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Summary

Background: Global prescription drug use has been increasing continuously for decades.

The gut microbiome, a key contributor to health status, can be altered by prescription drug

use, as antibiotics have been repeatedly described to have both short-term and long-stand-

ing effects on the intestinal microbiome.

Aim: To summarise current findings on non-antibiotic prescription-induced gut microbiome

changes, focusing on the most frequently prescribed therapeutic drug categories.

Methods: We conducted a systematic review by first searching in online databases for

indexed articles and abstracts in accordance with PRISMA guidelines. Studies assessing the

intestinal microbiome alterations associated with proton pump inhibitors (PPIs), metformin,

nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, statins and antipsychotics were

included. We only included studies using culture-independent molecular techniques.

Results: Proton pump inhibitors and antipsychotic medications are associated with a

decrease in a diversity in the gut microbiome, whereas opioids were associated with an

increase in a diversity. Metformin and NSAIDs were not associated with significant changes

in a diversity. b diversity was found to be significantly altered with all drugs, except for

NSAIDs. PPI use was linked to a decrease in Clotridiales and increase in Actinomycetales,

Micrococcaceae and Streptococcaceae, which are changes previously implicated in dysbiosis

and increased susceptibility to Clostridium difficile infection. Consistent results showed that

PPIs, metformin, NSAIDs, opioids and antipsychotics were either associated with increases in

members of class Gammaproteobacteria (including Enterobacter, Escherichia, Klebsiella and

Citrobacter), or members of family Enterococcaceae, which are often pathogens isolated from

bloodstream infections in critically ill patients. We also found that antipsychotic treatment,

usually associated with an increase in body mass index, was marked by a decreased ratio of

Bacteroidetes:Firmicutes in the gut microbiome, resembling trends seen in obese patients.

Conclusions: Non-antibiotic prescription drugs have a notable impact on the overall archi-

tecture of the intestinal microbiome. Further explorations should seek to define biomarkers

of dysbiosis induced by specific drugs, and potentially tailor live biotherapeutics to counter

this drug-induced dysbiosis. Many other frequently prescribed drugs should also be investi-

gated to better understand the link between these drugs, the microbiome and health status.
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review was accepted for publication after full peer-review.
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1 | INTRODUCTION

In the United States, global prescription drug use has been increas-

ing continuously for decades and are responsible for a rise in drug-

related spending and an increase in medication-related adverse out-

comes.1 Reports show that 46.9% of the population had taken at

least one prescription drug in a 30-day window in 2011-2014, com-

pared to 39.1% between 1988 and 1994, and that 10.9% of the

population has had five or more prescription drugs in a 30-day win-

dow in 2011-2014, compared to 4.0% in 1988-1994.1 Similar find-

ings are reported among European Union member states in the

2014 European health interview survey, with 48% of population

having used prescription medications during a 2-week period.2 Based

on the 2013 national ambulatory medical care survey, the most fre-

quently prescribed non-antibiotic therapeutic classes were analgesics

(including nonsteroidal anti-inflammatory drugs, NSAIDs), antihyper-

lipidemic agents, antidepressants and antidiabetic agents.3 The gut

microbiome, a key contributor to human health with numerous asso-

ciations to human diseases including nongastrointestinal conditions,4

can be altered severely by prescription drug use. Antibiotics have a

well-described impact on the intestinal microbiome with long-stand-

ing effects in patients,5,6 and it is known that chemotherapy induces

specific gut microbiome dysbiosis.7,8 Maurice et al evaluated the

impact of a variety of drugs, including antibiotics, digoxin, phenace-

tin and sulfasalazine, and found that antibiotics had the greatest

impact on the gut microbiome.9 Recently, Falony et al showed that

medication has the strongest combined effect size on the micro-

biome.10 In the present work, we systematically review studies

reporting non-antibiotic prescription drug-induced human gut micro-

biome changes, focusing on the most frequently prescribed thera-

peutic drug categories from the aforementioned national ambulatory

medical care survey.1

2 | MATERIALS AND METHODS

2.1 | Search strategy for the systematic review

We conducted a systematic review of studies that evaluated

association between medications and members of the intestinal

microbiome. We followed the recommended “Preferred Reporting

Items for Systematic Reviews and Meta-analyses” (PRISMA) guide-

lines11 for our selections. Moreover, our methods are consistent

with those of previously published systematic reviews in the

field.12-14

2.2 | Inclusion and exclusion criteria

All observational, prospective or retrospective, cross-sectional, case-

control, cohort studies or intervention studies were included in the

search strategy if they evaluated prescription drug-induced gut

microbiome changes in humans and were based on culture-indepen-

dent molecular techniques. We did not include studies reporting

effects of antibiotics on the gut microbiome as these have been

well-studied and are outside the scope of our review. We investi-

gated studies that reported intestinal microbiota changes associated

with proton pump inhibitors (PPIs), metformin, NSAIDs, opioids, sta-

tins and antipsychotics. We searched for eligible studies in PubMed,

EBSCO, Web of Science, SPORTSdiscus, Scopus, EMBASE and Ovid

Medline for indexed articles and abstracts published in English until

September 2017, as detailed in Data S1. We excluded studies that

included preclinical models and those that focused on the gastric

microbiota or were based on culture-dependent techniques.

2.3 | Analysis of the search results

All titles and abstracts found by the search strategy as reported in

Data S1 were screened for relevance by EM. Titles and abstracts

were then retrieved in full and evaluated for inclusion eligibility in

the systematic review by EM and QLB, independently. Eligibility

results were compared and discussed between EM and QLB to

finally retain 20 studies for report in the systematic review, as

detailed in Figure 1.

2.4 | Definition of terms used to describe the
microbiome

Alpha (a) diversity is defined as the microbiota diversity within an

individual site or sample diversity, and gives one value per sam-

ple.15 Several metrics can be used to described a diversity: Shan-

non index, Chao1 index, operational taxonomic unit (OTU) or

species count or phylogenetic diversity. Beta (b) diversity repre-

sents the intervariability or diversity between separate samples.15 b

diversity describes how samples cluster together. Relative abun-

dance is the per cent composition of a specific taxon or a specific

specie, relative to the total number of taxa or species in the gut

microbiome. An OTU is a population of phylogenetically related

organisms, grouped on the basis of DNA sequence similarity. Usu-

ally, a 97% similarity level is used to group similar sequences into

an OTU.15

3 | RESULTS

3.1 | Proton pump inhibitors

Proton pump inhibitors are often prescribed for prevention and

treatment of gastroesophageal reflux and peptic ulcer disease16,17

and rank eighth among the top therapeutic prescription classes in

the United States.18 The relative efficacy and safety of PPIs have

contributed to their significant overutilisation.19,20 However, meta-

analyses have shown that PPI use was associated with increased

incidence of Clostridium difficile infection,21,22 higher rates of C.

difficile recurrence in hospitalised patients,23 increased risk of

other enteric infections24,25 and community-acquired Streptococcus

pneumoniae.26 A recent study including 400 cirrhotic patients

reported that PPI prescription was an independent predictor of

infection.27
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Los metaanálisis han demostrado que el uso de IBP se asoció con una mayor incidencia de infección por Clostridium difficile, 21,22 tasas más altas de recurrencia de C. difficile en pacientes hospitalizados, 23 mayor riesgo de 24,25 otras infecciones entéricas y Streptococcus pneumoniae adquirido en la comunidad.



3.1.1 | Richness and diversity in the gut microbiota
of PPI users

Jackson et al analysed PPI data and faecal samples from a cohort of

1827 individuals from the United Kingdom (90% were female with

an average age of 62 years). They found a significantly lower a

diversity in the gut microbiota of PPI users compared to non-users.

