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ABSTRACT 
Introduction: Pharmacomicrobiomics and toxicomicrobiomics study how variations within the human 
microbiome (the combination of human-associated microbial communities and their genomes) affect drug 
disposition, action, and toxicity. These emerging fields, interconnecting microbiology, bioinformatics, 
systems pharmacology, and toxicology, complement pharmacogenomics and toxicogenomics, expanding 
the scope of precision medicine. 
Areas covered: This article reviews some of the most recently reported pharmacomicrobiomic and 
toxicomicrobiomic interactions. Examples include the impact of the human gut microbiota on 
cardiovascular drugs, natural products, and chemotherapeutic agents, including immune checkpoint 
inhibitors. Although the gut microbiota has been the most extensively studied, some key drug-microbiome 
interactions involve vaginal, intratumoral, and environmental bacteria, and are briefly discussed here. 
Additionally, computational resources, moving the field from cataloguing to predicting interactions, are 
introduced. 
Expert opinion: The rapid pace of discovery triggered by the Human Microbiome Project is moving 
pharmacomicrobiomic research from scattered observations to systematic studies focusing on screening 
microbiome variants against different drug classes. Better representation of all human populations will 
improve such studies by avoiding sampling bias, and the integration of multi-omic studies with designed 
experiments will allow establishing causation. In the near future, pharmacomicrobiomic testing is expected 
to be a key step in screening novel drugs and designing precision therapeutics. 

 

 
Different subfields associated with pharmacomicrobiomics and the multiple –omics technologies 
that can be used to study drug-microbiome interactions. The left panel depicts the human genome, at 
the center, surrounded by a microbial cloud (the microbiota), which affects xenobiotics through the 
produced metabolites. The right panel shows the different systems-levels approaches for understanding 
what is encoded by host-associated microbial genomes.  
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Article Highlights: 
 

• Pharmacomicrobiomics describes the effect of microbiome variations on drug fate and 
action. 

• Toxicomicrobiomics can be defined as the effect of microbiome variations on xenobiotics, 
poisons, and drug adverse effects. 

• The human gut microbiota differentially affects the bioavailability and efficacy of dozens 
of drugs. Classical examples include digoxin metabolism and acetaminophen toxicity. 

• Some more complex interactions involve an interplay between the gut microbiota, 
immune system, and administered drugs, such as the case of cyclophosphamide and 
immune checkpoint inhibitors. 

• In addition to cardiovascular and anticancer drugs, plant xenobiotics and other dietary 
supplements are among the chemicals that are mostly affected by the gut microbiota, 
which has long adapted to these dietary components. 

• Other than the gut microbiota, vaginal bacteria may inactivate the antiviral agent 
tenofovir, and intratumoral bacteria were shown to inactivate the anticancer agent, 
gemcitabine. 

• In the future, better-designed, more inclusive microbiome-wide studies will improve the 
predictive value of microbiome types, and pharmacomicrobiomic testing is expected to 
improve precision therapeutics. 

 

 

1. INTRODUCTION 

The completion of the Human Genome Project at the start of this millennium [1, 2] 
provided a draft blueprint for the human species and ushered in a new era in biological sciences 
marked with big data, high throughput experiments, and systems-level approaches to 
understanding human phenotypes. 

It was anticipated that sequencing those three billion letters that make up the genome of 
Homo sapiens would finally unravel the genetic basis of every disease and would account for 
most phenotypic differences among humans. Yet, the human genome sequence came with its 
own surprises [3], the most striking of which was that the number of human genes turned out to 
be smaller than previously expected, and that variations within and between those genes did not 
fully account for the wide range of phenotypic variations among humans [4]. 

Since then, additional variability-driving factors, such as epigenetic, regulatory, and 
microbial factors [5, 6, 7] were to be explored. In particular, the human microbiota, classically 
described as the normal flora, started being considered as a major player in intra- and inter-
individual variations [5]. 

Having intrigued microbiologists for over 100 years [8, 9], the human microbiota is 
currently the center of attention of physicians and human biologists as well. Each human is 
colonized, on average, with 1014 microbial cells, mostly residing in the gastrointestinal tract [10, 
11], but also in the oral/nasal cavities, vagina, and on the skin [4, 12]. These microbes not only 
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outnumber nucleated human cells (~1013 cells), but also carry more genes and encode a more 
versatile metabolic potential than their human host [13, 14]. 

Although the impact of the human microbiome on health and disease is being diligently 
studied as a part of the Human Microbiome Project (HMP) [15] and the MetaHIT project [16], 
information about the effect of human-associated microbes on the outcome of pharmacotherapy 

[4, 17, 18, 19] is scattered and has not been systematically studied until very recently. These 
systematic studies started in parallel with the introduction of novel, interdisciplinary fields, such 
as pharmacometabonomics [20, 21] and pharmacomicrobiomics [4, 22]. 

Pharmacomicrobiomics is the study of drug-microbiome interactions, or how microbiome 
variations affect a drug’s fate (pharmacokinetics) and action (pharmacodynamics) by activation, 
potentiation, competition, or biodegradation [4, 22]. It emerged as a natural expansion of 
pharmacogenomics, but instead of emphasizing on the effect of human genome variations on 
pharmacotherapy, it deals with the human supraorganism [23, 24], underlining the role of 
human-associated microbiomes, with all their metabolic potential (Table 1). 

Human microbiome variations also affect how humans assimilate and respond to 
environmental toxins and xenobiotics in food, drugs, plants, and other natural products [19, 25, 
26]. Thus, insights from microbiome research are also expanding toxicogenomics, the study of 
how human genome variations affect xenobiotics, poisons, and drug adverse effects, into a 
novel branch of toxicology, which we propose as toxicomicrobiomics. 

Here we briefly review the most prominent examples of pharmacomicrobiomic and 
toxicomicrobiomic interactions, and we highlight those drug-related interactions and 
mechanisms discovered since 2014. Of note, the last five years have witnessed an expansion 
of knowledge about microbiome interactions with multiple drug classes; however, a large body of 
knowledge about chemotherapeutic agents has been particularly generated. We also review 
currently available online resources that help documenting or predicting drug-microbiome 
interactions as well as other tools that attempt to predict functions or metabolites from 
microbiome composition data. 

