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Abstract

The composition of the gut microbiome with use of nonsteroidal anti-inflammatory drugs
(NSAIDs) has not been fully characterized. Drug use within the past 30 days was ascertained in
155 adults and stool specimens were submitted for analysis. Area under the receiver operating
characteristic curve (AUC) was calculated in logit models to distinguish relative abundance of
operational taxonomic units (OTUs) by medication class. The type of medication had a greater
influence on the gut microbiome than the number of medications. NSAIDs were particularly
associated with distinct microbial populations. Four OTUs (Prevotella spp., Bacteroides spp,
family Ruminococaceae, Barnesiella spp.) discriminated aspirin users from no medication
(AUC=0.96; 95% CI 0.84, 1.00). The microbiome profile of celecoxib users was similar to
ibuprofen users, with both showing an enrichment of Acidaminococcaceae and
Enterobacteriaceae. Bacteria from families Propionibacteriaceae, Pseudomonadaceae,
Puniceicoccaceae, and Rikenellaceae were more abundant in individuals who were taking
ibuprofen than in controls or in individuals who were taking naproxen. Bacteroides spp. and
Erysipelotrichaceae spp. discriminated use of NSAIDs with proton pump inhibitors versus
NSAIDs alone (AUC=0.96; 95% CI: 0.87, 1.00). Bacteroides spp. and a bacterium of family
Ruminococcaceae discriminated individuals who were taking NSAIDs in combination with
antidepressants and laxatives versus individuals who were taking NSAIDs alone (AUC=0.98; 95%
Cl: 0.93, 1.00). In conclusion, bacteria in the gastrointestinal tract reflect the combinations of
medications that people ingest. The bacterial composition of the gut varied with the type of
NSAID ingested.
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INTRODUCTION

Nearly half of Americans are current users of prescription drugs and 10.6% took five or
more prescription drugs within the past 30 days [1]. Over-the-counter (OTC) drugs are used
more frequently, with 84% of Americans taking OTC medications to treat colds, influenza,
coughs or sinus problems, 82% for pain, 77% for gastrointestinal upset, and 75% for
allergies [2]. Nonsteroidal anti-inflammatory drugs (NSAIDs) are among the most widely
used medications. It was recently estimated that 19.0% of U.S. adults (43.6 million) ingested
aspirin at least three times a week on a chronic basis, while an estimated 12.8% (29.4
million) took NSAIDs at least three times a week for at least 3 months [3].

While medication use is common, the gastrointestinal effects of drug combinations have not
been fully characterized. We hypothesized that the gut microbiome is responsive to the
entirety of medications used at a given time and we were particularly interested in the
microbiome after ingestion of NSAIDs because of their frequent use in adults and their
capacity to induce gastrointestinal effects, some mediated through the inhibition of
prostaglandin formation [4]. There is considerable evidence to show that NSAIDs cause
bleeding, inflammation, and ulceration in the stomach and small intestine [5]. To minimize
the upper gastrointestinal effects, often proton pump inhibitors or H, receptor antagonists
are prescribed for patients taking NSAIDs. Yet, the NSAID-induced enteropathy in the
distal small intestine remains a concern for long-term users of NSAIDs, as well as other side
effects such as the increased risk of stroke and cardiovascular disease [6].

Although NSAID-induced gastropathy and enteropathy have been recognized for some time
[7], investigators more recently suggested that such effects may originate with dysbiosis,
that is, perturbations in the gut microbiome [8,9]. NSAID enteropathy does not occur in
germ-free mice but when Eubacterium limosum or Escherichia coli are introduced, intestinal
ulceration occurs [10,11]. Other animal studies indicate that, through changes in enteric
bacterial content, NSAID effects may be potentiated when administered with proton pump
inhibitors [12].

In this study, we explored the biodiversity and composition of the gut microbiome after
medication use in community volunteers.

