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Abstract
The human gastrointestinal tract is home to a dense population of microorgan-
isms whose metabolism impacts human health and physiology. The gut micro-
biome encodes millions of genes, the products of which endow our bodies with 
unique biochemical activities. In the context of drug metabolism, microbial bi-
ochemistry  in  the gut  influences humans  in  two major ways:  (1) by producing 
small molecules that modulate expression and activity of human phase I and II 
pathways; and (2) by directly modifying drugs administered to humans to yield 
active, inactive, or toxic metabolites. Although the capacity of the microbiome to 
modulate drug metabolism has long been known, recent studies have explored 
these interactions on a much broader scale and have revealed an unprecedented 
scope  of  microbial  drug  metabolism.  The  implication  of  this  work  is  that  we 
might be able to predict the capacity of an individual's microbiome to metabo-
lize drugs and use this information to avoid toxicity and inform proper dosing. 
Here, we provide a tutorial of how to study the microbiome in the context of drug 
metabolism, focusing on in vitro, rodent, and human studies. We then highlight 
some limitations and opportunities for the field.
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OVERVIEW OF THE GUT 
MICROBIOME

Anatomy of the gastrointestinal tract, 
succession, and regional localization of gut 
microbiota

The gut microbiota, from the human infant 
to the adult

Humans are a composite of both microbial and host cells, 
and  in  terms of numbers, microbial cells  far outnumber 
the host cells. Microbial numbers have been estimated to 
be in the 10– 100 trillions,1,2 and a majority of these micro-
organisms,  collectively  termed  microbiota,  are  found  in 
the large intestine, especially the colon. The microbiota of 
the gastrointestinal tract or gut microbiota receives much 
attention in research; however, it is important to note that 
of significance are also the microbiota in other compart-
ments of the human body, including the skin microbiota, 
oral  microbiota,  airway  microbiota,  and  vaginal  micro-
biota.  Unraveling  the  fundaments  underlying  the  inter-
actions between the microbiota that associate with these 
various compartments of the human host is critical to un-
derstanding the complete physiology of the host, both in 
good and poor health.

Bacteria  colonization  of  the  host  occurs  immediately 
after birth, and, as in many ecosystems, this is highly influ-
enced by available nutrients, and, in the case of humans, 
the mother's milk, with unique nutrients termed human 
milk oligosaccharides  (HMOs). These sugar- based nutri-
ents have five building blocks, namely glucose (Glc), galac-
tose  (Gal),  N- acetylglucosamine  (GlcNAc),  fucose  (Fuc), 
and  the  sialic  acid  N- acetylneuraminic  acid  (Neu5Ac). 
Combinations of these building blocks are linked together 
in  glycosidic  bonds  to  yield  diverse  oligosaccharides. 
Based  on  characterization  of  greater  than  100  different 
HMOs, it is evident that the composition is highly variable 
among women.3 After  feeding,  the HMOs escape hydro-
lysis  in the acidic stomach and migrate to the small and 
large intestines where their degradation shapes the micro-
bial and host- microbe interactions.3 The microorganisms 
generally found in the infant gut microbiota are, therefore, 
well adapted to degrading HMOs to use  their glycans as 
carbon and energy sources, and this observation suggests 
co- evolution of this symbiotic relationship.

In  similarity  to  the  microbial  community  structure 
in many gut systems,  the  infant microbiota  is composed 
of members from all three domains of life, including the 
archaea,  represented mostly by methanogens,  the bacte-
ria, represented by many different lineages, and Eukarya, 
represented mostly by fungi. Co- existing with the micro-
biota  are  viruses  or  phages,  which  are  not  incorporated 

in  the  three- domain  concept,  because  this  classification 
is  based  on  free- living  organisms  and  viral  life  does  not 
meet this criterion. The bacteria are, in general, dominant 
in  the  human  gut  microbiota,  and  the  fungi  are  present 
in the lowest numbers. Furthermore, at a given time, the 
microorganisms present may be native or indigenous (au-
tochtonous)  or  transients  (allochtonous).  Under  healthy 
conditions,  established  microbiota  resist  colonization  by 
pathogens or parasites due to inability of the “foreign or-
ganisms” to compete with the well- established microbiota 
(a process known as competitive exclusion). Establishment 
of the microbial consortia along the gastrointestinal tract 
is dependent on many environmental factors on the host 
side, including habitat properties, such as pH, redox state, 
availability and types of nutrients, water activity, and tem-
perature.3  In  return,  the  host  benefits  by  the  microbiota 
making  available  energy  from  nutrients  that  are  host- 
undegradable (i.e., HMOs), promoting cell differentiation 
(a clear illustration seen with the underdeveloped gastro-
intestinal tract of a germ- free compared with microbiota- 
colonized  animal  models),  providing  protection  from 
pathogens and parasites, stimulating development of the 
immune  system  (mucosa  education),  detoxifying  xeno-
biotics, protecting the integrity of barrier function of the 
skin and mucosa, and regulating metabolism.3,4