Finally, while the gut microbiota has been the most studied one, perhaps because of the 
higher numbers of its members, their higher diversity, and the most strongly established 
correlation with human health, we also present cases in which non-gut or environmental 
microbiotas play a pivotal role in modulating drug metabolism and therapeutic outcomes. 
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2. BACKGROUND AND HISTORY 

2.1. A decade of human microbiome research 

The HMP was launched a decade ago, and was planned to be performed in two phases: 
a descriptive/cataloguing phase (Phase I or HMP1) [15, 27], and an integrative phase (Phase II 
or iHMP) [28, 29]. In parallel, MetaHIT, a massive metagenomic study was conducted in the 
European Union, with a similar vision but with a more focused scope (the human gut) [16]. 

Microbiome studies of all sorts were conducted in parallel to the HMP and MetaHIT, 
which were indeed a trigger for a new era in microbiological research, reconciling an old, artificial 
dichotomy between environmental and medical microbiology [30]. This reconciliation coincided 
with the rise of the ‘One Health’ concept, an approach to addressing health problems by 
integrating human, animal, and environmental studies [31, 32]. 

The main HMP questions relevant to this review’s topic are: Are their certain core and 
signature microbiomes for different body sites? Are there particular clusters or 
“microbiome types” that can be used to stratify individuals for achieving precision 
medicine? What are the major factors that influence an individual’s microbiome, thus 
influencing the so many microbially driven phenotypes? 

The question of a core microbiome emerged as early as the first studies of Phase I 
(HMP1) [33]. In a sequel of the project, dubbed HMP1-II, an expanded dataset from the HMP1 
cohort was analyzed by whole metagenome sequencing primarily targeting six body sites, at 
different time points, in 265 individuals [29]. Great effort was made to define core sets of 
metabolic pathways that characterize each of the six body sites. Given the high diversity of taxa 
and their genes, core pathways were defined as those detected in ≥75% of individuals. These 
pathways were further classified into core, multicore, and supercore pathways. Overall, 258 
pathways were core to at least one body site, 176 were core to body sites from multiple body 
areas (thus called multicore), and 28 were core to all six targeted body sites, earning the 
‘supercore’ attribute [29]. A general conclusion for this work, which supports the HMP first 
reports [34], is that the core microbiome can be better defined functionally rather than 
taxonomically, reflecting functional adaptation by the microbiota to specific body sites [29]. 

For example, nitrate reduction is a site-enriched pathway in the oral cavity, which 
suggests a functional adaptation of the oral microbes to a particular niche of the human body. A 
metagenomic analysis of the healthy oral microbiome identified 14 species that act as nitrate 
reducers, and provide the human body with continuous sources of nitrite and nitric oxide [35]. 
Colonization of the oral cavity by these denitrifying bacteria contributes to the host nitric oxide 
(NO) homeostasis. 

Similarly, the degradation of complex plant carbohydrates is processed by two closely 
related gut Bacteroidetes [36]. Specifically, mannan, which is a plant-derived glycan found in 
human diet but not digested by human enzymes, is processed by polysaccharide-utilization loci 
in the dominant gut microbe, Bacteroides thetaiotaomicron [37]. The mannan degradation 
pathway is thus an example of a functionally adapted gut-specific pathway. 

Based on the above notion of conservation of metabolic pathways even when taxonomic 
units vary, the initial distinction of the microbiome into different ‘enterotypes’ [38, 39] did not 
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seem to stand the test of time (see Table 1). First, as with any classification, critics suggested 
that there are no clear boundaries between different taxonomic types, and that the microbiome 
diversity would be better represented as a continuum of taxonomic variants. On the other hand, 
metabotypes [40, 41, 42], functional clusters that differentiate individuals based on their 
metabolome signatures, seem a better alternative for enterotypes, given that what bacteria do, 
rather than what species are there, is the main influencer on human health [8]. 

Regarding the question of key influencers on the microbiome structure or its metabolic 
potential, major changes in the gut microbiome were observed in response to environmental 
factors, especially diet [43]. The decreased Bacteroidetes-to-Firmicutes ratio in obese individuals 
was initially linked to metabolic pathways such as the hydrolysis of polysaccharides in the 
intestinal lumen, leading to higher fat and calorie extraction from food than in lean individuals 
[44, 45]. In HMP1-II, a Gaussian process model was developed to study the temporal variability 
of the microbiome at different body sites. In the gut, inter-individual variation of Bacteroidetes, 
and in particular the genus Bacteroides, was markedly exhibited while Firmicutes were dynamic 
over time within individuals [29]. Thus, the Bacteroidetes-to-Firmicutes ratio may not be a 
reliable indicator of an individual’s gut microbiome health given its potential temporal fluctuation. 

Another obvious key influencer is human genetics [46]. Microbiome resilience was 
observed since the early microbiome studies, suggesting the existence of some ‘microbiome 
memory’ that is certainly a function of the host’s genotype. When genomic DNA from the blood 
of 298 individuals of the HMP cohort donors was sequenced [47], the genetic principal 
components showed the strongest effect on the taxonomic composition and functional potential 
in the gut and oral microbiomes, but not in the nares or vaginal communities. For example, 
Caucasians had higher abundance of Lachnospiraceae bacterium, Roseburia intestinalis, and 
Subdoligranulum in stool than other races or ethnicities [47]. While such genetic association may 
be due to differences in dietary habits, the ability to digest/metabolize certain nutrients is 
significantly dictated by host genetics [48]; hence, the created microenvironment specifically 
influences the microbial community flourishing within the gut. 

Taken together, whether the major influence is environmental, diet-related, or genetic, all 
previous insights suggest that early studies that focused on North American or European donors 
overlooked the impact of variations in geography and environment. Factors such as immune 
status, detailed diet, and pharmaceutical history of the donors have to be recorded and 
investigated, and—above all—real diversification that reflects the global distribution of human 
populations should be pivotal to next decade’s microbiome studies. 

2.2. The birth and rise of pharmacomicrobiomics 

Only after the booming interest in human microbiome variations has the study of drug-
microbiome interactions become a systematic discipline and became the main subject of the 
novel, interdisciplinary fields of pharmacometabonomics [20, 21], pharmacometagenomics [49], 
and pharmacomicrobiomics [4, 22]. 

