (Student’s t test)
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with this agent there was a marked diminution of the levels

of Firmicutes (Gram-positive bacteria) and a marked

increase in Gram-negative bacteria (e.g., Bacteroidetes,

Tenericutes, Proteobacteria, Verrucomicrobia). By itself,

vancomycin did not cause intestinal damage. However,

when naproxen was administered to vancomycin-treated

rats, there was extensive intestinal damage, comparable in

severity to that observed with naproxen alone (see Fig. 1c).

The microbiota profile produced by vancomycin was lar-

gely preserved when naproxen was coadministered

(Fig. 3).

Figure 4 shows the results of Illumina sequencing of

cecal samples from rats treated with kanamycin. Kana-

mycin also markedly reduced Firmicutes levels, although

not to the same extent as did vancomycin. Likewise, the

increased representation of several Gram-negative bacteria

was less pronounced than in the rats treated with vanco-

mycin. However, the changes induced by the combination

of naproxen and kanamycin were not markedly different

from the changes induced by kanamycin alone. Moreover,

there was no apparent correlation between the observed

Fig. 2 Treatment of rats with a cocktail of antibiotics, added to the

drinking water, significantly reduced the severity of naproxen-

induced small intestinal ulceration. The antibiotic cocktail consisted

of ampillicin sodium salt (1 g/L), vancomycin hydrochloride

(500 mg/L), neomycin trisulfate salt hydrate (1 g/L), and metronida-

zole (1 g/L). It was provided to the rats for a total of 9 days, and

naproxen (or vehicle) was administered twice daily over the final

4 days. Water consumption in the four groups of rats did not differ

significantly during the study. Naproxen was given at 20 mg/kg. The

results are shown at the mean ± the standard error of the mean of at

least six rats per group. **p \ 0.01 (one-way ANOVA and Dunnett’s

multiple comparison test)

Fig. 3 Treatment with naproxen (20 mg/kg) and vancomycin

(50 mg/kg) caused significant shifts in the microbiome of rats.

Groups of 12 rats were treated orally with vehicle or vancomycin for a

total of 9 days. Subgroups of six rats were treated orally with

naproxen or vehicle twice daily for the final 4 days. 16S RNA

Illumina sequencing of cecal samples from each rat was performed.

Each vertical bar represents the sequencing data for one rat.

Treatment with vehicle or vancomycin did not elicit any intestinal

damage, whereas administration of naproxen plus vehicle or

naproxen plus vancomycin caused extensive intestinal damage (mean

scores of 135 and 145, respectively; see Fig. 1c). Relative to the

vehicle treatment, naproxen administration caused an increase in the

levels of Gram-negative bacteria, but those changes appeared small in

comparison with the effects of vancomycin, which caused a shift from

predominantly Gram-positive bacteria (Firmicutes) to a much greater

propensity of various Gram-negative bacteria (Verrucomicrobia,

Fusobacteria, Proteobacteria, Tenericutes). Nap naproxen, Vanc

vancomycin

Fig. 4 Treatment with naproxen (20 mg/kg) and kanamycin

(100 mg/kg) caused significant shifts in the microbiome of rats.

Groups of 11–12 rats were treated orally with vehicle or kanamycin

for a total of 9 days. Subgroups of five or six rats were treated orally

with naproxen or vehicle twice daily for the final 4 days. 16S RNA

Illumina sequencing of cecal samples from each rat was performed.

Each vertical bar represents the sequencing data for one rat.

Treatment with vehicle or kanamycin alone did not elicit any small

intestinal damage. In contrast, treatment with naproxen plus vehicle

or naproxen plus kanamycin resulted in extensive ulceration in the

small intestine in the two groups (mean damage scores of 120 and

212, respectively; not significantly different; see Fig. 1b). Nap

naproxen
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changes in the microbiota, and the extent of small intestinal

damage that was observed (see Fig. 1b).

Can probiotics protect against NSAID enteropathy?

Our studies demonstrating that PPI-induced changes in the

rat microbiome were responsible for the observed increase

in susceptibility to NSAID enteropathy included the

observation that replenishment of intestinal levels of Bifi-

dobacterium restored resistance to NSAID enteropathy

[13]. Several studies have demonstrated beneficial effects

of probiotics, including Lactobacillus acidophilus and

Lactobacillus casei, in experimental models of NSAID

enteropathy [30, 35]. There have also been human studies

demonstrating preventative effects of a single probiotic (L.

casei) [36] or of a cocktail of probiotics [37] against

NSAID-induced small intestinal injury. We conducted a

series of studies to attempt to confirm these previous

findings, and to explore possible mechanisms of action.

As shown in Fig. 5a, administration of Bifidobacterium

adolescentis once daily for 5 days prior to initiation of

twice daily naproxen administration resulted in a sub-

stantial reduction of intestinal ulceration. However, not all

Bifidobacterium species are effective for this application.

For example, Bifidobacterium longum subsp. longum JCM

1217 was ineffective in the same model.

Do substances released from probiotics account

for their beneficial effects?