In  studies  on  the  infant  and  its  symbiotic  microbial 
population, the recent observation that the infant micro-
biota structure has consequences on later or adult life has 
spurred efforts to ensure colonization and presence of the 
good  “bugs”  in  the  microbiota  early  in  life.5,6  The  strat-
egy to ensure a good outcome has been two- fold (i.e., ad-
ministration  of  probiotics  [live  beneficial  microbes]  and 
prebiotics  [often  oligosaccharides  that  stimulate  growth 
of beneficial bacteria]). This also implies the possibility of 
achieving the same aim with synbiotics (i.e., administra-
tion of a mix of both probiotics and prebiotics). It is antic-
ipated that as our understanding of the beneficial aspects 
of  HMOs  and  our  capacity  to  synthesize  them  advance, 
they will form the foundation of many prebiotics and syn-
biotics administered to infants, as HMOs represent one of 
the major differences between human milk and formula 
milk. In fact, HMOs, such as 2′- fucosyllactose (2′- FL) and 
lacto- N- neotetraose  (LNnT),  have  been  used  to  supple-
ment  infant  formula  milk  without  any  adverse  effects.7 
This is a promising finding, because HMOs are reported to 
protect against pathologies such as necrotizing enterocoli-
tis. They also program and modulate the immune system, 
provide beneficial microbial metabolites, reduce risk of al-
lergies, strengthen and protect intestinal barrier, enhance 
cognitive  development,  prevent  adhesion  of  pathogens, 
and also modulate neonatal viral infection.8– 11

The  type  of  delivery  (i.e.,  natural  birth  or  cesarean 
birth [C- section]) has significant impact on the structure 
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of  the  infant  microbiota,  especially  during  the  first  few 
months  after  birth;  thus,  we  would  like  to  take  a  brief 
look at this subject. The differences in the early microbi-
ota in the two delivery systems are ascribed to the obser-
vation that naturally delivered infants come into contact 
with  vaginal  and  fecal  microbiota  of  the  mother,  with 
members  of  the  genera  Bacteroides  and  Bifidobacterium 
dominating  in  this  community.12– 15  On  the  other  hand, 
C- section delivered infants miss these natural sources of 
microbial  inoculation  and  become  more  exposed  to  the 
microorganisms present on the skin of the mother, the de-
livery  staff,  and  the  delivery  environment. Thus,  infants 
delivered  through C- section  tend  to exhibit gut microbi-
ota with  reduced complexity and enriched of organisms 
often associated with the skin and the environment, such 
as the genera Enterobacter, Haemophilus, Staphylococcus, 
Streptococcus, Corynebacterium, and Veillonella.13,16 With 
time,  these  differences  between  vaginally  delivered  and 
C- section delivered babies decrease. A recent comprehen-
sive study in Denmark, however, reported that C- section 
delivery  babies,  compared  with  vaginal  delivery  babies, 
have increased prevalence of four common immune me-
diated chronic inflammatory diseases (i.e.,  inflammatory 
bowel  disease,  rheumatoid  arthritis,  celiac  disease,  and 
type I diabetes).17– 19 Importantly, there is the potential to 
partially restore the microbiota of the C- section babies to 
that of  the vaginally delivered ones  through vaginal mi-
crobial transfer.20

Based on the available data, compared to the adult gut 
microbiota, the human infant gut microbiota is character-
ized by low diversity, instability of the community struc-
ture  and  therefore  a  community  in  a  dynamic  state.3,21 
However, some members, such as the Bifidobacteria, are 
considered key members, as they are present in high num-
bers, especially in breast fed infants. On establishment, the 
core microbiota in general is represented by members of 

the following (i.e., Bifidobacterium spp., Lactobacillus spp., 
Streptococcus spp., Faecalibacterium spp., Lachnospiraceae 
family,  Blautia  spp.,  Clostridium  spp.,  Veillonella  spp., 
Escherichia/Shigella  spp.,  Pasteurellales  order,  and  the 
Bacteroides  spp).3,22  During  weaning,  the  microbiota  in-
creasingly  become  more  complex  and  more  stable  with 
the  community  approaching  that  of  the  adult,  and  the 
Firmicutes and Bacteroidota phyla becoming dominant23 
with  their  associated  properties,  such  as  carbohydrate 
utilization, vitamin biosynthesis, and xenobiotic degrada-
tion. These associated properties occurring early in life are 
thought to prime the microbiota for an adult diet.21

Distributions of microbes along the human 
adult gastrointestinal tract

A summary of the dominant bacterial genera found within 
the stomach, small  intestines, and colon are provided in 
Figure 1.