The term pharmacomicrobiomics was first suggested in 2010 [4] to describe “the effect of 
microbiome variations on drug disposition, action, and toxicity.” 
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The key in defining pharmacomicrobiomics is investigating drug-microbiome interactions, 
i.e., the effect of variations of the microbiome (rather than individual microbes) on 
pharmacokinetics and pharmacodynamics. Interactions between drugs and individual microbes, 
on the other hand, have been studied for quite a while, in the context of drug biotransformation 
and biodegradation. 

Other terms that describe studying the impact of the human microbiota on drugs are 
pharmacometabolomics [41, 50] and pharmacometabonomics [20, 51]. Both 
pharmacometabolomics and pharmacometabonomics are concerned with the systems-level 
study of microbial metabolites, but the latter takes in consideration a combination of genomics 
and metabolomics, whence the “n” in metabonomics [52]. It is possible to consider 
metabonomics as a synonym for “meta-metabolomics” [53], or the metabolomics of 
metagenomes. 

Pharmacometabolomics and pharmacometabonomics focus on analyzing host- and 
microbiome-generated metabolites, and studying their diagnostic and predictive impacts on the 
pharmacological properties of administered drugs. However, these two closely related fields are 
not just confined to microbiome variations, but look at the final products of host-microbiome 
interactions: the metabolites resulting from drug processing by the human body and its 
associated microbiota. Metabolome variations are a consequence of multiple factors, some of 
which are genetic, such as human and microbial genome variations [50, 54]. Additionally, the 
metabolome is highly sensitive to transient and permanent changes in the microbial 
composition, metabolic regulation, and to diet and other environmental factors [55]. 

Finally, the term pharmacometagenomic(s) has also been suggested [49] to study 
variations in human response to drugs. It integrates the analysis of microbial genomes (or 
human-associated metagenomes) with the human genome itself, and can been seen as the 
metagenomics of the human holobiont. While metagenomics, by definition, is concerned with the 
types of species in an ecosystem (“who is there and how many?”) as well as the overall gene 
pool of the living form in that ecosystem (“what they are doing?”), the pharmacometagenomic 
approach emphasizes on shotgun analysis or random community genomics, and should thus be 
differentiated from amplicon (16S or 18S) analysis, which only primarily identifies the 
phylogenetic structure of living forms within an ecosystem. 

What makes pharmacomicrobiomics stand out in comparison to these terms is that it 
combines microbial community composition (usually determined by 16S amplicon analysis—or 
18S in the case of eukaryotic microbe) and functional potential (studied by metagenomics, 
metatranscriptomics, and metabonomics), all of which are simply parts of microbiomics. It is not 
always possible or easy to predict function from microbial community composition, and thus the 
combination of multi-omic technologies is always beneficial [55]. 
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Table 1: A brief comparison between pharmacogenomics and pharmacomicrobiomics 

 Pharmacogenomics Pharmacomicrobiomics 

Dependent variables: 
Drug bioavailability and therapeutic outcome 

Independent variables: 

 Inherited human genome variations or 
epigenetic variations 

Variations in microbial composition, and 
microbial genome, transcriptome, and proteome  

Intraindividual variations: 

 An individual’s genome is relatively stable 
(except for the rare mutations that may 
emerge during a lifetime). 
Pharmacogenetics and pharmacogenomics 
have largely dealt with the human organism 
as a one unit with homogenous cells and 
identical genomes; however, one possible 
application of intraindividual genetic 
variations is the study of variations between 
cancerous, somatic, and germline tissue 
[56]. 

Variations are dynamic and mobile. The 
microbiome is akin to a cloud [22] because the 
microbial composition is temporally, spatially, 
and hormonally variable within one individual. 
In addition to subtle and continuous variations 
caused by internal factors, dramatic variations 
may be caused by dietary changes and other 
environmental factors, such as 
humidity/dryness. 

 

Interindividual variations: 

 Most of the documented pharmacogenetic 
and pharmacogenomic variations describe 
allelic variations between different 
individuals. Among the most popular allelic 
variations are those in drug-metabolizing 
liver enzymes, notably the cytochromes. 
Additional drug action-modulating allelic 
variations may be in human leucocyte 
antigens (HLA), transporters, or drug target 
molecules/receptors. A typical example is 
the variability in warfarin treatment and 
toxicity outcome, which depends on many 
factors, one of which is the variation of its 
molecular target: Vitamin K epOxide 
Reductase Complex (VKORC) subunit 1. 

Microbiome variations between individuals are 
still too complex to be fully catalogued and 
precisely classified. Initial studies, on the gut 
microbiome as an example, used several 
dimensionality-reduction methods to cluster 
different microbiome profiles. Initially, 
enterotypes were suggested [38, 39], which 
were marked by Bacteroidetes-to-Firmicutes or 
Bacteroides-to-Prevotella ratios. Later on, it 
was thought that enterotypes may be 
oversimplified, and that there is a gradient or 
continuum of types that can be described by 
some beta diversity metrics, such as UNIFRAC 
[57] or Bray-Curtis [58] diversity. 
Another way of seeing interindividual 
differences focuses on functional rather than 
microbial profile-based classifications, and thus 
describes functional clusters or metabotypes. 
Simple biomarkers remain popular, notably the 
presence of some biomarker species such as 
Fusobacterium or Prevotella, as well as some 
probiotic species such as Bifidobacterium, or 
some biomarker genes, such as cardiac 
glycoside reductases, cgr [59]. 
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3. ONLINE RESOURCES 

Whereas plenty of well-established resources for pharmacogenetics and 
pharmacogenomics are available online (e.g., PharmGKB: https://www.pharmgkb.org, 
DrugBank: https://www.drugbank.ca, and Gene-Drugs: https://cpicpgx.org/genes-drugs, among 
others), online resources for drug-microbiome interactions are scarce. 

An early attempt to systematically document non-antibiotic drug-microbe or drug-
microbiome interactions was made in the PharmacoMicrobiomics database 
(http://www.pharmacomicrobiomics.org), released in 2011 [60] (See Box). 