However, the observed negative association between PPI use and a

diversity did not withstand correction for family and twin structure,

body mass index, age, frailty and gastrointestinal indication (Shannon

P = .67; OTU count P = .67; Phylogenetic Diversity P = .64; Chao1

P = .86).28 Another study by Imhann et al evaluated three Dutch

cohorts: (1) 1174 individuals participating in the Netherlands’ general

population study “LifeLines-DEEP”;29 (2) 300 patients with IBD from

the department of Gastroenterology and Hepatology University

Medical Center Groningen, the Netherlands; (3) 189 patients with

irritable bowel syndrome and 152 matched controls from Maastricht

University Medical Center, the Netherlands. No significant change in

a diversity was found in any of the three cohorts when considered

separately. However, in a combined analysis of all three data sets,

they identified a significant decrease in a diversity of PPI users com-

pared to non-users with Shannon (P = .01) and species richness

(P = .02) metrics.30 Moreover, Zhernakova et al in another cohort of

1135 Dutch participants, found that PPI medication was strongly

associated with composition distance (adonis R2 = .004, adjusted

P = .0006), a measure of b diversity that here shows PPI use to be

associated with specific changes in the architecture of the intestinal

microbiome.29 The same significant change in the overall gut

microbiota architecture after PPI use was previously reported by

Bajaj et al in controls and in patients with cirrhosis (P < .0001).31 A

study by Seto et al also found a decrease in a diversity after both

1 week and 1 month of PPI treatment (observed OTUs, P = .004), in

line with the trend found in treatment-na€ıve patients infected with

C. difficile.32 In a trial with 12 healthy volunteers, Freedberg et al

found that a 4-week regimen of PPI medication (omeprazole 40 mg

twice) was not associated with within-individual changes in diver-

sity.33 O’Donoghue et al found that PPI use was significantly associ-

ated with increased microbial diversity, but only in patients receiving

more than two antibiotics (P < .01) and suggested that PPI use may

counter antibiotics-associated dysbiosis.34

3.1.2 | Taxonomic changes in the gut microbiota of
PPI users

Jackson et al identified 22 OTUs with significantly lower abundance

in PPI users, and 32 OTUs positively associated with PPI use (ad-

justed P-value association with PPI use <.05), as detailed in Table 1.

The strongest association was with a Bifidobacterium OTU, followed

by a Streptococcus OTU (adjusted P-value association with PPI use

<10�4). At the level of species, seven were found to be negatively

associated with PPI use, mainly assigned to Erysipelotrichales or

Clostridiales, and 24 were found positively associated with PPI use.

At the level of genera, nine were found to be negatively associated

with PPI use, which were largely Firmicutes, with members of the

family Erysipelotrichaceae being the most significantly decreased,

and 24 positively associated with PPI use. At the level of families,
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Jackson et al analizaron datos de IBP y muestras fecales de una cohorte de 1.827 individuos del Reino Unido (el 90% eran mujeres con una edad promedio de 62 años). Encontraron una diversidad alfa significativamente menor en la microbiota intestinal de los usuarios de IBP en comparación con los no usuarios.


Gerencia Medica
, una medida de la diversidad beta que aquí muestra que el uso de IBP está asociado con cambios específicos en la arquitectura del microbioma intestinal.29


Gerencia Medica
Un estudio de Seto et al también encontró una disminución en la diversidad alfa después de 1 semana y 1 mes de tratamiento con IBP (OTU observadas, p = 0,004), en línea con la tendencia encontrada en pacientes sin tratamiento infectados por C. difficile.32




five were found negatively associated with PPI use, and 10 were sig-

nificantly positively associated with PPI use.28 Using the Human

Microbiome Project data to determine body site preferences of bac-

teria, they also found that microbial families more abundant in PPI

users were more often found in the mouth/throat, skin/nose or vagi-

nal sites than in the gut.35

In a trial with 12 healthy volunteers, Freedberg et al found that

a 4-week regimen of PPI medication (omeprazole 40 mg twice)

induced a significant within-individual increase in Enterococcaceae

(log2-Fold change, P = .03), Micrococcaceae (log2-Fold change,

P = .01), and Streptococcaceae (log2-Fold change, P < .01) and a sig-

nificant decrease in Clostridiaceae (P = .03), corresponding to

changes associated with predisposition to C. difficile infection.33 This

significant increase in the relative abundance of Streptococcaceae

after PPI use was previously reported by Bajaj et al, when compared

with baseline in both patients with cirrhosis (baseline 0.0% vs 8.9%,

adjusted P = .008) and controls (baseline 0.2% vs 5.7%, adjusted

P = .007).31

In the analysis of three cohorts encompassing a total of 1815

participants, Imhann et al identified significant changes in 20% of

the bacterial taxa in PPI users, with significant increase in the genera

Enterococcus, Streptococcus, Staphylococcus and the potentially

pathogenic species Escherichia coli. The order Actinomycetales, fami-

lies Streptococcoceae, Micrococcoceae, genus Rothia and species

Lactobacillus salivarius were increased in participants using PPI in

each cohort. None of the individual cohorts contained any signifi-

cantly decreased taxa (adjusted P <.05). In Cohort 1, 41 OTU were

significantly increased, including the family Enterococcoceae, the

genera Streptococcus, Veillonella and Enterococcus. In Cohort 2, PPI

use was associated with an increase in 12 OTU, including the family

Lactobacillaceae, the genera Streptococcus and Lactobacillus. In

Cohort 3, 18 OTU were significantly increased, including the order

Lactobacillales. Another important finding was the over-representa-

tion of multiple oral bacteria in the faecal microbiome of PPI-users,

the most significantly increased being genera Rothia, Scardovia and

Actinomyces (adjusted P <.05).30

In a prospective cohort study of 98 hospitalised patients, Vincent

et al found that PPI medication was positively associated with Poty-

virus (P = .006), Morganella (P = .011) and Pyramidobacter (P = .04);

and negatively associated with Adlercreutzia (P = .003), Mitsuokella

(P = .004), unclassified Clostridiaceae (P = .004), Campylobacter

(P = .006), Pseudoflavonifractor (P = .007), Coprobacter (P = .01),

Eubacterium (P = .02), Odoribacter (P = .02), Streptococcus (P = .02),

Ruminococcus (P = .03), unclassified Clostridiales Family XI (P = .03)

and Coprobacillus (P = .04).36

3.2 | Metformin

Metformin, a drug that lowers oral blood glucose, is one of the most

widely prescribed medications for type 2 diabetes (T2D) patients.37

However, about 30% of metformin-treated patients report adverse

gastrointestinal effects, including abdominal pain and diarrhoea

which may be linked to metformin-induced dysbiosis.38

3.2.1 | Richness and diversity in the gut microbiota
of metformin users

Forslund et al in an international metagenomic dataset (with Danish,

Swedish and Chinese participants) found that T2D metformin-

treated patients (n = 93) did not exhibit a decreased richness or diver-

sity compared to T2D patients not treated with metformin (n = 106)

or healthy controls (n = 554) (richness: T2D without metformin M

[SD]: 149.12 [55.44], T2D with metformin: 156.23 [41.88], controls:

163.43 [42.58], adjusted P = .38; Shannon diversity: T2D without

metformin: 11.67 [0.66], T2D with metformin: 11.89 [0.53], controls:

11.79 [0.60], adjusted P = .914).39 de la Cuesta-Zuluaga et al analysed

faecal samples from Colombian adults with metformin-treated T2D

(n = 14), T2D patients not treated with metformin (n = 14) and con-

trol participants (n = 84). They did not observe differences between

T2D patients treated with metformin and those not treated with met-

formin in terms of a diversity (P = .557). However, b diversity analysis

revealed a significant difference between metformin-treated T2D

TABLE 1 Association with PPI use from Jackson et al28

OTU Species level Genus level Family level

Positively associated

with PPI use
• 32 OTUs, 20 from the order

Bacteroidales and seven assigned

to the Streptococcus genus

• strongest association:

Bifidobacterium (adjusted

P < 10
�4, R2 = .45), and

Streptococcus (adjusted

P <10�4, R2 = .44)

• 24 species

• strongest association:

Rothia mucilaginosa

(adjusted P <10
�6,

R2 = .51) and

Streptococcus anginosus

(adjusted P <10�6,

R2 = .48)

• 24 genera

• strongest association:

Rothia (adjusted

P value <10
�5,

R2 = .45) and

Streptococcus

(adjusted P <10�6,

R2 = .47)

• 10 families

• strongest association:

Streptococcaceae

(adjusted P value <10
�6,

R2 = .46) and Micrococcaceae

(adjusted P <10�5, R2 = .46)

Negatively associated

with PPI use

22 OTUs: all assigned to

phylum Firmicutes

Seven species, all assigned

to Erysipelotrichales or

Clostridiales (except for

one Cyanobacteria)

Nine genera,

mainly Firmicutes
• Five families

• strongest association:

Lachnospiraceae (adjusted

P = .004, R
2 = �.35) and

Ruminococcaceae (adjusted

P < .0007, R2 = �.26

PPI, proton pump inhibitor, OTU, operational taxonomic unit.
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En un ensayo con 12 voluntarios sanos, Freedberg et al encontraron que un régimen de 4 semanas de medicación con IBP (omeprazol 40 mg dos veces) indujo un aumento intraindividual significativo de Enterococcaceae (cambio log2-Fold, p = 0,03), Micrococcaceae ( cambio log2-Fold, P = .01) y Streptococcaceae (cambio log2-Fold, P <.01) y una disminución significativa en Clostridiaceae (P = .03), correspondiente a cambios asociados con la predisposición a la infección por C. difficile33.