METHODS

Community residents, 18 years of age or older, were recruited from southeastern Michigan
in the United States and were enrolled in the study from January 2011 through January 2012
[13]. Exclusion criteria were: diarrhea within the previous 7 days, pregnancy,
hospitalization, and residence in a skilled nursing facility. The study was approved by the
University of Michigan Institutional Review Board.

Subjects completed a questionnaire regarding demographic characteristics, medical history,
diet, and all medications (both OTC and prescription) used within the past 30 days.
Vitamins, minerals and other supplements were also recorded. For purposes of this study,
we considered use of any prescription drug, OTC drug, herbal supplement, or vitamin/
mineral supplement as “drug” use. Controls were individuals who did not use any
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prescription drugs, nonprescription drugs, herbal supplements, and/or vitamin/mineral
supplements in the past 30 days.

Each participant submitted a stool sample for bacterial DNA analyses using a home stool
specimen kit. PowerSoil®-htp 96 Well Soil DNA Isolation Kits (MO BIO Laboratories,
Inc., Carlshad, CA) were utilized to extract total bacterial DNA with an epMotion® 5075
Liquid Handling Workstation (Eppendorf, Hamburg, Germany). Using the 454 GS FLX
pyrosequencing platform, the V35 region of the 16S rRNA gene was amplified and
sequenced, followed by curation using mothur software [13,14]. Operational taxonomic unit
(OTU) clustering was performed with a 3% distance cutoff and the Ribosomal Database
Project naive Bayesian classifier was used to assign OTUs. Taxonomic assignments were
determined by using a naive Bayesian classifier with the Ribosomal Database Project
training set (version 9) with an 80% bootstrap confidence threshold. All samples were
rarefied to 1,450 sequences per sample [13]. Of the samples with >1,450 sequences, the
mean sequence per sample was 6,091 (range, 1450-17120; median, 5986; median absolute
deviation, 1296).

For initial microbial analyses, differences in bacterial OTUs from subjects using no
medication were compared with individuals taking only one medication. This was followed
by an analysis of individuals taking various drug combinations. These included medications
previously identified as having gastrointestinal effects: antibiotics (Abx), proton pump
inhibitors (PPI), H, receptor antagonists (HoR), laxatives (Lax), antiemetics, antidepressants
(ATD), and NSAIDs. Using previously described methods [13], participants were
categorized by ranked differences in relative abundance of bacterial OTUs by drug class.
The greatest ranked differences in bacterial relative abundance were used in logit models to
assess the discriminatory ability of bacterial OTUs to discriminate categories of medication
use. Post-estimation calculations of the area under the curve (AUC) from these logit models
were determined for receiver operator characteristic (ROC) curves with 95% confidence
intervals (CI). Differences between nested logit models were compared using the test for the
equality of ROC areas [15]. Wilcoxon rank-sum test was used to assess relative differences
in OTUs by medication class. In addition, two bacterial biodiversity indices were evaluated,
the Inverse Simpson Index [16] and the Shannon Index [17]; for both indices, an increased
value indicates greater diversity. Principal component analysis was used to generate a biplot
of the scores of the OTUs and type of NSAID (ibuprofen, naproxen) for the first two
principal components. Data were analyzed using Stata/MP 13.1 (StataCorp LP, College
Station, Texas, USA).

RESULTS

There were 155 individuals who participated in the study whose mean age was 52 years
(range, 19 to 88). Two-thirds of the participants were women (66%) and 83% were
Caucasian. The mean weight was 190 pounds (SD, 38) for men and 165 pounds (SD, 43) for
women. Older participants were more likely to use a greater number of medications than
younger subjects (p<0.001) but there were no significant associations between the number of
medications used in the past 30 days and gender, race, or weight.
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The most frequently ingested drugs were NSAIDs; 62 of the 155 participants (40%) used
NSAIDs within the past 30 days. The next most commonly used medication class was
antibiotics which were taken by 14.8% of the participants, followed by antidepressants taken
by 13.5%. Of the 155 participants, only 16.8% did not take any drugs within the past 30
days.