Whereas  the  stomach  was  earlier  thought  to  be  ster-
ile  or  only  colonized  by  the  bacterium  Helicobacter py-
lori,  it has been reported that a number of acid- resistant 
strains of Streptococcus, Neisseria, and Lactobacillus were 
present in this environment, with members of the genera 
Lactobacillus,  Clostridium,  and  Veillonella  seen  as  tran-
sients that derive from the human mouth or refluxed from 
the  duodenum.24  However,  by  using  16S  rRNA  gene  se-
quencing, a more sensitive and reliable approach,  it was 
reported  that  in  23  healthy  adults,  five  dominant  bacte-
rial phyla were present in the gastric mucosa. These were 
Proteobacteria, Firmicutes, Bacteroidota, Actinobacteria, 
and  Fusobacteria.  At  the  genera  level,  other  than 
Helicobacter,  there  were  also  organisms  belonging  to 
Streptococcus,  Prevotella,  Rothia,  and  Fusobacterium.25 
Subsequently,  another  research  that  sampled  from  both 

F I G U R E  1  Dominant bacterial 
genera (or families) across the human 
gastrointestinal tract. Major bacterial 
genera identified through 16S rRNA 
gene surveys and metagenomic studies 
discussed in the text are highlighted here.
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healthy adults and patients with gastritis, and applied the 
same molecular approach as above, reported Streptococcus, 
Prevotella,  Neisseria,  Haemophilus,  and  Porphyromonas 
as  the  dominant  bacteria  in  the  gastric  environment. 
Importantly,  as  above,  sequences  reflecting  the  pres-
ence  of  members  of  the  phyla  Firmicutes,  Bacteroidota, 
Actinobacteria,  Fusobacteria,  and  Proteobacteria  were 
also  amplified  from  the  samples.26  Thus,  although 
thought  to  be  colonizable  only  by  the  bacterium  associ-
ated with gastric ulcers (i.e., Helicobacter pylori), it is now 
clear that other bacteria, such as Streptococcus, Prevotella, 
Veillonella,  and  Rothia,  most  likely  their  acid- tolerant 
strains, are present  in  the gastric environment, with po-
tential consequences on drug metabolism.

The research on the microbiota in the small intestine 
pales in comparison to the attention afforded their coun-
terparts in the large intestine, especially the colonic micro-
biota. It is, however, important that this compartment of 
the gastrointestinal tract (GIT) is also considered for its ca-
pacity to biotransform xenobiotics and drug formulations, 
as resident microbiota can impact the structure of drugs 
that  traverse  or  are  absorbed  in  this  region.  Earlier  re-
search analyzed the microbiota present in the small intes-
tine by using culture independent approaches on effluent 
samples of an individual with an ileostomy. The observa-
tion made here was that such effluent samples harbored 
Escherichia coli, Clostridium sp., and an abundance of bac-
teria with high G + C DNA contents. Further, using meta-
transcriptomics to gain insights into what these organisms 
might  be  doing,  the  investigators  observed  high  expres-
sion of carbohydrate transporters, especially those assign-
able  to  the genus Streptococcus. This observation  led the 
authors to conclude that there is rapid uptake and fermen-
tation of available carbohydrates by the microbiota in the 
human  small  intestine.27 This  observation  is  significant, 
as the literature abounds with emphasis on the host unde-
gradable polysaccharides being fermented in the large in-
testine, mostly in the colon. Another study from the same 
period provided more detailed  information on  the  small 
intestinal  microbiota.  Here,  it  was  reported  that  the  mi-
crobiota present in the ileal effluent of seven individuals 
with ileostomies harbored as high as 107– 108 bacteria per 
gram ileal content. On the other hand, archaea, including 
the methanogens, were present at numbers below the de-
tection limit using quantitative polymerase chain reaction 
(qPCR). The diversity of the bacterial community was also 
different  from the  fecal  samples of age- matched healthy 
controls  analyzed  in  the  study.  The  authors  reported  a 
higher  relative abundance of bacterial  species  in  the or-
ders Lactobacillales and Clostridiales that were dominated 
by  Streptococcus bovis- related  species.  The  bacterium  S. 
bovis  can be highly acid  resistant or  tolerant and strains 
of  this  bacterium  are  found  in  the  cow  rumen,  where 