Gerencia Medica
En el análisis de tres cohortes que abarcan un total de 1815 participantes, Imhann et al identificaron cambios significativos en el 20% de los taxones bacterianos en los usuarios de IBP, con un aumento significativo en los géneros Enterococcus, Streptococcus, Staphylococcus y la especie potencialmente patógena Escherichia coli.


Gerencia Medica
Otro hallazgo importante fue la sobrerrepresentación de múltiples bacterias orales en el microbioma fecal de los usuarios de IBP, siendo los géneros Rothia, Scardovia y Actinomyces los que aumentaron más significativamente (p ajustado <0,05) 30.


Gerencia Medica
En un estudio de cohorte prospectivo de 98 pacientes hospitalizados, Vincent et al encontraron que la medicación con IBP se asoció positivamente con Potyvirus (P = 0,006), Morganella (P = 0,011) y Pyramidobacter (P = 0,04); y asociado negativamente con Adlercreutzia (p = 0,003), Mitsuokella (p = 0,004),
 desclasificado
 Clostridiaceae
 (P = 0,004),
 Campylobacter (P = .006), Pseudoflavonifractor (P = .007), Coprobacter (P = .01), Eubacterium (P = .02), Odoribacter (P = .02), Streptococcus (P = .02),
Ruminococcus (P = .03), Familia de Clostridiales XI sin clasificar (P = .03)
y Coprobacillus (p = 0,04) .36


Gerencia Medica
aproximadamente el 30% de los pacientes tratados con metformina informan efectos gastrointestinales adversos, que incluyen dolor abdominal y diarrea, que pueden estar relacionados con la disbiosis inducida por metformina38.


Gerencia Medica
El análisis de diversidad beta reveló una diferencia significativa entre los pacientes con diabetes tipo 2 tratados con metformina y los no tratados con metformina (p = 0,036) .40 Además,




patients and those not treated with metformin (P = .036).40 More-

over, Zhernakova et al in a cohort of 1135 Dutch participants found

that metformin medication was strongly associated with composition

distance (adonis R2 = .002, adjusted P = .034), a measure of b diver-

sity demonstrating differences in the bacterial community structure

associated with metformin use.29

3.2.2 | Taxonomic changes in the gut microbiota of
metformin users

Forslund et al found that T2D metformin-treated patients exhibited a

significant decrease in Intestinibacter and a significant increase in Escher-

ichia, after correcting for gender (adjusted P = 1.80E-12 and 9.62E-13,

respectively), body mass index (adjusted P = 4.10E-10 and 4.10E-10,

respectively) and fasting levels of plasma glucose (adjusted P = 3.28E-08

and 2.32E-11, respectively) and serum insulin (adjusted P = 1.48E-10

and 4.66E-12, respectively). Another independent T2D cohort

confirmed similarly decreased Intestinibacter (P = .032) and increased

in Escherichia (P = .049) in T2D metformin-treated patients (n = 26)

compared to T2D patients without metformin treatment (n = 8).39

In stool samples from 1179 LifeLines-DEEP participants from the

Netherlands,41 metformin was also positively associated with E. coli

(adjusted P = .003), and negatively associated with Bacteroides dorei

(adjusted P = .049), Coprococcus comes (adjusted P = .011), Dorea

formicigenerans (adjusted P-value = .063), Dorea longicatena (adjusted

P-value = .085), Clostridium bartlettii (adjusted P-value = .047), and

unclassified Peptostreptococcaceae (adjusted P-value = .011).29

Karlsson et al also reported, in a cohort of 145 European

women, that T2D patients treated with metformin had increased rel-

ative abundances of 103 species, mainly members of family Enter-

obacteriaceae, including E. coli (adjusted P = .004), Shigella (adjusted

P = .005), Klebsiella (adjusted P = .013), Citrobacter (adjusted

P = .007), Enterobacter cloaceae (adjusted P = .013), and Salmonella

enterica (adjusted P = .03), and decreased relative abundances of 18

species including C. bartlettii (adjusted P = .006), Mobiluncus mulieris

(adjusted P-value = .04), Peptoniphilus duerdenii (adjusted P = .004)

and Eubacterium siraeum (adjusted P .016).42

Using linear discriminant analysis, de la Cuesta-Zuluaga et al

showed that OTUs from Prevotella and Megasphaera were enriched

in patients treated with metformin compared to patients not treated

with metformin, whereas OTUs from Oscillospira, Barnesiellaceae and

Clostridiaceae 02d06 were depleted in T2D patients treated with

metformin compared to patients not treated with metformin. More-

over, when pooling mucin-degrading and butyrate-producing bacte-

ria, they reported that Akkermansia muciniphila and Butyrivibrio were

more abundant (3.4 times, adjusted P-value = .01; 4.4 times,

adjusted P-value = .21, respectively) in T2D patients treated with

metformin compared patients not treated with metformin.40

Wu et al randomly assigned recently diagnosed, treatment-na€ıve

T2D patients to receive either metformin (n = 22) or placebo treat-

ment (n = 18) for 4 months in a double-blind study. They found that

administration of metformin for 2 and 4 months resulted in signifi-

cant changes in the relative abundance of 81 and 86 bacterial

strains, respectively, most of which belonged to Gammaproteobacte-

ria and Firmicutes (adjusted P-value <.05). At the genera level, they

reported an increase in Escherichia (log2 fold change: 2.638, adjusted

P = .0002 at month 2; log2 fold change: 2.462, adjusted P = .0002

at month 4) and a decrease in Intestinibacter (log2 fold change:

�1.69, adjusted P = .0002 at month 2; log2 fold change: �2.12,

adjusted P = 1.73E-07 at month 4) in the metformin-treated group.

Moreover, the taxonomic alterations reported after 2 and 4 months

of metformin correlated with those observed in a subset of the pla-

cebo group switched to receive metformin (n = 13) 6 months after

the start of the study, with increase in Escherichia (log2 fold change:

2.377, adjusted P = .048), Bifidobacterium (log2 fold change: 1.564,

adjusted P = .038) and Intestinibacter (log2 fold change: �1.042,

adjusted P = .072). They also reported an increase in relative abun-

dance of A. muciniphila in participants treated with metformin for

4 months, but did not find significant correlations between HbA1c

and A. muciniphila (P > .1).43

3.3 | Nonsteroidal anti-inflammatory drugs

Nonsteroidal anti-inflammatory drugs are widely prescribed for pain

and inflammatory conditions.44 NSAIDs block the biosynthesis of

prostanoids via inhibition the cyclooxygenase-1 and -2 enzymes.45

These medications are commonly associated with adverse gastroin-

testinal events.45

3.3.1 | Richness and diversity in the gut microbiota
of NSAID users

In a cohort of 98 hospitalised patients, use of NSAIDs was not associ-

ated with changes in intestinal microbiota diversity (estimate = 0.08,

P = .33).36 Moreover, Bokulich et al showed in ten obese post-

menopausal women who received celecoxib 200 mg twice daily that

sort-term exposure to celecoxib did not alter a or ß diversity.46 More-

over, Zhernakova et al in a cohort of 1135 Dutch participants, found

that NSAID medication was not associated with changes of ß diver-

sity (adonis R2 = .001, adjusted P = .20), demonstrating differences in

the bacterial community structure associated with metformin use.39

3.3.2 | Taxonomic changes in the gut microbiota of
NSAID users

In a human cohort with 155 participants, Rogers et al found that the

relative abundance of a specific OTU in family Enterobacteriaceae

was significantly higher (P < .0001) in participants using the NSAID

naproxen (20%) than in participants not using any medications

(0.7%). Celecoxib and ibuprofen use were also associated with

increased bacterial families Enterococcaceae, Enterobacteriaceae and

Erysipelotrichaceae. Family Acidaminococcaceae was significantly

more prevalent in NSAID users than in those not using any medica-

tion (P = .025). Bacteria from families Desulfovibrionaceae, Entero-

coccaceae and Erysipelotrichaceae were also more common in

NSAID users than in controls.47 For ketorolac, Alistipes was enriched
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Forslund et al encontraron que los pacientes tratados con metformina con DM2 exhibieron una disminución significativa en Intestinibacter y un aumento significativo en Escherichia, después de corregir por sexo (P ajustado = 1.80E-12 y 9.62E-13, respectivamente), índice de masa corporal (P ajustado = 4.10E-10 y 4.10E-10, respectivamente) y niveles en ayunas de glucosa plasmática (P ajustada = 3.28E-08 y 2.32E-11, respectivamente) e insulina sérica (P ajustada = 1.48E-10 y 4.66E- 12, respectivamente).


Gerencia Medica
En muestras de heces de 1179 participantes de LifeLines-DEEP de los Países Bajos, la metformina también se asoció positivamente con E. coli (P ajustada = 0,003) y se asoció negativamente con Bacteroides dorei (P ajustada = 0,049), Coprococcus viene (P ajustada = 0,003). .011), Dorea formicigenerans (valor P ajustado = .063), Dorea longicatena (valor P ajustado = .085), Clostridium bartlettii (valor P ajustado = .047) y Peptostreptococcaceae no clasificadas (valor P ajustado =. 011) .29


Gerencia Medica
Karlsson et al también informaron, en una cohorte de 145 mujeres europeas, que las pacientes con diabetes tipo 2 tratadas con metformina tenían una abundancia relativa aumentada de 103 especies, principalmente miembros de la familia Enterobacteriaceae, incluida E. coli (p ajustado = 0,004), Shigella (p ajustado = 0,005), Klebsiella (P ajustado = 0,013), Citrobacter (P ajustado = 0,007), Enterobacter cloaceae (P ajustado = 0,013) y Salmonella enterica (P ajustado = 0,03), y una disminución de las abundancias relativas de 18 especies que incluyen C. bartlettii (P ajustado = .006), Mobiluncus mulieris (valor P ajustado = .04), Peptoniphilus duerdenii (P ajustado = .004) y Eubacterium siraeum (P ajustado .016).


Gerencia Medica
Wu et al asignaron aleatoriamente a pacientes con diabetes tipo 2 recién diagnosticados y sin tratamiento previo a recibir metformina (n = 22) o tratamiento con placebo (n = 18) durante 4 meses en un estudio doble ciego. Encontraron que la administración de metformina durante 2 y 4 meses resultó en cambios significativos en la abundancia relativa de 81 y 86 cepas bacterianas, respectivamente, la mayoría de las cuales pertenecían a Gammaproteobacteria y Firmicutes (valor de p ajustado <.05). A nivel de género, reportaron un aumento en Escherichia (cambio log2 veces: 2.638, p ajustado = .0002 en el mes 2; cambio log2 veces: 2.462, p ajustado = .0002 en el mes 4) y una disminución en Intestinibacter (log2 veces cambio: 1,69, P ajustado = 0,0002 en el mes 2; cambio log2 veces: -2,12, P ajustado = 1,73E-07 en el mes 4) en el grupo tratado con metformina.
Además, las alteraciones taxonómicas informadas después de 2 y 4 meses de metformina se correlacionaron con las observadas en un subconjunto del grupo placebo que cambió a recibir metformina (n = 13) 6 meses después del inicio del estudio, con aumento de Escherichia (cambio log2 veces : 2,377, P ajustado = .048), Bifidobacterium (cambio de log2 veces: 1,564, P ajustado = .038) e Intestinibacter (cambio de log2 veces:
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El uso de celecoxib e ibuprofeno también se asoció con un aumento de las familias bacterianas Enterococcaceae, Enterobacteriaceae y Erysipelotrichaceae. La familia Acidaminococcaceae fue significativamente más prevalente en los usuarios de AINE que en los que no usaban ningún medicamento (p = 0,025). Las bacterias de las familias Desulfovibrionaceae, Enterococcaceae y Erysipelotrichaceae también fueron más comunes en 47 usuarios de AINE que en los controles.


Gerencia Medica
Para el ketorolaco, Alistipes se enriqueció en comparación con los controles.