Additionally, DrugBug (http://metagenomics.iiserb.ac.in/drugbug), published in 2017 [61], 
uses machine learning to predict xenobiotic metabolism by gut microbial enzymes. The Microbial 
Drug Target Database, MDTD (URL: http://chengroup.cumt.edu.cn/MDTD/), is a recently 
developed database for microbial drug targets, and has more emphasis on antimicrobials or 
other microbiome-driven therapeutics. 

In addition to these few tools directly addressing drug-microbiome associations, a hot 
research area of computational biology is emerging to address the gap in translating microbiome 
composition into potential functional implications (whether it is the coding potential of a 
microbiome based on known biology of its taxa [62] or metabolomics profile [63]). Among these, 
is a set of interestingly named tools for linking microbiome to function (e.g., MIMOSA [64], 
FISHTACO [65], and BURRITO [66]). 

 

Box: The online PharmacoMicrobiomics portal 

The PharmacoMicrobiomics database started as an educational initiative mostly 
curated by undergraduate students [67], and evolved into a web portal mining literature 
and linking PubMed abstracts to chemical and taxonomy databases [60]. 

Given the relatively small size of the database, it remains difficult to assess its 
usage and usefulness. Nevertheless, from visitor data recorded between January 2015 
and February 2018, some indicators regarding the most viewed interactions and the 
most hoped-for interactions can be noted. The most viewed interactions are: 
environment-ibuprofen (97 out of 2585 views), gut-baicalin (95 views), gut-digoxin (84 
views), gut-acetaminophen (71 views), gut-irinotecan (57 views), gut-omeprazole (56 
views), gut-polyphenols (56 views), gut-cyclophosphamide (51 views). 

The most searched drugs, compared to all unique searches, are: NSAIDs, 
aspirin, acetaminophen and ibuprofen (42 out of 835 searches, combined), digoxin 
(19/835), irinotecan (15 searches), cyclophosphamide (14 searches), and metformin 
(13 hits). Furthermore, the non-drug terms are: cancer (12 searches), skin (4 searches), 
and gut (4 searches). 

Of those searched drugs and terms, only “aspirin” has no database matches. 
Moreover, interactions linked to cancer and chemotherapeutic agents seem to be the 
most queried interactions. 
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Table 2: Recently reported pharmacomicrobiomic and toxicomicrobiomic interactions 

Drug  
(CID) 

Microbiome  
(site or taxon) 

Type of interaction Year Refere-
nce  

L- tryptophan 
(6305) 

Unknown gut 
microbes 

Gut microbes convert L-tryptophan 
into the bioactive neurotransmitter 
tryptamine but generate a toxic 
byproduct. 

2014 [68] 

Geniposide 
(107848) 

Unknown gut 
microbes 

Gut microbes decrease Geniposide's 
bioavailability. 

2014 [69] 

Lovastatin 
(53232) 

Unknown gut 
microbes 

Gut microbes increase Lovastatin's 
activity. 

2014 [70] 

Metformin 
(4091) 

Unknown gut 
microbes 

Gut microbes enhance metformin 
antidiabetic activity 

2014 [71] 

Gemcitabine 
(60750) 

Mycoplasma 
hyorhinis 

Mycoplasma hyorhinis decrease 
gemcitabine's activity. 

2015 [72] 

Ellagic acid 
(5281855) 

Unknown gut 
microbes 

Gut microbes increase ellagic acid's 
activity. 

2015 [73] 

Berberine 
(160447) 

Unknown gut 
microbes 

Gut microbes increase berberine 
bioavailability by converting it into an 
absorbable form. 

2015 [74] 

Naringin 
(442428) 

Bifidobacterium 
dentium 

Intestinal microbes increase naringin 
metabolism. 

2015 [75] 

Poncirin 
(442456) 

Bifidobacterium 
dentium 

Intestinal microbes increase poncirin 
metabolism. 

2015 [75] 

Rutin 
(5280805) 

Bifidobacterium 
dentium 

Intestinal microbes increase rutin 
metabolism. 

2015 [75] 

PD-1 inhibitors Bifidobacterium Gut microbes enhance the activity of 
PD-1 inhibitors. 

2015 [76] 
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Grape seed 
polyphenol 
extract, GSPE 

Unknown gut 
microbes 

The intestinal microbiota converts 
GSPE to active metabolite  

2015 [77] 

Amlodipine 
(2162) 

Unknown gut 
microbes 

Gut microbes metabolize the drug, 
altering its bioavailability 

2016 [78, 79] 

Tenofovir 
(464205) 

Gardnerella 
vaginalis 
(Urogenital 
microbiome) 

The vaginal microbe, Gardnerella 
vaginalis, increases tenofovir's 
metabolic processing. 
 

2017 [80] 

Fluoxetine 
(3386) 

Environmental 
consortium 

Microbial consortia increase 
fluoxetine's degradation. 

2017 [81] 

Mefenamic 
Acid 
(4044) 

Environmental 
consortium 

Microbial consortia increase 
mefenamic acid 's degradation. 

2017 [81] 

Metoprolol 
(4171) 

Environmental 
consortium 

Microbial consortia increase 
metoprolol's degradation. 

2017 [81] 

Oxaliplatin 
(71301229) 

Unknown gut 
microbes 

Gut microbes increase oxaliplatin's 
toxicity. 

2017 [82] 

Doxorubicin 
(31703) 

Raoultella 
planticola  

Raoultella planticola and other 
Enterobacteriaceae increase 
doxorubicin metabolism. 

2018 [83] 

Salicin 
(439503) 

Lactobacillus 
acidophilus 

Gut microbes (species: Lactobacillus 
acidophilus) increase salicin's 
activity. 

2018 [84] 

Nifedipine 
(4485) 

Unknown gut 
microbes 

Gut microbes metabolize 
metabolism, affecting its 
bioavailability and efficacy. 

2018 [85] 
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4. AN UPDATE ON DRUG-MICROBIOME INTERACTIONS (Table 2) 

Perhaps the best-studied examples of gut microbiome involvement in drug metabolism 
are the cases of acetaminophen and digoxin. 