Biodiversity was significantly lower in those who used antibiotics versus those who did not
(Shannon Index, p=0.0022; Inverse Simpson Index, p=0.0325). The types of antibiotics used
were cephalosporin, penicillin, clindamycin and quinolone. The Inverse Simpson Index was
lowest for those individuals taking OTC medications for cold/flu symptoms (mean 5.25),
those taking antibiotics (mean 6.01), and those taking antidepressants (mean 6.07). The
results were similar for the Shannon Index (mean 2.32, mean 2.20, mean 2.42, respectively).

Of the 155 people, 14.8% used only 1 medication. The gut bacterial composition for
participants taking only 1 medication versus those taking none is shown in Figure 1. The
relative abundance of a specific OTU in the Enterobacteriaceae family was significantly
higher (p<0.0001) in persons taking the antidepressant citalopram (32%) and persons taking
the NSAID naproxen (20%) than in individuals not taking any medications (0.7%). There
was an enrichment of a specific Bacteroides spp. in persons taking DayQuil® and those
taking cough syrup.

To assess discriminatory ability of the gut bacteria for aspirin use versus no medication, the
AUC for the ROC curve was 0.96 (95% CI 0.84, 1.00) when 4 bacteria were entered into the
model (Prevotella spp., Bacteroides spp., an OTU from family Ruminococaceae,
Barnesiella spp.). This group of bacteria was more discriminatory than individual OTUs,
although a specific Bacteroides spp. did yield an AUC of 0.83 (95% CI: 0.61, 1.00) when
modeled alone. In comparison, the discriminatory ability of age and gender in determining
aspirin use was lower, with an AUC of 0.77 (95% CI: 0.51, 1.00).

Microbial differences in relative abundance for NSAID users (without other medications)
and controls are shown in Figure 2. Bacteria of the family Acidaminococcaceae were
significantly more prevalent in those taking NSAIDs compared to those not taking any
medications (p=0.0246). In a logit model, there were 4 specific bacterial OTUs which
significantly discriminated between individuals taking NSAIDs versus those taking no
medication. These OTUs were: (b) 2 distinct organisms of Bacteroides spp.; (b) bacterium in
the family Enterobacteriaceae; and (c) bacterium in the family Acidaminococcaceae. Of the
2 OTUs of Bacteroides spp., 1 was significantly more common in the NSAIDs group
(p=0.040) while the other was more common in controls (p=0.022). Discrimination in a logit
model produced an AUC of 0.86 with inclusion of these 4 OTUs (95% CI: 0.78, 0.94). In
comparison, the AUC for age and gender was 0.80 (95% 69, 0.92). The addition of
microbiome data significantly added to the predictive abilities of the model with age and
gender (AUC=0.91; 95% CI: 0.85, 0.97; p=0017 for the difference between models) and is
shown in Figure 3.

Bacterial relative abundance also distinguished persons taking naproxen versus those taking
no medication; the AUC was 0.92 (95% CI: 0.77, 1.00) as shown in Figure 3. The OTUs
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entered into this model were: a bacterium of family Enterobacteriaceae, 3 bacteria of
Bacteroides spp., and one bacterium of Alistipes spp. In comparison, the AUC for age and
gender was 0.78 (95% ClI: 0.59, 0.97). For ketorolac, one OTU of Alistipes spp. was highly
predictive of this drug use (relative abundance 42% with ketorolac, relative abundance 7%
with no medication, p<0.0001). The microbiome profile of celecoxib users was more similar
to ibuprofen users, with both showing an enrichment of Acidaminococcaceae and
Enterobacteriaceae.