compared to controls. Propionibacteriaceae, Pseudomonadaceae,

Puniceicoccaceae and Rikenellaceae were more abundant in ibupro-

fen users than in controls or in naproxen users. They also showed

that the area under the curve (AUC) for prediction of aspirin medica-

tion was 0.96 (95% CI 0.84-1.00) in a model including Prevotella,

Bacteroides, Ruminococaceae and Barnesiella and that the AUC for

prediction of naproxen medication was 0.92 (95% CI 0.77-1.00) in a

model including Enterobacteriaceae, Bacteroides and Alistipes. This

highlights that taxonomic composition of the gut microbiome alone

is able to predict use of these NSAIDs.47 Platelet aggregation inhibi-

tors were positively associated with Streptococcus anginosus (coeffi-

cient = 0.030, adjusted P = .063) and Streptococcus parasanguinis

(coefficient = 0.057, adjusted P = .049) in a cohort of 1135 Dutch

participants.29 M€akivuokko et al found that faecal samples from

elderly NSAID users were depleted in Dialister, Coprobacillus and Col-

linsella compared to young adults, and were depleted in Lactobacillus

and Collinsella aerofaciens but enriched in Roseburia compared to

elderly NSAID non-users.48 In a cohort of 98 hospitalised patients,

using a multivariate analysis, use of NSAIDs was associated with a

significant increase in unclassified Clostridiales Family XI (esti-

mate = 3.76, P = .058) and a significant decrease in the relative

abundance of Clostridium (estimate = �2.1, P = .020).36 In contrast,

a study from Bokulich et al showed that sort-term exposure to

celecoxib did not induce significant taxonomic changes in faecal

samples.46

3.4 | Opioids

Morphine is often the drug of choice in cases of moderate or severe

pain.49 However, previous works demonstrated that opioid drugs

enable bacterial translocation by means of gut barrier disruption.50–52

3.4.1 | Richness and diversity in the gut microbiota
of opioid users

In a cohort of 98 hospitalised patients, Vincent et al found that opi-

oid treatment was associated with an increase in a diversity in a

cohort of hospitalised patients (estimate = 0.13, P = .0202).36 In a

cohort of patients with hepatic encephalopathy (HE), ß diversity

tests revealed a significant difference between HE patients on opi-

oids compared to HE patients not on opioids (P = .05) as well as

between patients without HE on opioids vs not on opioids

(P = .03).53 Moreover, Zhernakova et al in a cohort of 1135 Dutch

participants, found that opioid medication was strongly associated

with composition distance (adonis R2 = .002, adjusted P = .01), a

measure of ß diversity showing that opioid use is associated with

specific changes in the architecture of the intestinal microbiome.29

3.4.2 | Taxonomic changes in the gut microbiota of
opioid users

In a cohort of 98 hospitalised patients, opioid use was positively

associated with Parabacteroides (P = .003), Propionimicrobium

(P = .004), Alistipes (P = .016), Sutterella (P = .017), Clostridium

(P = .026), Bifidobacterium (P = .026), unclassified Lachnospiraceae

(P = .0295) and Pyramidobacter (P = .038), and negatively associated

with Polyomavirus (P = .0002), Pseudomonas (P = .0003), unclassified

Ruminococcaceae (p = .003), Candida (P = .019) and Megamonas

(P = .028).36 Acharya et al reported that Clostridiales XIV (P = .04),

Ruminococcaceae (P = .02) and Bacteroidaceae (P = .03) were

decreased in morphine treated patients. Using linear discriminant

analysis, HE patients on opioids had increased Bifidobacterium and

decreased Roseburia, Lachnospiraceae, and unclassified Clostridiales

family XIV compared to HE patients not on opioids. Moreover, non-

HE patients on opioids had increased Peptostreptococcaceae and

decreased Parasutterella compared to non-HE patients not on opi-

oids.53 Zhernakova et al showed that opioid medication was posi-

tively associated with Alistipes (coefficient = 0.069, FDR corrected

P = .092) and negatively associated with Roseburia inulinivorans Alis-

tipes (coefficient = �0.099, FDR corrected P = .058).29

3.5 | Statins

Statins are routinely used in cardiovascular patients as lipid-lowering

medications. They rank number two of the most prescribed drug

classes in the United States.3 Gastrointestinal side effects are com-

mon with statin prescriptions, including abdominal pain, bloating,

diarrhoea and constipation, suggesting that statins may induce alter-

ations of the gut microbiome.54,55

3.5.1 | Richness and diversity in the gut microbiota
of statin users

In a Dutch cohort of 1135 participants,29 statins showed a strong

association with b diversity through composition distance (adonis

R2 = .003, adjusted P = .001).

3.5.2 | Taxonomic changes in the gut microbiota of
statin users

In a cohort of 35 idiopathic Parkinson’s disease participants and 28

controls, Bedarf et al documented that five bacterial families chan-

ged significantly between statin-treated and untreated participants,

with increased relative abundance of Burkholderiaceae (P = 4.79E-

09), Propionibacteriaceae (P = .00025), Enterococcaceae (P = .0004),

Actinomycetaceae (P = .003) and Enterobacteriaceae (P = .007) in

statin users. None of these contributed to the differences observed

between idiopathic Parkinson’s disease patients and controls.56 In

the 1135-participant Dutch cohort,29 statin use was positively asso-

ciated with S. parasanguinis (coefficient = 0.056, adjusted P = .003),

Streptococcus vestibularis (coefficient = 0.037, adjusted P = .011),

Clostridium bolteae (coefficient = 0.025, adjusted P = .037),

Ruminococcus torques (coefficient = 0.044, adjusted P = .037),

Ruminococcus bacterium (coefficient = .023, adjusted P = .037) and

Coprobacillus (coefficient = 0.03, adjusted P = .048); and negatively

associated with Eubacterium ramulus (coefficient = �0.052, adjusted
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Propionibacteriaceae, Pseudomonadaceae, Puniceicoccaceae y Rikenellaceae fueron más abundantes en los usuarios de ibuprofeno que en los controles o en los usuarios de naproxeno. También mostraron que el área bajo la curva (AUC) para la predicción de la medicación con aspirina fue 0,96 (IC del 95%: 0,84-1,00) en un modelo que incluía Prevotella, Bacteroides, Ruminococaceae y Barnesiella y que el AUC para la predicción de la medicación con naproxeno fue 0,92 ( 95% CI 0,77-1,00) en un modelo que incluye Enterobacteriaceae, Bacteroides y Alistipes. Esto destaca que la composición taxonómica del microbioma intestinal por sí sola es capaz de predecir el uso de estos AINE.47 
Los inhibidores de la agregación plaquetaria se asociaron positivamente con Streptococcus anginosus (coeficiente = 0,030, p ajustado = 0,063) y Streptococcus parasanguinis (coeficiente = 0,057, P ajustado = .049) en una cohorte de 1135 participantes holandeses.
M € akivuokko et al encontraron que las muestras fecales de los usuarios de AINE de edad avanzada se agotaron en Dialister, Coprobacillus y Collinsella en comparación con los adultos jóvenes, y se agotaron en Lactobacillus y Collinsella aerofaciens pero enriquecidas en Roseburia en comparación con ancianos no usuarios de AINE.
En una cohorte de 98 pacientes hospitalizados, utilizando un análisis multivariado, el uso de AINE se asoció con un aumento significativo en la familia de Clostridiales XI no clasificada (estimación = 3,76, p = 0,058) y una disminución significativa en la abundancia relativa de Clostridium (estimación = 2.1, P = .020) .36 
Por el contrario, un estudio de Bokulich et al demostró que la exposición por término medio a celecoxib no indujo cambios taxonómicos significativos en las muestras fecales.
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trabajos anteriores demostraron que los fármacos opioides permiten la translocación bacteriana mediante la alteración de la barrera intestinal.
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En una cohorte de 98 pacientes hospitalizados, Vincent et al encontraron que el tratamiento con opioides se asoció con un aumento en la diversidad en una cohorte de pacientes hospitalizados (estimación = 0,13, p = 0,0202) .36 En una cohorte de pacientes con encefalopatía hepática ( HE), las pruebas de diversidad ß revelaron una diferencia significativa entre los pacientes con EH que tomaban opioides en comparación con los pacientes con EH que no tomaban opioides (p = 0,05), así como entre los pacientes sin EH con opioides frente a los que no tomaban opioides.
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Zhernakova et al en una cohorte de 1135 participantes holandeses, encontraron que la medicación opioide estaba fuertemente asociada con la distancia de composición (adonis R2 = .002, p ajustado = .01), una medida de diversidad ß que muestra que el uso de opioides está asociado con cambios específicos la arquitectura del microbioma intestinal.
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En una cohorte de 98 pacientes hospitalizados, el uso de opioides se asoció 
positivamente con Parabacteroides (p = 0,003), Propionimicrobium (P = 0,004), Alistipes (P = 0,016), Sutterella (P = 0,017), Clostridium (P = .026), Bifidobacterium (P = .026), Lachnospiraceae no clasificada (P = .0295) y Pyramidobacter (P = .038), y asociadas 
negativamente con Polyomavirus (P = .0002), Pseudomonas (P = .0003), sin clasificar Ruminococcaceae (p = .003), Candida (P = .019) y Megamonas (P = .028)
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Los efectos secundarios gastrointestinales son comunes con las prescripciones de estatinas, que incluyen dolor abdominal, distensión abdominal, diarrea y estreñimiento, lo que sugiere que las estatinas pueden inducir alteraciones del microbioma intestinal54,55.
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29 En una cohorte holandesa de 1135 participantes, las estatinas mostraron una fuerte asociación con la diversidad b a través de la distancia de composición (adonis R2 = .003, p ajustado = .001).
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Cohorte holandesa, 29 el uso de estatinas se asoció 
positivamente con S. parasanguinis (coeficiente = 0,056, p ajustado = 0,003), Streptococcus vestibularis (coeficiente = 0,037, p ajustado = 0,011), Clostridium bolteae (coeficiente = 0,025, p ajustado =. 037), pares de torsión de Ruminococcus (coeficiente = 0.044, P ajustado = .037), Bacteria Ruminococcus (coeficiente = 023, P ajustado = 037) y Coprobacillus (coeficiente = .03, P ajustado = .048); y 

negativamente
asociado con Eubacterium ramulus (coeficiente = 0,052, p ajustado = 0,044), C. viene (coeficiente = 0,065, p ajustado = 0,011), D. formicigenerans (coeficiente = 0,041, p ajustado = 0,030), D. longicatena ( coeficiente = 0,090, P ajustado = 0,00006) y Ruminococcus lactaris (coeficiente = 0,075, P ajustado = 0,073)



P = .044), C. comes (coefficient = �0.065, adjusted P = .011), D.

formicigenerans (coefficient = �0.041, adjusted P = .030), D. longi-

catena (coefficient = �0.090, adjusted P = .00006) and Ruminococcus

lactaris (coefficient = �0.075, adjusted P = .073).29

3.6 | Antipsychotics

Second-generation antipsychotics are antipsychotics approved by

the Federal Drug Administration for treating agitation associated

with schizophrenia and bipolar disorders.57 However, a frequent side

effect associated with these medications that limits their use is

weight gain and increased visceral fat,58 suggesting a potential

impact of these drugs on the gut microbiome.