their rapid fermentation of starch leads to accumulation 
of  the  end  product  lactic  acid.  Their  dominance  in  the 
cow rumen often culminates in lactic acidosis and bloat, a 
major economic setback in ruminant animal production. 
In addition, species of the genus Veillonella and those re-
lated to Ruminococcus gnavus, Ruminococcus obeum, and 
Bacteroides pleibus  were  also  reported.  Importantly,  the 
authors noted that there were some interindividual vari-
ations of these microbial populations. Furthermore, over 
a  period  of  4 weeks,  they  observed  large  fluctuations  in 
temporal profiles of the bacterial community in individu-
als, including between the mornings and the afternoons.28 
A  later  study  that  compared  the  composition  of  the  mi-
crobiota associated with the mucosa of healthy individu-
als and patients of irritable bowel syndrome (IBS), using 
capsule biopsies from the jejunum, found no differences 
among the major phyla or genera present in patients with 
IBS and healthy controls.  In all  the samples,  they  found 
the  following  phyla,  listed  in  the  order  of  increasing 
abundance:  Fusobacteria,  Actinobacteria,  Bacteroidota, 
Proteobacteria,  and  Firmicutes.  Furthermore,  the  abun-
dant  genera  in  the  order  of  increasing  numbers  were 
Fusobacterium, Escherichia, Actinobacillus, Haemophilus, 
Rothia, Prevotella, Veillonella, and Streptococcus.29 A more 
recent report that also compared the small intestinal mi-
crobiota of a disease condition to healthy controls discov-
ered that similar to colonic microbiota in dysbiosis due to 
disease, symptomatic patients of small intestine bacterial 
overgrowth (SIBO) present lower alpha diversity, richness, 
and  evenness.  The  symptoms  of  SIBO  are  diarrhea,  ab-
dominal pain, and bloating, and, in this study, the authors 
reported the presence of several bacterial genera, includ-
ing  Neisseria,  Prevotella,  Haemophilus,  Porphyromonas, 
Fusobacterium,  and  Veillonella  in  both  healthy  subjects 
and  patients  with  symptomatic  SIBO,  although  the  pro-
portions were generally lower in the patients. Studies on 
the microbiota from the small intestine, therefore, suggest 
that the microbial community in this compartment is less 
complex and more unstable compared with the microbial 
community structure in the colon. Importantly, from these 
studies,  bacteria  of  the  genera  Veillonella,  Streptococcus, 
Haemophilus,  Fusobacterium,  and  two  members  of  the 
phylum  Bacteriodota  (i.e.,  Bacteroides  and  Prevotella), 
are commonly found in the human small intestinal sam-
ples, and at the genus level, the organisms do not appear 
to  be  very  different  from  those  observed  in  the  gastric 
environment.

Thus, the small intestine is not sterile in terms of mi-
crobial presence and metabolic activities, and it is import-
ant that future research places emphasis on techniques for 
their sampling, culturing, and a better understanding and 
characterization of the community and its potential to im-
pact drug metabolism. Initial assessments could continue 
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to focus on who is present, using the small subunit ribo-
somal RNA gene approach (16S rRNA and 18S rRNA gene 
sequencing) or internal transcribed sequence (analysis for 
fungal  populations)  analysis,  whereas  at  the  same  time 
the extracted community DNA is used  for metagenomic 
sequencing to uncover the genetic potential and diversity. 
Furthermore,  extractions  of  the  associated  community 
RNA should be pursued to determine the metatranscrip-
tome to gain insights to what the observed microbial pop-
ulation is doing in this environment. Attempts to culture 
strains of the major organisms noted above, for preserva-
tion through the culture collections, such as the American 
Type Culture Collection (ATCC), will also enable a more 
mechanistic  study,  through  reconstitution  of  minimal 
communities  to  assess  small  intestine  bacterial  commu-
nity impact on drug metabolism.

The human adult colonic microbiota, 
community structure, stability, and dysbiosis