Colonization of ulcers by bacteria may not be necessary to

affect ulcer formation or healing. Of course, endotoxin

liberated from bacteria can exacerbate ulceration and delay

healing [31]. It is also possible that metabolites from

bacteria can influence these processes. For example, Wa-

tanabe et al. [35] highlighted the possibility that lactic acid

released by L. casei strain Shirota might contribute to the

ability of that probiotic to reduce the severity of indo-

methacin-induced intestinal damage in rats. Kinouchi et al.

[30] demonstrated that supernatants from cultures of L.

acidophilus or B. adolescentis, but not the bacteria them-

selves, could significantly reduce NSAID-induced intesti-

nal damage.

We performed studies to further examine the possibility

that bacterial products, such as lactic acid, could prevent

NSAID enteropathy. We compared the effects of a number

of strains of Bifidobacterium, because a study by Fukuda

et al. [38] had demonstrated differences in their ability to

protect against enteropathogenic Escherichia coli infection

in mice. Fukuda et al. attributed protection by some Bifi-

dobacterium strains to their production of acetate, a short-

chain fatty acid. Short-chain fatty acids are products of

colonic fermentation, and have been associated with a

reduced risk of many conditions, including inflammatory

bowel disease, irritable bowel syndrome, cancer, and car-

diovascular disease [39].

In addition to the Bifidobacterium species that we used

(Fig. 5a), Fukuda et al. [38] used two other bacteria: B.

longum subsp. longum NCC 1205 and a mutant of B.

longum subsp. longum NCC 1205 in which a gene involved

in acetate production was deleted via homologous recom-

bination. In vitro metabolic profiling had confirmed that the

bacteria that were effective in preventing enterohemor-

rhagic E. coli infection had higher rates of fructose con-

sumption and acetate production [38]. Thus, B. longum

subsp. longum JCM 1217 and B. longum subsp. longum

NCC 1205 are high producers of acetate, B. adolescentis is

an intermediate producer of acetate, and B. longum subsp.

longum NCC 1205 mutant does not produce any acetate.

As shown in Fig. 5b, both B. longum subsp. longum NCC

1205 and its mutant substantially reduced the severity of

naproxen-induced small intestinal ulceration, to a similar

extent as was observed with B. adolescentis. These

observations strongly suggest that acetate production was

not the underlying mechanism for the protective effects of

these probiotics.

To investigate further the role of short-chain fatty acids

in our model, we treated naproxen-treated rats with the

commensal bacterium Faecalibacterium prausnitzii prior

to naproxen administration. F. prausnitzii is an acetate

consumer and butyrate producer [40]. F. prausnitzii has

been identified as an important contributor to human health

[41] and as a clinically significant protective factor against

relapses of Crohn’s disease [42]. Administration of F.

prausnitzii for several days prior to beginning twice daily

treatment with naproxen resulted in a marked reduction in

the severity of intestinal damage (Fig. 5c). However,

administration of the supernatant of F. prausnitzii had no

effect on the severity of naproxen-induced intestinal

damage.

Future perspectives

A review of the literature suggests that antibiotics that

target Gram-negative bacteria are usually effective in

reducing the extent of NSAID-induced intestinal ulceration

[28, 31, 32]. On the other hand, antibiotics that target

Gram-positive bacteria do not appear to alter the severity of

NSAID-induced intestinal damage [31]. However, there are

two major limitations to most of the existing literature

evaluating the co-administration of antibiotics and NSA-

IDs. First, these studies often involved administration of

only a single, large dose of an NSAID to the rodents, which
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does not adequately represent the clinical scenario of long-

term NSAID administration. Second, most studies have

used indomethacin, an NSAID that is exceptionally

damaging to the intestine and that is therefore rarely used

for long-term treatment.

Although an abundance of evidence exists to suggest

that bacteria contribute to the development of NSAID

enteropathy, whether the bacteria directly initiate the

damage once the intestine has been rendered susceptible to

injury through inhibition of mucosal prostaglandin syn-

thesis or whether bacteria exacerbate pre-existing tissue

injury and impede repair remains unclear [1, 2]. An addi-

tional layer of complexity in determining the role of bac-

teria in NSAID enteropathy is that the intestinal

microbiota, enterohepatic circulation, and bile are all clo-

sely interrelated. Thus, multiple variables could influence

the resistance to intestinal ulcerations observed in germ-

free rodents, or rodents with a ligated bile duct, after

NSAID administration. For instance, the ligation of the bile

duct prevents both the enterohepatic circulation of the

NSAID and the entry of bile acids (luminal irritants) into

the small intestine. In germ-free rodents, enterohepatic

circulation of NSAIDs does not occur, as there is no bac-

terial b-glucuronidase present to cleave the NSAID from

the glucuronide group, thereby allowing reabsorption [43].

Another variable that may influence the resistance of germ-

free rodents to intestinal damage is that they do not exhibit

any secondary bile acids, because of the absence of bac-

terial enzymes that convert primary bile acids to secondary

bile acids [19, 44].

Cocktails of antibiotics can reduce the severity of

NSAID enteropathy, but they cannot completely prevent

the damage. Some antibiotics, such as vancomycin, can

cause dramatic changes in the microbiota (shift from pri-

marily Gram-positive bacteria to primarily Gram-negative

bacteria), but this did not result in intestinal damage. This

strongly suggests that bacteria play a secondary role in the

pathogenesis of NSAID enteropathy.
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