Acetaminophen, being analogous to a microbial secondary metabolite (p-cresol) has 
variable toxicity depending on the amounts of p-cresol produced by an individual’s microbiota. In 
this case, p-cresol competes with detoxifying enzymes in the liver, which positively influences 
the painkiller’s hepatotoxicity. This example has been quite well characterized with detailed 
metabonomic analyses of factors influencing the interaction and the extent of hepatotoxicity [51]. 
This microbiome-induced liver injury was further found to follow a diurnal cycle, mediated by the 
gut metabolite 1-phenyl-1,2-propanedione [86]. 

Digoxin, a typical cardiac glycoside well known in pharmacology and pharmacokinetics 
for its narrow therapeutic range, is a drug whose dose should be carefully adjusted. If its 
bioavailability slightly drops, the pharmacological effect is not reached, and if it slightly 
increases, adverse effects appear. The impact of microbiome variations on digoxin has been 
documented for decades [87], and it was one of the drugs whose metabolizing bacteria, 
Eggerthella lenta (formerly Eubacterium lentum), have been identified [59, 88]. However, only 
recently the actual mechanism by which the bacteria degrade digoxin was revealed, and the 
finding was intriguing because only a few strains of these bacteria were found to possess the 
cardiac glycoside reductase genes (cgr), which encode the degrading enzymes [59]. The 
distribution of these genes in human metagenomes, their polymorphism, and their enzymatic 
activity have just started to be determined in 2018 [89]. 

A third classical interaction is one involving both the bacteria and the immune system in 
an interesting synergism between the chemotherapeutic agent, cyclophosphamide, and 
microbiome-translocated immune cells. The triad: Th17 cells, gut Firmicutes, and 
cyclophosphamide conspire against cancer cells, providing a prototypic example of a positive 
loop that starts with a drug-induced alteration in microbiome structure, leading to immune 
translocation, which, in turn, potentiates the drug action [90]. 

After these pioneering studies were published, pharmacomicrobiomic testing appealed to 
many academic and industrial research laboratories, especially with drugs having narrow 
therapeutic range, high toxicity, or those that are too expensive to be empirically prescribed. It 
was suggested that pharmacomicrobiomic/ metagenomic testing be added to therapeutic 
regimens [91, 92]. 

Of note, in the past few years, several excellent reviews have been published to catch up 
with this rapidly emerging research area, with emphasis on different aspects of 
pharmacomicrobiomics (e.g., pharmacological [93], toxicological [94], microbiological, or 
chemical perspectives). Some published articles focused on certain classes of drugs (e.g., 
antihypertensive [95], immunotherapeutic [96], or chemotherapeutic agents [97]), and a recent 
methodological article summarized state-of-the-art laboratory procedures to study microbiome 
effects on drug disposition [98]. 
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To avoid redundancy, the focus of this review article is on the most recent advances in 
pharmacomicrobiomics and toxicomicrobiomics, with emphasis on studies published in the past 
five years. 

 
4.1. Pharmacomicrobiomics of cardiovascular drugs 

Other than digoxin, cardiovascular drugs have been investigated for a microbiome factor. 
Several recent studies focused on the potential impact of gut microbes on heart diseases, the 
most recent of which investigated microbial metabolism of two antihypertensive medications, 
amlodipine and nifedipine. These calcium channel blockers are differentially metabolized by gut 
microbes to inactive metabolites, resulting in a decrease of their antihypertensive effect. The role 
of the microbiome in their metabolism was seldom considered but seems to influence their 
activity [78, 79, 95], and might be manipulated by induced hypoxia [85]. 

The second study tested a common nutrient, choline. The vitamin-like nutrient was found 
to be involved in atherogenicity through microbial gut metabolism. The gut microbiota 
metabolizes choline into trimethylamine (TMO), which is further metabolized in the host liver to 
trimethylamine-N-oxide. The final product of gut and liver metabolism can aggravate 
atherogenesis and coronary heart disease. This finding suggests that caution should be 
exercised when supplementing choline to high-risk individuals [99]. 

Within the same theme of microbiome influence on heart diseases, the effect of antibiotic 
administration on gut microbial metabolism of the lipid-lowering drug lovastatin was investigated. 
Gut microbes normally metabolize lovastatin to a number of metabolites, including the active 
hydroxy acid metabolite. Antibiotic administration was demonstrated to markedly decrease 
systemic concentration of the active metabolite, posing an alarming drug-drug interaction 
between lovastatin and broad-spectrum antibiotics [70]. 

4.2. Pharmacomicrobiomics of plant xenobiotics and dietary supplements 

While drugs are the central focus of pharmacomicrobiomics, a large set of xenobiotics of 
natural origin, such as medicinal plant extracts and other dietary supplements, are also being 
studied for their interactions with the microbiome. 

An accidental discovery unveiled a rare type of interaction, involving the nervous system. 
The enzyme tryptophan decarboxylase, responsible for converting tryptophan to the 
neurotransmitter tryptamine, was found in two gut microbes: Clostridium sporogenes and 
Ruminococcus gnavus. The discovery was made when an unexpected metabolite of tryptophan 
was found in the culture fluid of C. sporogenes. After further investigations, the rare enzyme was 
discovered in C. sporogenes, and the synthesized tryptamine was found to be secreted by the 
gut bacterium. Of note, the gene trp decarboxylase was incorrectly annotated as tyr 
decarboxylase, but the enzyme was tested in the presence of both amino acids, it 
decarboxylated tryptophan 600 times more efficiently than tyrosine, indicating that referring to 
the enzyme as tyrosine decarboxylase was inaccurate [68].  

This interaction is not just important on the nutritional level, but it could also have 
implications with the use of tryptophan as a supplement or in multivitamin preparation. A fresh 
report has linked tryptophan metabolites to microglial control of astrocytes, suggesting a role for 
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the dietary amino acid in protection against some neurodegenerative diseases such as multiple 
sclerosis [100]. 

Although the majority of drug-microbiome interactions involve drug inactivation, some are 
crucial to increasing drug efficacy. A good example is the role of gut microbes in berberine 
absorption. Berberine is an alkaloid found in Coptis chinensis, a plant traditionally used for 
treating diarrhea and recently for treating metabolic syndrome. The mechanism of berberine 
absorption was poorly understood, as the drug has low water solubility. Gut microbes transform 
berberine into the water-soluble metabolite, dihydroberberine. Once absorbed, dihydroberberine 
is converted back to berberine and initiates its pharmacological effect [74]. 