3.6.1 | Richness and diversity in the gut microbiota
of antipsychotic users

In a cohort of 117 adults with bipolar disorder (49 treated with

an atypical antipsychotic and 68 not), Flowers et al found signifi-

cant decrease in a diversity in atypical antipsychotic-treated

patients when compared to non-atypical antipsychotic-treated

patients (inverse Simpson index, P = .045). When stratified by gen-

der, they detected a greater decrease in a diversity in atypical

antipsychotic-treated females compared to non-atypical antipsy-

chotic-treated females (inverse Simpson index, P = .015), but not

in male subjects (inverse Simpson index, P = .8). ß diversity was

significantly altered in atypical antipsychotic-treated patients, caus-

ing faecal samples of atypical antipsychotic-treated and non-atypi-

cal antipsychotic-treated patients clustered separately (Yue and

Clayton distance metric, AMOVA, P = .04), and remained signifi-

cant after adjusting for age, body mass index and benzodiazepine

treatment (P = .02).59 In a paediatric cohort, long-term Risperidone

treatment (>12 consecutive months) was associated with signifi-

cantly higher a diversity (Shannon index, 5.9 vs 5.2, respectively,

P < .05) when compared with antipsychotic-na€ıve psychiatric con-

trols. ß diversity was significantly different in the chronic Risperi-

done group when compared with antipsychotic-na€ıve psychiatric

controls (ANOSIM, R = .516, P < .05). This indicates that a robust

difference exists between the overall intestinal microbial profiles

of the two groups.60 Moreover, in the 1135 participants from a

Dutch cohort, tricyclic antidepressants (adonis R2 = .002, adjusted

P = .01) and selective serotonin reuptake inhibitors showed a simi-

larly significant association with composition (adonis R2 = .003,

adjusted P = .02).29

3.6.2 | Taxonomic changes in the gut microbiota of
antipsychotic users

Flowers et al observed an increase in relative abundance of Lach-

nospiraceae (P = .029) and a decrease in relative abundance of

Akkermansia (P = .0006) and Sutterella in atypical antipsychotic-trea-

ted patients using linear discriminant analysis.59 In paediatric psychi-

atrically ill male participants, Bahr et al documented that a chronic

treatment with Risperidone was associated with an increase in body

mass index and a lower ratio of Bacteroidetes:Firmicutes as com-

pared with antipsychotic-na€ıve psychiatric controls (ratio = 0.15 vs

1.24, respectively; P < .05). A longitudinal analysis highlighted a pro-

gressive decrease in the Bacteroidetes:Firmicutes ratio during Ris-

peridone treatment that also correlated with body mass index gain.60

In the 1135 participants from a Dutch cohort, antidepressants were

positively associated with B. dorei (coefficient = 0.131, adjusted

P = .051) and Coprococcus eutactus (coefficient = 0.114, adjusted

P = .041), and negatively associated with Eubacterium hallii (coeffi-

cient = �0.084, adjusted P = .055).29

4 | DISCUSSION

Global prescription drug use has been increasing continuously for

decades in the United States and in European countries.1,2 The gut

microbiome, mainly composed of bacteria which outnumber human

cells, is a key contributor to human health.61 Indeed, dysbiosis in the

microbiome was identified and associated with predisposition to

numerous human diseases.4 Moreover, antibiotics have a well-

described impact on the intestinal microbiome with long-standing

effects in patients.5,6 Recently, Falony et al showed that medications

were associated with microbiota compositional variation and

explained the largest total variance of beta diversity.10 Another pop-

ulation-based cohort showed a strong relationship between the gut

microbiome and 19 drug groups, mainly PPI, statins and antibiotics.29

Here, we systematically reviewed studies that reported prescription

drug-induced gut microbiome alterations in humans, focusing on the

most frequently prescribed drugs as documented by the 2013

national ambulatory medical care survey.3 As such, we included stud-

ies that reported gut microbiome alterations associated with use of

PPIs, metformin, NSAIDs, opioids, statins and antipsychotics.

4.1 | Summary of findings

We found that these prescription drugs have a notable impact on

the intestinal microbiome, as summarised in Table 1 and Data S2-S7.

4.1.1 | Impact on richness and diversity in the gut
microbiome

Regarding PPI use, the reports we reviewed here are somewhat con-

tradictory in describing PPI effects on a diversity. However, the two

largest observational cohort studies with the highest methodological

quality, in addition to an intervention study on healthy volunteers,

found that PPI use does significantly lower a diversity of the gut

microbiota.28,30,33 As for metformin and NSAIDs, the reviewed stud-

ies consistently reported that these drugs did not produce a signifi-

cant change in a diversity.29,36,39,40,46 For opioids, only one study

evaluated a diversity and reported an increase in this metric in opi-

oid users.36 Atypical antipsychotic treatment was associated with

decreased a diversity in one study59; however, long-term
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Sin embargo, un efecto secundario frecuente asociado con estos medicamentos que limita su uso es el aumento de peso y el aumento de la grasa visceral, 58 lo que sugiere un posible impacto de estos medicamentos en el microbioma intestinal.


Gerencia Medica
Flowers et al encontraron una disminución significativa en la diversidad de los pacientes tratados con antipsicóticos atípicos en comparación con los pacientes tratados con antipsicóticos no atípicos (índice de Simpson inverso, p = 0,045). Cuando se estratificaron por género, detectaron una mayor disminución en la diversidad en las mujeres tratadas con antipsicóticos atípicos en comparación con las mujeres tratadas con antipsicóticos no atípicos (índice de Simpson inverso, p = 0,015), pero no en los varones (índice de Simpson inverso , P = 0,8). La diversidad ß se alteró significativamente en los pacientes tratados con antipsicóticos atípicos, lo que provocó que las muestras fecales de pacientes tratados con antipsicóticos atípicos y tratados con antipsicóticos no atípicos se agruparan por separado (métrica de distancia de Yue y Clayton, AMOVA, p = 0,04), y permaneció significativa después del ajuste para la edad, el índice de masa corporal y el tratamiento con benzodiazepinas (p = 0,02).
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En una cohorte pediátrica, 
el tratamiento a largo plazo con risperidona (> 12 meses consecutivos) se asoció con una diversidad significativamente mayor (índice de Shannon, 5,9 frente a 5,2, respectivamente, p <0,05) en comparación con controles psiquiátricos sin antipsicóticos. 
La diversidad ß fue significativamente diferente en el grupo de risperidona crónica en comparación con los controles psiquiátricos sin antipsicóticos (ANOSIM, R = .516, P <.05). 
Esto indica que existe una gran diferencia entre los perfiles microbianos intestinales generales de los dos grupos. 
Además, en los 1135 participantes de una cohorte holandesa, los antidepresivos tricíclicos (adonis R2 = .002, p ajustado = .01) y los inhibidores selectivos de la recaptación de serotonina mostraron una asociación igualmente significativa con la composición (adonis R2 = .003, p ajustada = .02 ) .29
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En los 1135 participantes de una cohorte holandesa, los antidepresivos se asociaron positivamente con B. dorei (coeficiente = 0,131, p ajustado = 0,051) y Coprococcus eutactus (coeficiente = 0,114, p ajustado = 0,041) y se asociaron negativamente con Eubacterium hallii ( coeficiente = 0.084, P ajustado = .055) .29




Risperidone use (>12 months) was associated with increased a diver-

sity in a small cohort of 28 children.60

Reduced microbiome a diversity has well-documented associa-

tions with inflammatory states and diseases.62,63 Thus, a marked

drop in a diversity was reported in “immune related” diseases like

allergy, inflammatory bowel diseases, type 1 diabetes mellitus and

multiple sclerosis, as well as colorectal cancer and metabolic disor-

ders like obesity and T2D mellitus which primarily affect Western

countries.64,65 Moreover, reduced a diversity was previously associ-

ated with increased susceptibility to C. difficile infection.30,66,67 Since

b diversity was altered for all drug classes but NSAIDs, this indicates

that all of the remaining drugs reviewed produce compositional

microbiome signatures capable of distinguishing users of these drugs

from non-users. Since b diversity is a distance-based composite of

all taxonomic differences, it makes sense that these changes would

be accompanied by specific changes to the various underlying taxa.