The succession of different microbes from the early stages 
of  birth  to  adulthood  culminates  in  a  community  struc-
ture that is dominated by the two phyla Bacteroidota and 
Firmicutes, which are characterized by many obligate an-
aerobic bacteria.  In a critical  report about a decade ago, 
Arumugam  et  al.30  combined  22  stool  sample  metage-
nomes  of  individuals  from  four  different  countries  and 
previously published datasets and presented what they re-
ferred to as the enterotypes, constituted of three taxonomic 
clusters  found  in  samples,  irrespective  of  the  nation  or 
continent from which the samples originated. These were 
designated  based  on  the  variation  of  the  levels  of  three 
genera, the Bacteroides (enterotype 1), Prevotella (entero-
type 2), and Ruminococcus (enterotype 3), which was the 
most frequent among the three classifications. The genera 
in enterotype 1, 2, and 3 were also noted to co- occur with 
the  Parabacteroides,  Desulfovibrio,  and  Akkermansia,  re-
spectively.  Based  on  detailed  analyses  of  the  phylogeny, 
gene,  and  pathway  levels,  the  underlying  mechanisms 
underpinning  these  co- occurrences  were  attributed  to 
carbohydrate and protein  fermentation  for enterotype 1, 
co- degradation  of  mucin  glycoproteins  in  the  intestinal 
mucosa (with Desulfovibrio de- sulfating the complex sub-
strate structure to enhance degradation by the Prevotella) 
for enterotype 2, and for enterotype 3, co- degradation of 
mucin and uptake of simple sugars. Thus, it appears that 
energy capture by the three different enterotypes depends 
on different substrates present in the colon, which should 
facilitate a harmonious co- habitation. Importantly, the re-
port showed that at the phylum level, the human colonic 
microbiota is dominated by three groups (i.e., Firmicutes, 
followed by the Bacteroidota and then the Actinobacteria). 

At lower levels were the Proteobacteria, the Synergistetes, 
Verrucomicrobia,  and  Fusobacteria.  Of  note,  was  also 
the  detection  of  the  Euryarchaeota,  which  were  likely 
dominated  by  the  methanogens,  especially  the  genus 
Methanobrevibacter,  the most  frequently observed  in  the 
human gut. At the genus level, the most dominant bacte-
ria were the Bacteroides, followed by the Faecalibacterium, 
Bifidobacterium,  the  Lachnospiraceae,  Roseburia, 
Alistipes, Collinsella, Blautia, Coprococcus, Ruminococcus, 
Parabacteroides,  Ruminococcaceae,  Eubacterium,  Dorea, 
Subdoligranulum, Prevotella,  and  then  the  following 
at  lower  abundances  (i.e.,  Anaerostipes,  Clostridiales, 
Akkermansia,  Streptococcus,  Escherichia/Shigella, 
Holdemania,  Anaerotruncus,  Megasphaera,  Eggerthella, 
Peptostreptococcaceae,  Dialister,  Gordonibacter,  and 
Coprobacillus). In addition to producing diverse metabo-
lites  that are absorbed by  the host  for various metabolic 
processes,  some  described  below,  these  enterotypes  also 
produce vitamins, including biotin, riboflavin, pantothen-
ate, ascorbate, thiamine, and folate for absorption by the 
host.30 These results were consistent with earlier and later 
reports that demonstrated that the human colonic micro-
biome was dominated by the Firmicutes and Bacteroidota 
phyla  with  relatively  few  sequences  associated  with 
the  Proteobacteria,  Actinobacteria,  Fusobacteria,  and 
Verrucomicrobia  phyla.31– 33  Aside  from  the  bacteria,  it 
is also important to note that the human gut microbiota 
include  eukaryotic  cells,  such  as  fungi  and  also  viruses, 
although  most  studies  fail  to  consider  the  two  entities 
during  analyses  of  the  microbiota's  impact,  most  likely 
because the bacterial numbers and functional outputs are 
so dominant compared to that of their eukaryotic counter-
parts. Furthermore, it is important for the reader to note 
that some bacteria detected at a given time could be just 
transients and not normal inhabitants of the human gut 
environment.