Drug activation by the microbiota seems to be common in bioactive plants and their 
medicinal products. For example, grape seed polyphenol extract (GSPE), commonly known for 
its antioxidant activity, contains a number of polyphenolic compounds that were proven to 
possess neuroprotective activity and has been used for Alzheimer’s disease ever since. A study 
investigated the impact of GSPE on mice with Alzheimer’s disease, focusing on the active 
participation of intestinal microbiota in GSPE’s activity. Gut microbes convert polyphenols to 
phenolic acids. Two particularly important ones (3-hydroxybenzoic acid and 3-(3´-
hydroxyphenyl)propionic acid) were measured in the brain and showed an increase after GSPE 
administration. Those phenolic acids were responsible for delaying neurodegeneration by 
inhibiting β-amyloid aggregation in the brain and therefore stopping Alzheimer’s disease 
progression [77]. 

Another good example of mutualism is provided by Lactobacillus acidophilus and the 
plant glycoside salicin. The intestinal bacteria use the sugar part of the glycoside to grow while 
leaving the active aglycone part to be readily absorbed by the host. Two key elements were 
identified for this process to be completed: Phosphotransferase system (PTS) transporters and 
phospho-β-glucosidases are responsible for glycoside uptake and hydrolysis. This interaction is 
beneficial for both the microbe and the host and it highlights the role of Lactobacillus acidophilus 
in increasing benefit from plant glycosides through metabolism [84, 101]. Rhamnoglycosidases 
are also involved in this interaction. The bacterium Bifidobacterium dentium possesses α-L-
rhamnosidase enzyme enabling it to hydrolyze rutin, poncirin and naringin, but not quercitrin 
[75]. 

4.3. Pharmacomicrobiomics and toxicomicrobiomics of anticancer agents 

One of the major and most dramatic impacts of human microbiome variations on drug 
therapy is that on chemotherapeutic agents. In addition to the archetypal example of 
cyclophosphamide (see above), a few other interactions were recently reported, opening a big 
area of research that may improve the outcome of chemotherapy and decrease its toxicity. For 
example, the human microbiota was found to activate ellagic acid, modulate the toxicity of 
irinotecan [102], and exert major impact on other chemotherapeutic agents, such as oxaliplatin 
and cisplatin [82], through interaction with the immune system. 

Other than cyclophosphamide’s synergy with the immune system, a good example of a 
cytotoxic drug potentiation is the activation of the natural product, ellagic acid. Urolithin A, a 
metabolite of ellagic acid generated by gut microbes, could increase the sensitivity of colorectal 
cancer (CRC) cells to 5-fluorouracil (5-FU:an anti-tumor anti-metabolite used for CRC). This 
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finding suggests that a combination of 5-fluorouracil and ellagic acid may lead to 5-FU dose 
reduction and decreased toxicity and, most importantly, increased benefit from the reduced dose 
[73]. 

Immune checkpoint inhibitors act through a distinct anticancer effect, by blocking 
pathways that suppress immunity. They inhibit tumor growth and promote regression by immune 
modulation. A prominent subset is PD-1 inhibitors, the drugs that block this T cell checkpoint 
molecule, which is otherwise used by tumors to drive the immune cell to its own death. However, 
a discrepancy among the effectiveness of these inhibitors was observed, as patient response 
remained as low as 25 % in some cases [103], which was hypothesized to be associated with 
the gut microbiome.  

Combination treatment of Bifidobacterium and a PD-1 inhibitor nearly abolished tumor 
outgrowth and decreased relapse. This effect was thought to be driven by the augmentation of 
dendritic cell function and accumulation of CD8 T cells in the tumor microenvironment [76]. On 
the other hand, not all commensals showed a similar effect to the previous. Bacteroidales 
overrepresentation was accompanied by a poor response to immune checkpoint inhibitors. 

Likewise, other studies demonstrated an added benefit of the overrepresentation of 
Faecalibacterium, Clostridiales and Ruminococcaceae in increasing the immune response to 
immune checkpoint inhibitors. Moreover, abundance of Akkermansia muciniphila showed 
greater response to these anticancer drugs [96]. Whether these promising findings, mostly 
based on mouse models, can be extrapolated to humans is controversial but may be possible in 
the near future [96]. 

One of the adverse effects of another immune checkpoint inhibitor, ipilimumab, was 
found to be microbe mediated. Patients with abundance of bacteria belonging to Phylum 
Bacteroidetes, including the families Bacteroidaceae and Rikenellaceae, were less susceptible 
to ipilimumab-induced colitis suggesting their possible protective role on the colon through 
polyamine transport and vitamin B biosynthesis [104]. 

Members of consortia within the gut microbiome may alter the response to anti-cancer 
medications most commonly by increasing their metabolism. This increase in metabolic 
processing may simply inactivate the drug, or may in addition increase its adverse effects 
(Table 3). 

The growing list of microbial interactions with anticancer agents includes the antitumor 
antibiotic doxorubicin. When tested in the model organism, Caenorhabditis elegans, doxorubicin 
was inactivated through the removal of its sugar (deglycosylation). This deglycosylation, which 
generates 7-deoxydoxorubicinol and 7-deoxydoxorubicinolone, was catalzyed by a 
molybdopterin-dependent enzyme found in Raoultella planticola and other members of family 
Enterobacteriaceae [83]. 

Geniposide, an iridoid glycoside found in Gardenia extract exhibits anti-tumor and anti-
inflammatory effects. It was specifically involved in reducing the injurious effect of formaldehyde 
on neuroblastoma cells by inhibiting apoptosis through Bcl-2 proteins expression [105]. 
Geniposide is metabolized by microbial beta-glucosidases to Genipin [69], which can contradict 
the effect to Geniposide by inducing cytotoxicity through the JNK pro-apoptotic pathway in 



Aziz et al. Pharmacomicrobiomics & Toxicomicrobiomics Author Preprint 

 
Page 16 of 27 

HepG2 cells [106]. These findings provide a striking example of the role of intestinal microbial 
metabolism in not only altering drug efficacy through metabolic processing, but also in 
modulating its toxicity: a combination of pharmacomicrobiomics and toxicomicrobiomics. 