4.1.2 | Taxonomic changes induced by medications

Two large observational studies and an intervention trial reported

similar taxonomic changes in PPI users, with a signature decrease in

Clotridiales and increase in Actinomycetales, Micrococcaceae and

Streptococcaceae.28,30,33 Several studies also reported that PPI, met-

formin, NSAIDs, opioids and antipsychotics were associated with

consistent increases in members of class Gammaproteobacteria,

including Enterobacter, Escherichia, Klebsiella, Citrobacter, Salmonella

and Proteus. These findings are strongest for PPI and metformin, as

we found consistent results from several large observational or inter-

ventional studies.28,30,33,39,42,43 Thus, specific taxonomic alterations

are consistently associated with some medications, essentially defin-

ing non-antibiotic prescription drug-induced bacterial profiles. These

genera include the most frequently isolated pathogens from blood

culture samples of patients with sepsis, especially critically ill and

cancer patients.68-70 In mice, domination by the family Enterobacteri-

aceae following antibiotic treatment resulted in clinically ill animals.71

Mouse models also found that NSAIDs induced significant increases

in members of families Enterobacteriaceae and Enterococcaceae.72-

75 Lipopolysaccharides from Enterobacteriaceae have been shown to

exacerbate NSAID-induced intestinal injury and increase intestinal

permeability.76,77 Moreover, Enterobacteriaceae blooms are common

in diseases involving inflammation, such as inflammatory bowel dis-

eases, obesity, colorectal cancer and coeliac disease.78 Taur et al

reported that the domination of intestinal microbiota by commonly

encountered organisms such as Enterococcus, Streptococcus, and vari-

ous Proteobacteria was associated with subsequent bacteremia by

the corresponding organism.79 Enrichment in Enterococcus or Enter-

obacteriaceae also increase susceptibility to C. difficile infection.67,80

On the basis of these findings, we can hypothesise that increased

Enterobacteriaceae and Enterococcaceae loads induced by drugs

such as PPIs and metformin can potentially enhance susceptibility to

infections, including C. difficile infection.81,82

Another potential link to clinical outcomes can be found in the

taxonomic changes reported in patients who receive antipsychotic

treatments. Bahr et al reported that long-term treatment with Ris-

peridone is associated with an increase in body mass index and a

decreased ratio of Bacteroidetes:Firmicutes.60 This findings are in

line with mouse experiments which reported that olanzapine and

Risperidone induced increased relative abundance of Firmicutes and

reduction in Bacteroidetes, a trend associated with weight gain83-86

and also found in obese mice compared to lean mice.87 Thus, we

speculate that taxonomic alterations induced by antipsychotic treat-

ments may provide insight into why these medications are associ-

ated with weight gain.

4.2 | Proposed mechanisms by which drugs
influence the gut microbiome

4.2.1 | Proton-pump inhibitors

Reduction in the intragastric acidity induced by PPIs may be a major

factor underlying subsequent changes in the gut microbiota, as more

bacteria may survive when stomach acidity is reduced. A less acidic

environment may enable organisms in the oral microbiome to colo-

nise the intestinal microbiome of PPI users (Figure 2, Table 2). Sup-

porting this theory are the findings by Imhann et al in feces showing

increases in taxa associated with the oral cavity (e.g., Micrococ-

caceae, Scardovia, Actinomyces, Rothia dentocariosa and Rothia

mucilaginosa), as well as by Jackson et al, who reported positive cor-

relations between PPI use and microbial families in the mouth,

throat, skin and nose.35,88 However, since hypochlorhydria induced

by PPIs is restricted to the stomach and the proximal duodenum,

other pH-independent mechanisms could also be responsible for

altering gut microbiota throughout the human gastrointestinal

lumen.89 Various hypothesis were proposed including: (1) hypergas-

trinemia and hyperparathyroidism induced by PPIs that have the

potential to alter the gastrointestinal bacterial environment,90 (2)

alteration of luminal contents by PPI which could interfere with

nutrient absorption and change the amount or location of bacterial

food substrates,91,92 and (3) binding of PPIs to non-gastric H+/K+-

ATPases on human cells such as colonic epithelial H+/K+-ATPases or

those of commensal bacteria and fungi.93 PPIs are a mainstay of

Helicobacter pylori eradication therapy and seem to have direct bac-

teriostatic activity against this bacterium in addition to an indirect

activity via increases in gastric pH.94 Indeed, previous studies

reported that omeprazole inhibited the growth of Gram-positive and

Gram-negative bacteria in vitro, including H. pylori.94-96 This effect

may be due to a direct effect on the proton pumps of the bacteria,

as such enzymes have been identified in H. pylori and S. pneumo-

niae.97,98 Kanno et al and Garcia-Mazcorro et al also suggest that

the increase in the bacterial load entering the large intestine may be

partly responsible for the faecal microbiome alterations associated

with PPI medication.99,100 Another contribution to faecal microbiome

alterations associated with inhibition of gastric acid may be the

change in the composition of dietary protein reaching the large

intestine.100,101 Often prescribed to provide gastric protection in

patients who are co-ingesting NSAIDs, PPIs combined with these
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agents may lead to a paradoxical cytotoxic effect on the small

bowel.76 This injury seems to be mediated by dysbiosis, because

injury was ameliorated when PPI-treated rats were engrafted with a

Bifidobacteria-enriched microbiota. Although this effect has not been

demonstrated in humans, these results suggest that PPIs, when co-

administered with NSAIDs, may potentiate cytotoxicity in the small

bowel via a microbiome-mediated effect. Distal gut bacteria interact

with colonic epithelial cells, and patients using PPIs have been

shown to have increased colonic intraepithelial leucocytes and faecal

calprotectin levels, suggesting colonic mucosal inflammation.102,103

PPIs may also directly bind colonic epithelial H+/K+-ATPases, or act

on the colonic mucosa through NF-jB or other systemic immune

pathways.104 Some studies have shed light on potential links

between PPI-induced gut dysbiosis and risk of infections, especially

C. difficile infection, as summarised by Imhann et al.30

4.2.2 | Metformin

We reported here that metformin was associated with increases in

the mucolytic bacterium Bifidobacterium bifidum, the mucin degrader

A. muciniphila and several bacterial taxa producing short chain fatty

acids, including Butyrivibrio, Megasphaera and Prevotella.40 Moreover,

short chain fatty acid concentrations (especially proprionate) were

significantly higher in metformin users compared to non-users.29

These findings corroborate previous results from mice models sug-

gesting that the beneficial effects of metformin may be linked to an

enhancement of the intestinal mucosal barrier.105-107 In illustration,

mice supplemented with A. muciniphila exhibited significant improve-

ment in mucin-producing goblet cells, glucose tolerance and adipose

tissue inflammation by inducing Foxp3+ regulatory T cells in the vis-

ceral adipose tissue.106 Moreover, significant correlation between

serum cholic acid, the most abundant primary biliary acid, and taxo-

nomic composition observed by Napolitano et al in metformin-trea-

ted patients, suggests a role played by the biliary acid pool in the

composition of the gut microbiome.108 An interplay between the size

and composition of the bile acid pool and the gut microbiota was

previously reported.109 The mechanism involved in metformin-

induced changes in gut microbiota could be an inhibition of the reab-

sorption of bile acids by metformin due to an alteration of the func-

tion of the sodium-dependent intestinal bile acid transporter.

Prolonged exposure to metformin in the gut after oral administration

may lead to continual flux through gut epithelial cells via the OCT1

and other metformin-associated transporters, which could promote

this inhibition of bile acid reuptake.