We  will  now  look  at  some  of  the  factors  that  ensure 
the selection and maintenance of the dominant phyla in 
the colon. Here, it is important to note that Litvak et al.34 
have nicely outlined how homeostasis of the colonic mi-
crobiota is shaped mostly by the colonic epithelial cells (or 
the colonocytes). In brief, the colonocytes are continually 
renewed by colonic stem cells derived from the intestinal 
glands termed crypts of Lieberkühn or simply the crypts. 
As  observed  with  the  gastric  pits  in  the  stomach,  crypts 
contain stem cells that can produce different epithelial cell 
types, including not only the colonocytes, but also entero-
endocrine  cells  and  goblet  cells.34  Using  a  bioassay  that 
measured energy metabolism in mouse colonic crypts and 
organoids (a 3D culture of colonic crypts), and sorted stem 
cells, Fan et al.34 discovered that temporal energy metab-
olism differed from colonic crypts compared to the sorted 
leucine- rich repeat containing G- protein coupled receptor 
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5 (Lgr5+) stem cells, which exhibited a Warburg- like met-
abolic profile. The Warburg effect, also known as aerobic 
glycolysis, was discovered by Otto Warburg, and here en-
ergy is obtained by cells through glycolysis that converts 
glucose  to  lactate,  even  in  the  presence  of  oxygen.34,35 
Litvak et al. further note that epithelial cell differentiation 
requires peroxisome proliferator activated receptor gamma 
(PPARγ), synthesized by both human and rodent differen-
tiated cells of the colonic epithelium,34,36 to activate fatty 
acid metabolism, leading to mitochondrial β- oxidation of 
long  chain  and  short  chain  fatty  acids,  and  oxygen  con-
sumption  through  oxidative  phosphorylation.34,37,38  This 
energy metabolism of mature colonocytes, characterized 
by very high oxygen consumption, leads to very low par-
tial  pressure  of  oxygen  (<1%)  or  epithelial  hypoxia  and 
ultimately limits free diffusion of oxygen across mucosal 
surface to the intestinal lumen. This maintenance of very 
low  oxygen  partial  pressure  by  the  colonocytes  ensures 
the anaerobic environment that supports the growth and 
function of the colonic microbiota, which is largely consti-
tuted of obligate anaerobes34 that ferment nutrients, such 
as host undegradable polysaccharides to elicit many ben-
eficial effects,  including metabolites  such as  short  chain 
fatty acids (mostly acetate, butyrate, and propionate) and 
vitamins  to  the host. Butyrate, produced by members of 
the anaerobic microbiota, such as Faecalibacterium praus-
nitzii, is a major source of energy for the colonic mucosa, 
especially of  the distal colon.38 Importantly, Litvak et al. 
note  that  because  dysbiosis  is  often  associated  with  in-
creased numbers of facultative anaerobic bacteria (organ-
isms that can respire either in the presence or absence of 
oxygen) in the gut, then many processes that lead to this 
condition  derive  from  disruption  of  the  capacity  of  the 
colonic epithelia to maintain anaerobic conditions in the 
lumen.  Based  on  this  insight,  they  explain  some  of  the 

underlying  mechanisms  associated  with  dysbiosis  and 
maintenance of gut homeostasis as follows: anaerobic fer-
mentation leads to production of short chain fatty acids, 
which bind to G- protein coupled receptors in the intestine 
to maintain levels of regulatory T- cells and thereby prevent 
intestinal inflammation. Furthermore, as noted above, the 
short chain fatty acid butyrate (a fermentation product) is 
a preferred energy source of colonocytes, and it activates 
β- oxidation to maintain low oxygen partial pressure; how-
ever, antibiotics may deplete important anaerobic organ-
isms that produce the short chain fatty acids in the colon 
to help maintain the anaerobic conditions. The depletion 
of important anaerobic bacteria due to antibiotic use may 
lead  to  silencing  of  PPARγ  signaling,  which  will  result 
in  loss  of  maintenance  of  anaerobic  conditions,  with  a 
concomitant  reduction  of  short  chain  fatty  acids  levels 
and thus impaired regulatory T- cell activation or reduced 
circulating  regulatory T- cells,  as  observed  in  mice.34,39,40 
Under  such  conditions,  aerobic  or  facultative  anaerobic 
bacterial growth may be  stimulated and hence  lead  to a 
microbial community different  to  the one dominated by 
the anaerobes of  the Firmicutes and Bacteroidota phyla, 
a  condition often  referred  to as dysbiosis and associated 
with many disease states impacted by the gut microbiota.

Interindividual variability in the 
gut microbiota

Whereas one may expect the microbial community struc-
tures described above in the healthy human infant or adult, 
many factors lead to interindividual variations; therefore, 
in experiments impacted by the gut microbiota, it is essen-
tial that meta- data, such as the diet, age, sex, and the use 
of antibiotics and prescription drugs are considered. The 

F I G U R E  2  Factors affecting the gut 
microbiota. Multiple factors influence 
the composition and structure of the 
gut microbiota. A subset highlighted 
in the text are diagrammed here. GI, 
gastrointestinal; HMO, human milk 
oligosaccharide; NSAID, nonsteroidal 
anti- inflammatory drug.
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existence of such variations may be assessed at the initial 
stage of the research by determining the baseline micro-
biota of  the cohorts  to be studied. However, even where 
there  are  consistencies  in  the  community  profiles,  the 
experimenter needs  to understand  that having  the same 
proportions  of  individual  microorganisms  at  the  species 
level does not necessarily mean that the same organisms 
are  present  in  the  different  individuals  harboring  them. 
This  is  because  at  the  strain  level,  the  genomic  content 
may be vastly different, sometimes through acquisition of 
extra genetic  information by the process known as hori-
zontal gene transfer. A simple example here is the exten-
sive genomic differences between two E. coli strains, such 
as strain K12 which is harmless and the highly pathogenic 
strain O157:H7.41 In other words, all E. coli, based only on 
16S rRNA gene sequence, are not the same, and this ap-
plies to strains of other bacteria.