Oxaliplatin, a chemotherapeutic agent known for causing chemotherapy-induced 
peripheral neuropathy (CIPN) in cancer patients, may not be the culprit for that adverse 
condition, after all, and provides another excellent example of toxicomicrobiomic interactions. A 
recent study investigated the influence of gut microbes on CIPN by testing two groups of mice: a 
gut microbe-free group and a gut microbe-harboring group. The findings supported the 
suggestion that gut microbes were majorly involved in CIPN pathogenesis by initiating an 
inflammatory response to oxaliplatin in dorsal root ganglion. A more detailed insight into the 
mechanism involves macrophage stimulation by bacterial lipopolysaccharide (LPS) and release 
of IL-6 and TNFα and consequently developing mechanical hyperalgesia. The microbe-free 
mice, on the other hand, did not develop mechanical hyperalgesia. However, after introducing 
exogenous LPS, CIPN was observed in this group providing further evidence that gut microbes-
driven LPS plays a direct role in the induction of peripheral neuropathy [82]. 

An intriguing toxicomicrobiomic interaction was identified for irinotecan. What makes this 
interaction surprising is that it can be either beneficial or detrimental under different conditions. It 
was previously discovered that gut microbes can increase irinotecan toxicity owing to their 
possession of β-glucuronidase enzyme that removes glucuronide conjugation from irinotecan’s 
toxic metabolite: SN-38G, and causes its enterohepatic circulation. This effect was inhibited by 
ciprofloxacin administration [107]. 

The glucuronidase-mediated toxicity was described in a study as being inhibitable by 
different means; yet, this inhibition is quite specific, and different enzyme orthologs do not 
respond similarly to different inhibitors, owing to structural changes [108]. A potent 
glucuronidase inhibitor, amoxapine, could decrease this toxicity when co-administered with 
irinotecan [109]. On another front, a beneficial microbial effect was associated with increasing 
the intake of prebiotic dietary fibers, which reversed the irinotecan-associated toxicity by 
increasing intestinal butyrate concentration [102]. 
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Table 3: A simple classification of pharmacomicrobiomic and toxicomicrobiomic drug 
interactions, with representative examples. 

 

Drug activity Drug toxicity Gut  Non-Gut 
Drug activation – Berberine  

Ellagic acid  
Lovastatin  
Salicin  
Grape Seed 
Polyphenol Extract 
(GPSE) 

 

Enhancement of 
activity  

 PD-1 inhibitors  
Metformin  
Cyclophosphamide  

 

Drug inactivation – Digoxin 
Doxorubicin  
Rutin  
Ponicrin  
Naringin  
Amlodipine  
Nifedipine  

Tenofovir 
Fluoxetine  
Metoprolol 
Mefenamic acid 
Gemcitabine 

Drug reactivation Increased toxicity  Irinotecan  
L-Tryptophan 

 

Drug inactivation Increased toxicity Acetaminophen 
Geniposide  
Choline  

Azo dyes* 
 

– Increased toxicity  Oxaliplatin   
– Decreased toxicity ipilimumab  

* Bacterial azoreductases are able to reduce azo dyes, present in some topical products; 
however, some of the degradation products may be carcinogenic. 

 

4.4. Pharmacomicrobiomics outside the gut 

One of the most remarkable recent discoveries, published in 2017 [80], is about the role 
of the vaginal microbe Gardnerella vaginalis in metabolizing the anti-HIV drug, tenofovir. This 
example is particularly interesting because the bacterial species involved was identified. In 
addition, it drew attention because the bacteria are differentially represented among women. 
African women tested in this study were classified according to their vaginal microbial 
colonization into those with a Lactobacillus-dominant microbiota and those with a non-
Lactobacillus-dominant microbiota. The Lactobacillus-dominant group responded three times 
more to tenofovir than the non-Lactobacillus group. This major difference was explained by the 
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predominance of Gardnerella vaginalis in the Lactobacillus-deficient group, which leads to 
bacterial vaginosis. In conclusion, G. vaginalis was deemed responsible for decreasing 
tenofovir’s bioavailability by increasing its metabolism [80]. 

Another striking extra-intestinal example is the inactivation of gemcitabine (2',2'-
difluorodeoxycytidine) by intratumor bacteria in pancreatic ductal adenocarcinoma (PDAC) [110]. 
The enzyme cytidine deaminase was found responsible for decreasing the efficacy of the 
anticancer agent by catalyzing the conversion to the inactive metabolite 2',2'-
difluorodeoxyuridine, this phenomenon was also observed in colon cancer models by 
Gammaproteobacteria [111]. 

Mycoplasma hyorhinis cytidine deaminase was identified to have a similar effect on 
gemcitabine in breast cancer cell cultures. In this case, gemcitabine deactivation was reversed 
by the addition of a cytidine deaminase inhibitor, namely, tetrahydrouridine [72]. 

4.5. Environmental pharmacomicrobiomics and toxicomicrobiomics 

The scope of drug-microbiome interactions may be expanded beyond the human 
microbiome to environmental microbiology and biodegradation. Drugs that are regularly 
consumed can reach the sewage as whole drugs or metabolites, and are potentially toxic to 
aquatic organisms. However, some naturally occurring nitrifying bacteria may reduce the harmful 
effect of pharmaceuticals. Metoprolol, fluoxetine and mefenamic acid were studied in the 
presence of ammonium nitrite-oxidizing bacteria, nitrite-oxidizing bacteria, and heterotrophic 
biomass. Biodegradation of the three drugs was highest with the ammonium nitrite-oxidizing 
bacteria, metoprolol had the least sorption on biomass and therefore the least biodegradation. 
This observation is a good example for the effect of a drug’s physicochemical properties on its 
biodegradation [81]. 

Plenty of other examples of drug biodegradation in the environment may be soon the 
target of systematic studies to accelerate the discovery of human microbiome-induced drug 
inactivation, potentiation, or modification. It will always be safer and easier to study the 
interactions in the environment before trying to find similar ones by closely related bacteria 
residing in the human body.  