Oesophagus pH elevation: PPI

pH elevation associated with Helicobacter pylori elimination:

pH elevation associated with Helicobacter pylori elimination:
Cytotoxicity: PPI in association with NSAIDs

Antipsychotics, statins, opioids, NSAIDModification in inflammatory markers:
NSAIDReduction of the gut blood flow:

Antipsychotics, PPIDirect antibacterial activity:
Statins, metforminInteraction with biliary acid transporters:

Statins
Opioids, statins

Opioids, PPI

Reduction of digestive process:
Acceleration of digestive process:

Modification in inflammatory markers:
Opioids, statinsReduction of digestive process:

StatinsAcceleration of digestive process:

Stomach

Small Bowell

Colon

PPI

PPI

F IGURE 2 Proposed mechanisms by which drugs influence the gut microbiome
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4.2.3 | Nonsteroidal anti-inflammatory drugs

Robert and Asano reported that germ-free rats were resistant to

indomethacin-induced intestinal lesions, and that germ-free rats con-

taminated only with E. coli had mild lesions.110 Moreover, Kinouchi

et al documented that administration of cultures of Lactobacillus aci-

dophilus and Bifidobacterium adolescentis inhibits ileal ulcer formation

by repressing changes in the intestinal microbiota, suggesting a role

for the intestinal microbiome in NSAID-induced intestinal lesions.111

Long terms use of NSAIDs may lead to hyper-permeation of small

intestinal mucosa, and NSAID-induced inhibition of prostaglandin

synthesis may lead to decreased blood flow. As a result, the function

of the small intestine may be compromised in ways that could affect

the gut microbiota. However, changes in bacterial composition of

the gut microbiome also depend on the type of ingested NSAID,

suggesting particular mechanisms specific to NSAID class.47 Further-

more, in a mouse model Liang et al found evidence of bidirectional

interactions, with NSAIDs altering the composition of the intestinal

microbiota and the intestinal microbiota in turn altering indometha-

cin metabolism.112

4.2.4 | Opioids

Opioid use is associated with severe constipation, which could be

implicated in the creation of a disrupted gut environment leading to

altered gut microbiota in the form of small bowel overgrowth and

subsequent microbial translocation. Toll-like receptors may also play

a role, especially Toll-like receptor 2 which is evoked in morphine-

mediated immune changes, resulting in microbial dysbiosis and gut

epithelial barrier dysfunction as suggested in a murine model.113,114

Specifically, in a mouse model of sepsis, Meng et al documented that

opioid use leads to increased Staphylococcus and Enterococcus

(Gram-positive organisms) in the gut microbiota and enables their

dissemination to organs. Furthermore, it induces interleukin 17A

overexpression in a toll-like receptor two-dependent manner, which

contributes to disruption of gut barrier function, in turn enabling fur-

ther bacterial dissemination.114

4.2.5 | Statins

The interactions between statins and bile acids, which share trans-

porters in the intestine, may underlie the interplay between statins

and gut microbial composition. Recently, Nolan et al showed in a mur-

ine model that Rosuvastatin affected bile acid metabolism and

impacted the expression of inflammatory markers known to influence

microbial community structure in the gut (i.e., RegIIIy and Camp).115 In

addition, other side effects of statins such as constipation or laxative

effects could potentially arise from gut microbiota alteration. More-

over, data suggest that statins have direct anti-bacterial activity that

may explain some shifts in the gut microbiome.116-118

4.2.6 | Antipsychotics

Elevation of interleukin 8 and interleukin 1ß was observed in mice trea-

ted with olanzapine. These inflammatory cytokines are known to be

associated with obesity and implicated in insulin resistance.119,120 More-

over, leptin and ghrelin ratios could be impacted by these treatments,

which is interesting as these markers are also directly implicated in the

immune relationship between host and microbiota. In addition, direct

anti-bacterial activity of olanzapine in the gut lumen is suspected.83 This

interplay may be selecting for or against certain members of the micro-

biome, leading to the signature taxonomic shifts mentioned earlier.

4.3 | Perspectives

4.3.1 | Other drugs to investigate

Other drugs should be studied to investigate their effects on the

intestinal microbiome. Thyroid hormones, another frequently pre-

scribed class of drugs, may have an impact on the intestinal micro-

biome, and understanding potential bidirectional relationships

between the host endocrine system and gut microbiome is funda-

mental.121 Contraceptive agents may also have impact on the intesti-

nal microbiome and should be studied in humans and mouse

models.10 Moreover, intervention studies investigating the effects of

antihypertensive drugs (diuretics, angiotensin converting enzyme

inhibitors, and calcium channel blocking agents) on the gut micro-

biome may be of interest, as a study in a mouse model reported on

the protective cardiovascular effects of probiotics for genetic hyper-

tension. Supplementation with Lactobacillus fermentum induced taxo-

nomic changes in the caecal microbiota, leading to higher counts of

a Lactobacillus species and lower counts of a Bacteriodes and Clostrid-

ium species.122

TABLE 2 Proposed mechanisms of gut microbiome alterations
induced by prescription drugs

Proposed mechanisms References

PPI Acid suppression in the proximal

duodenum associated with ph-

independent mechanisms

Freedberg

et al89

Metformin Alteration of the enterohepatic

recirculation of bile acids involving

modulation of gut microbiome

Napolitano

et al108

NSAID Alteration of function of small

intestine, likely depending on the

particular type of nsaid ingested

Rogers and

Aronoff47

Opioids Modulation of the host immune

system, causing microbiome

alteration

Meng et al50

Statins Interaction with bile acids and

impact upon expression of

inflammatory markers known to

influence microbial community

structure

Nolan et al115

Antipsychotics Directly affects the growth of

organisms within the gut

Davey et al83

Morgan

et al85

PPI, proton pump inhibitor; NSAID, nonsteroidal anti-inflammatory drugs.
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4.3.2 | Mechanistic studies and randomised trials

Further mechanistic studies focusing on the link between intestinal

epithelial barrier dysfunction, prescription drug-induced gut micro-

biome dysbiosis and health status are needed to better understand

gut microbiome alterations and to define biomarkers of specific

drug-induced dysbiosis. It is further necessary to ascertain the

effects of these alterations on health, including the risk of C. difficile

infection or colonisation with multi-drug-resistant organisms. One

strategy is to design mouse model to study taxonomic and functional

changes (metagenome and metatranscriptome) induced by the medi-

cation. These models should include faecal microbiota transplanta-

tion from medication-treated animals to germ-free mice. Another

option may be to directly investigate drug-microbiota interactions in

a gut simulator.43 Transcriptome analyses of feces cultured in vitro

with the drug of interest may help to customise selective live bio-

therapeutics to counter drug-induced dysbiosis. Future work should

also include untargeted metabolomics to identify metabolites and

study their modes of interaction with the host.

In addition, intervention studies based on the principles of good

clinical practice are warranted to better understand the impact of a

medication on the human intestinal microbiome. In such randomised

trials, it is necessary to take into account the effects of major con-

founding factors known to influence the gut microbiome, as reported

by two large observational studies.10,29 One such double-blind and

randomised trial was already performed to evaluate the effect of

metformin in T2D patients.43 Clinical trials are also needed to inves-

tigate the impact of drugs on the microbiota of other body sites,

including cutaneous and lung microbiota.

4.3.3 | Modulation of the intestinal microbiome

As there is a clear association between the composition of the

microbiome and prescription drug use, and evidence that altered gut

microbiota may mediate some drug effects, another future direction

may be to investigate these and other drugs with the goal of amelio-

rating or reversing some of their adverse effects.43 Future studies

should investigate modulation of the gut microbiota with live bio-

therapeutics based on microbiome biomarkers of drug-induced dys-

biosis, to counter taxonomic changes associated with drug

prescription that may predispose patients to adverse outcomes.

5 | CONCLUSIONS

In this work, we reviewed data from observational or intervention

studies that reported medications induced gut microbiome alter-

ations. We found that PPIs, metformin, NSAIDs, opioids, statins

and antipsychotics have an impact on the overall architecture of

the gut microbiome. PPI, metformin, NSAIDs, opioids and antipsy-

chotics were associated with increases in members of Gammapro-

teobacteria. Specific taxonomic profiles associated with PPI use

may potentiate colonisation by pathogenic bacteria, especially

C. difficile. Further mechanistic studies and intervention trials based

on principles of good clinical practice, focusing on the link between

intestinal epithelial barrier dysfunction and gut microbiome dysbio-

sis induced by medications, are needed to better understand gut

microbiome alterations and to define biomarkers of specific drug-

induced dysbioses. The effects of many commonly used medica-

tions (antihypertensive drugs, anxiolytics, bronchodilators, diuretics,

thyroid hormones) remain unclear and future work is warranted to

study the impact of these drugs on microbiota and associations

with clinical outcomes, especially in regard to inflammation or sus-

ceptibility to infections.
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