Below, we would like to look at a few factors (Figure 2) 
that may lead to interindividual variations in a cohort to 
be used in a pharmacological study.

Diet

The diet of an individual can have significant impact on 
the  microbiota  present  in  the  GIT,  especially  the  colon. 
Two major sources of energy are recognized for the prolif-
eration of microbes in the gut. One source is endogenous 
and  derives  from  both  mucopolysaccharides  and  glyco-
proteins of  the host,42,43 whereas  the other  is exogenous 
and derives from host dietary sources, an example being 
the host undegradable polysaccharides.44– 46 Degradation 
of the mucin associated nutrients, which has been noted 
to  occur  especially  during  exogenous  sugar  (or  dietary 
fiber or nutrients) deprivation has pathophysiological im-
plications, as mucin has protective function against path-
ogens in the GIT.42,43 Under this topic, however, we will 
briefly look at how the diet may shape the gut microbiota 
and therefore lead to interindividual variability in micro-
biota composition. Dietary components  that escape deg-
radation in the gastric compartment, due to a lack in the 
host (human) genome of the right hydrolytic enzymes to 
release the component sugars, lead to significant fermen-
tation in the colon. The flow of these nutrients to the large 
intestine or the colon, therefore, in part explains the dense 
concentration of microorganisms in this compartment of 
the  GIT.  Among  the  undegradable  polysaccharides  are 
complex  substrates,  such  as  pectins,  arabinoxylans,  and 
resistant  starch.  In  vitro  studies  that  have  cultured  rep-
resentatives  of  the  human  colonic  bacteria  demonstrate 
that these recalcitrant nutrients are initially degraded by 
a  group  of  organisms  equipped  with  the  required  set  of 
enzymes  to  depolymerize  the  polysaccharides  to  shorter 

chains.44,45,47  Although  these  organisms  transport  the 
shorter  chain  sugars  (oligosaccharides)  intra- cellularly 
for  metabolism,  the  less  complex  substrates  or  oligosac-
charides become available  to other members of  the gut/
colonic microbiota to further degrade and ferment for car-
bon  and  energy  in  a  process  named  “cross- feeding.”48,49 
Other forms of cross- feeding involve some colonic micro-
biota members using the end products of others, and this 
could  even  be  gaseous  end  products,  such  as  hydrogen 
and carbon dioxide, which serve as energy sources for co-
lonic methanogens and acetogens. The methanogens and 
acetogens will metabolize these two simple gases to pro-
duce methane and acetate, respectively, while generating 
energy and cellular building blocks for growth.

Both  genome  sequencing  and  experimental  evidence 
suggest  the  Bacteroidota  as  major  contributors  to  depo-
lymerization of complex polysaccharides.44,45,50,51 The lit-
erature shows that members of this phylum are equipped 
with  gene  clusters  that  allow  them  to  rapidly  sense  un-
degraded  nutrients,  especially  polysaccharides,  and 
thus  allowing  them  to  efficiently  degrade  and  ferment 
these  sugar- rich  nutrients.  These  gene  clusters,  almost 
uniquely found in the Bacteroidota, have been designated 
Polysaccharide Utilization Loci (PULs), and each locus or 
cluster  usually  targets  a  unique  polysaccharide.52  Thus, 
there  are  PULs  for  arabinoxylans,  starch,  pectin,  and  β- 
mannan,  to name  just a  few, and some members of  this 
phylum are reported  to contain greater  than 80 PULs  in 
the  genome,52– 55  a  reflection  of  the  versatility  of  these 
bacteria.  As  noted  above,  the  Bacteroidota  are  one  of 
the dominant phyla  in the colon, and with the ability to 
carry out degradation of many host- undegradable energy 
sources, they likely play a major role in the dynamics of 
energy availability in the human gut. As such, dietary reg-
imen heavy with plant fiber will have the tendency to en-
rich for members of this phylum. Members of the phylum 
Firmicutes also have the capacity to degrade dietary fiber; 
however,  their  contributions  and  mechanisms  have  not 
been studied as extensively as the Bacteroidota. The capac-
ity  of  the  Firmicute  Ruminococcus bromii  to  metabolize 
resistant  starch,  with  an  intricate  enzymatic  machinery 
known as the amylosome which incorporates diverse en-
zymes in a complex structure linked to the cell surface, has 
been well- studied,56– 59 and the capacity to degrade xylan 
and dietary β- mannan has also been well- characterized in 
another Firmicute Roseburia intestinalis.60,61 In line with 
the foregoing, it is expected that the dietary composition 
can have a profound  impact on the human gut microbi-
ota composition, and Sonnenburg and Sonnenburg noted 
that  pervasiveness  of  the  Western  diet,  which  is  low  in 
microbiota- associated  carbohydrates  (MACs),  especially 
dietary  fiber, has  selected  for a microbiota  that  is differ-
ent  from  that  of  human  populations  living  traditional 
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lifestyles. The interaction of this altered microbiota with 
the  host  then  leads  to  immune  dysregulation,  and  this 
may  explain  many  inflammation- linked  diseases  asso-
ciated  with  this  dietary  lifestyle.  The  underlying  mech-
anisms  may  be  attributable  to  low  production  of  short 
chain fatty acids by the colonic microbiota of those on a 
Western diet compared to those on diets high in MACs. As 
explained above, short chain fatty acids have many bene-
ficial functions, including modulation of inflammation.62 
Furthermore, diets rich in proteins may result in the co-
lonic microbiota enriching for populations with enhanced 
fermentation  of  proteins  to  branched  chain  fatty  acids, 
ammonia,  hydrogen  sulfide,  phenolic  and  indolic  com-
pounds, polyamines, and amines, and these are metabo-
lites  associated  with  obesity  and  complications,  such  as 
nonalcoholic fatty liver disease and insulin resistance.48,63 
Overall, the available data demonstrates that diets rich in 
MACs  promote  diversity  in  the  gut  microbiota,  and  this 
is  usually  associated  with  beneficial  attributes,  whereas 
diets of the Western type, which is rich in refined sugars, 
additives, and fat, but low in MACs is associated with low 
microbiota  diversity,  missing  critical  microbial  lineages, 
and very prone to disease. The dietary lifestyle, therefore, 
plays a critical role in interindividual variability of the mi-
crobiome, with its concomitant attributes.