 

5. CONCLUSION 

In conclusion, pharmacomicrobiomics, pharmacometabonomics, 
pharmacometagenomics, and toxicomicrobiomics are all research areas that emerged briefly 
after the HMP was launched. These nascent research areas may lead to a paradigm shift in 
targeted therapeutics and precision medicine, especially with drugs of narrow therapeutic index, 
highly variable therapeutic outcome, or high cost. Microbiome studies are undoubtedly becoming 
an essential component of precision medicine and systems pharmacology, and in the near 
future pharmacomicrobiomic testing will become part of the clinical decision making for many 
drugs. 
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6. EXPERT OPINION: Outlook–the future of pharmacomicrobiomics and 
toxicomicrobiomics 

6.1 From scattered reports on drug-microbe interactions to systematic studies of drug-
microbiome interactions 

From what was presented in this review article, it is fair to say that 
pharmacomicrobiomics is not a completely novel field or approach. The effect of the intestine 
and its microbiota on drug disposition is well documented in pharmacokinetics and bioavailability 
literature. Additionally, for over a century, individual drug-microbe interactions have been 
described and investigated through very clever experiments. 

However, what is new and worth nurturing is taking studies of drug-microbe interactions 
to a systems level through integrating multiple -omics approaches [e.g.,51, 59, 112, 113]. The 
transition to this systems-level approach has been well synchronized with technological 
advances in DNA sequencing, robotics, mass spectrometry, proteomics, and metabolomics. The 
exciting rise of microbiome studies, pharmacomicrobiomics, pharmacometabonomics, and 
metagenomics of the human holobiont coincides with the massive expansion of computational 
biology, and the ability to handle big data using data mining and machine learning methods. 

Another remarkable difference that can be observed in drug-microbiome studies 
conducted in the last few years is the move towards systematic prospective or case-control 
studies, and we expect systematic pharmacomicrobiomic screens to be implemented in drug-
development pipelines in the coming decade. Most of the earlier reports were coincidental or 
scattered observations that were subsequently analyzed in depth. The latest studies, on the 
other hand, seem to be more organized and systematic. It is not unlikely to see massive 
screening of particular drugs against libraries of human-associated bacterial species, or massive 
screening of some well-characterized human bacteria against libraries of drugs and chemicals. 
In our opinion, such systematic high-throughput screening will uncover tens of additional drug-
microbiome interactions that have not been previously considered. In addition, as the HMP 
evolves and as thousands of amplicon-based or shotgun metagenomic data sets are being 
made publicly available, virtual screening for drug-metabolizing enzymes, pathways, microbes, 
or microbial consortia will also be handy. 

A clear gap in the field is the lack of robust computational tools of predictive value that 
are focused on drug-microbe interactions, whereas a good number of tools is being developed 
for predicting functional potential, metabolites, and microbe-microbe interaction networks. The 
current resources are scarce and are focused on cataloguing known interactions rather than 
predicting new ones. A novel prediction tool was developed [61], but remains preliminary, with 
an ability to predict enzyme families /microbial taxa with broad specificity. It seeks predicting 
enzymatic activities (digitized as EC numbers) that are well defined in members of the human 
microbiota; however, its accuracy remains to be improved. 

In general, predictive tools need to advance on two fronts: (i) predicting interactions 
based on chemical analogy to existing drugs/xenobiotics, and (ii) predicting interactions based 
on metabolic potential and enzymatic activities within members of the microbiota (regardless of 
the taxonomic identity of these members), and these can build on the current tools for functional 
and metabolomics prediction (reviewed under “Online Resources”). 
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6.2. Some precautions, pitfalls, and areas for improvement 

Like with all microbiome studies, in general, there are caveats to watch for when 
conducting pharmacomicrobiomic studies. One major precaution is not to confuse association 
and causation [54, 92]. Population-based studies or studies conducted on animal models often 
generate statistically robust correlations between a certain drug-microbiome pair and a 
phenotype; however, causation takes time to establish and, as seen with the example of 
cyclophosphamide [90], drug-microbiome interactions are often confounded by other factors 
such as the immune system, microbial translocation, and possibly interaction with diet and other 
drugs. 

Another pivotal precaution is avoiding sampling bias. Strong economy, funding, and 
availability of well-established institutions are all factors that favor some countries (e.g., USA, 
Western Europe, China, and Japan). This increased share of research conducted in these 
countries inescapably leads to oversampling populations and ethnic groups living therein. As 
seen with many initial HMP and MetaHIT data, some conclusions and associations are only valid 
for some human populations, and the genetic effect may be behind many of the observed 
changes attributed to other phenotypes. Thus, sampling diverse patients is crucial in any future 
pharmacomicrobiomic studies to avoid the initial shortcomings of the HMP. Numbers of samples 
and sampling points are also important to provide statistical strength, and this too—
unfortunately—strongly relies on economic factors, which places many countries and 
laboratories at a disadvantage, and compromises a fair and global representation of all humans. 

One final hurdle to overcome is the difficulty to culture most of the microbiome members, 
in spite of recent breakthroughs [114, 115]. Many of the drug-microbiome interactions will 
require final experimental confirmation, at a level that is not possible without the ability to culture 
drug-modulating bacteria. However, some alternative technologies may be implemented, such 
as functional screening of metagenomic libraries against key drugs, or in silico screening for 
potential drug-modulating enzymes followed by their cloning and expression in heterologous 
hosts. 

Lastly, the strong focus on chemotherapeutic agents is understandable and 
commendable, given the importance of precision therapy with these particular drugs, since they 
are life saving, mostly expensive, and with highly variable outcomes. However, expanding the 
scope towards all drug classes is necessary and imminent, and—in our opinion—will improve 
the knowledge about all drugs, inasmuch as specific chemical groups and bonds that are 
vulnerable to microbial enzymes will be delineated and classified. 

6.3. The future? 

Based on all the above, it is clear that pharmacomicrobiomics is rising, and more 
systematic screening is expected to enrich the field. Another similar aspect, toxicomicrobiomics, 
or the study of microbiome modulation of environmental pollutants, xenobiotics from natural 
products, and other food-associated toxins, is expanding as well.  

These new trends, supported by latest technological advances, strengthen the current 
trend towards precision medicine and the One Health approach. Microbiome typing and 
pharmacomicrobiomic testing are expected to be added to treatment protocols and to drug 
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labels. The speed of such paradigm shift may be hard to predict, but its direction is clearly 
heading towards precision and predictive medicine [116], which is now experimentally, ethically, 
and economically favored. 
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