Figure 4 shows a heat map of bacterial families in naproxen users, ibuprofen users, and
controls (for families with greatest differences in relative abundance). Bacteria from families
Propionibacteriaceae, Pseudomonadaceae, Puniceicoccaceae, and Rikenellaceae were more
abundant in individuals who were taking ibuprofen than in controls or in individuals who
were taking naproxen. Bacteria of families Acidaminococcaceae, Desulfovibrionaceae,
Enterococcaceae, and Erysipelotrichaceae were more common in the NSAID users than in
the controls. In secondary analyses, we conducted a principal component analysis of the
relative abundance of OTUs distinguishing ibuprofen from naproxen. The biplot with
vectors is shown in Figure 5. The most influential bacteria distinguishing ibuprofen from
naproxen were Prevotella spp. and Alistipes spp. in ibuprofen users and a specific
Bacteroides spp. in naproxen users.

The gut microbiome of participants who used multiple medications was also examined
(Figure 6). The most predominant bacterium in the antiemetic group was from the family
Enterobacteriaceae (53.9% relative abundance). For participants taking both antibiotics and
H, receptor antagonists, two bacteria of the species Bacteroides were most abundant (33%
and 30%). There were differences in the gut microbiome for individuals taking NSAIDs
with PPIs versus those taking NSAIDs without PPIs. In a logit model comparing persons
taking NSAIDs with PPIs versus those taking only NSAIDs, the AUC was 0.96 (95% CI:
0.87, 1.00) when 2 specific OTUs were included (Bacteroides spp., Erysipelotrichaceae
spp.). Logit models comparing participants taking NSAIDs with antidepressants versus
those taking NSAIDs (without antidepressants) also were predictive, with an AUC of 0.85
(95% CI: 0.55, 1.00) for 4 OTUs (3 Bacteroides spp. and 1 Lachnospiracea spp.). When the
next organism was added (family Acidaminococcaceae), the AUC was 0.96 (95% ClI: 0.87,
1.00). Three specific OTUs (2 Bacteroides spp., 1 family Ruminococcaceae) significantly
discriminated those individuals who were taking NSAIDS in combination with
antidepressants and laxatives versus individuals who were taking NSAIDs (without
antidepressants or laxatives). The AUC was 0.98 (95% ClI: 0.93, 1.00).

The total number of medications used in the past 30 days was calculated for each subject
(mean=4; range, 0 to 20). The number of drugs used was not significantly associated with
either the Shannon Index (coefficient 0.01, p=0.448) or the Inverse Simpson Index
(coefficient 0.11, p=0.340).

DISCUSSION

Bacteria in the human gastrointestinal tract reflect the types of medications that people
ingest. There were differences in the relative abundance of specific bacteria for individuals
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who took a single drug, people who used drug combinations, and those who did not use any
medications. The number of drugs did not significantly impact gut biodiversity but the
specific types of medications did. In particular, NSAID users exhibited a different gut
microbiome profile than nonusers, as did users of specific types of NSAID (e.g., ibuprofen,
naproxen).

There is evidence that the adverse effects of NSAIDs vary with the particular type of
NSAID ingested [6]. Ketoprofen, naproxen and ketorolac tend to exhibit more aggressive
gastrointestinal effects than ibuprofen or celecoxib [18-20]. We found that individuals
taking ibuprofen or celecoxib had similar gut microbiome profiles, while those taking
naproxen or ketorolac had distinctly different profiles. There has also been recent attention
regarding the vascular effects of NSAIDs; the Food and Drug Administration strengthened
its warnings on NSAID use because of the increased risks of myocardial infarction and
stroke [21]. In a meta-analysis of 280 randomized trials of NSAIDs published in The Lancet,
ibuprofen increased the risk of coronary events 2-fold, yet naproxen did not increase the risk
of vascular events [6]. Wang and colleagues demonstrated that the gut microbiota can
promote cardiovascular disease through phosphatidylcholine metabolism [22]; their results
suggested that dietary choline (generally from high consumption of animal-derived foods) is
used by the gut microbiota to produce trimethyl amine (TMA) and trimethylamine N-oxide
(TMADO), thus raising cardiovascular risk. Naproxen use has been shown to significantly
decrease urinary choline concentrations [23]. Cracium and Balskus identified the gene
cluster responsible for the conversion of choline to TMA by anaerobic bacteria [24]. Their
data indicate that specific types of anaerobes such as Desulfovibrio, Clostridia,
Sreptococcus, Klebsiella, Proteus and others, are choline degraders — while bacteria in the
phylum Bacteroidetes generally do not. Our results, taken with this existing evidence, could
suggest that naproxen influences TMA and TMAO production (thereby lowering vascular
risk) through alteration of the types of choline-utilizing anaerobes that are present.

Although NSAIDs are commonly used for the treatment of pain, they are often prescribed
with proton pump inhibitors or H, receptor antagonists which alleviate upper
gastrointestinal effects such as heartburn. However, such combinations have been shown to
exacerbate enteropathy in the more distal small intestine [4,5]. Our findings demonstrate that
the gut microbiome is different in individuals who take such combinations of medications
(e.g., NSAIDs with proton pump inhibitors) than in those using NSAIDs alone. Moreover,
the addition of antidepressants and laxatives further changed the bacterial composition of the
gastrointestinal tract. While the microbial-induced effects of NSAIDs are of considerable
concern, there are some preliminary studies of prostaglandin-inducers showing enhancement
of the healing of duodenal ulcers [25]. Studies of prostaglandin-inducers may provide
additional insights into the microbial interplay between mucosal integrity and ulcerative
injury in the gut.

Medication use in our study was similar to what was found in the Mayo Clinic study using
data from the Rochester Epidemiology Project [26]. In both of these investigations, the most
common prescription medication was antibiotics followed by antidepressants. However, in
our study, we also measured OTC drug use and found that such medications (particularly,
NSAIDs) were frequently used (40% in the past 30 days). In the Mayo Clinic study, 20% of
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individuals received prescriptions for 5 or more medications in a 1-year period, while we
found that 35% of community residents took 5 or more medications (OTC and prescription
combined) in the past 30 days.

Because our study was not experimental in design, we cannot ascertain whether the gut
microbiome is a reflection of the medications per se or of the underlying disease that the
medications were intended to treat. There is ample evidence that antibiotics will reduce
bacterial abundance [27,28] but for some medications (NSAIDs, antidepressants), it is
possible that the bacterial composition could partly reflect the underlying condition. For
example, in those participants who were taking medications for symptoms of a cold or flu,
the biodiversity index was rather low which could be a reflection of the medication itself or,
alternatively, may be a marker for microbial shifts during an infection. On the other hand,
drugs are developed specifically for their ability to alter metabolic pathways and
expectations would include possible bacterial response and alterations in end products.

In conclusion, both OTC and prescription drug use are common in adults and the gut
microbiome reflects this use. For NSAIDs, bacterial composition varied for specific drugs,
with ibuprofen and celecoxib having similar microbiome profiles while naproxen and
ketorolac had different profiles. Bacterial composition was altered when NSAIDs were used
with other drugs such as proton pump inhibitors, antidepressants and laxatives. We found
that it was the types of medications used, rather than the number of medications, which
yielded the greatest differences in the microbiome. Additional investigations evaluating
microbial transience with drug dosages or with intermittent drug use may be informative, as
would metabolic studies linked to functional outcomes in individuals. Hopefully, such
studies will eventually help people better tolerate multiple medications or, alternatively,
assist decision-making regarding the types of medications that would provide greatest
benefit.
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FIGURE 1.
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FIGURE 2.

Page 11

Prevalence of Gut Bacterial Families for Subjects using only NSAIDs versus Subjects not

using Medications
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ROC Curves for Individuals Taking (A) NSAIDs or (B) Naproxen showing Discrimination
by Age, Gender and Microbiome Data
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Heat Map for Bacterial Families showing differences in Relative Abundance by Medication

Use
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FIGURE 5.
Principal Component Analysis Biplot of Bacteria to distinguish Ibuprofen Users from

Naproxen Users
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FIGURE 6.

Relative Abundance of Bacterial Operational Taxonomic Units (OTUs) by Medication Type
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