Age

As discussed above,  the microbiota  in the human infant 
tends to be unstable, whereas that of the adult is generally 
found to be stable. In the elderly, however, it is reported 
that the microbial community in the gut is characterized 
by instability, as seen in the infant, in addition to becom-
ing  prone  to  recurrent  dysbiosis.  The  underlying  causes 
are not necessarily only genetics, but derive from a com-
bination of factors, some of which were listed above. The 
physiological component can be assigned to the changes 
occurring  in  the  GIT  and  decline  in  immune  function. 
However, these may be compounded by the diet and life-
style of the individual. Furthermore, decreased motility of 
the  GIT  in  the  elderly  leads  to  characteristics  known  to 
significantly  impact  microbial  proliferation  in  a  gut  sys-
tem. These include transit time or passage rate, which al-
lows longer durations of bacterial accessibility to nutrients 
and absorption of end products. Other conditions that are 
thought to impact the microbial community structure in 
the elderly are reduced diversity and thinning of the mu-
cosal  lining, all  leading to  loss of  integrity of  the  intesti-
nal barrier with its associated frequent inflammation.64– 66 
Thus, although there is no unique microbiota described in 
association with aging, the available data have allowed its 
description in general terms, as characterized by reduced 

diversity, shifts in the dominant species, a decline in ben-
eficial  bacteria,  increased  facultative  anaerobic  bacteria, 
decreased short chain fatty acids, and changes in the ra-
tios  among  the  short  chain  fatty  acids  when  compared 
with  younger  adults.67– 69  Salazar  et  al.66,67,70  and  others 
note  that  these  changes  in  the  microbiota  with  aging, 
with  its  associated  increase  in  oxidative  stress  and  in-
flammation,  coupled  with  antibiotics  and  nonsteroidal 
anti- inflammatory  drug  treatments,  predispose  the  indi-
vidual  to  growth  and  infection  with  pathogens,  such  as 
Clostridioides difficile and Helicobacter pylori. The insights 
gained based on these various findings, therefore, clearly 
show  that  age  has  an  impact  on  the  gut  microbiome  of 
individuals;  however,  it  also  shows  that  augmentations 
such as the use of both probiotics and prebiotics or their 
combinations may also be harnessed to combat the shift 
from the stable microbiome of adulthood to the unstable 
and  disease  prone  microbial  community  observed  in  el-
derly individuals.

Antibiotics

We live in an age of high antibiotic use, and these ther-
apeutics,  especially  those  with  broad  spectrum  activi-
ties, can exert a profound effect on the composition of 
the  human  gut  microbiota.  Antimicrobials  are  of  fun-
damental  importance  in  patients  with  sepsis,  and,  in 
some cases, they are life- saving. However, their admin-
istration  may  also  lead  to  harm  and  damage  to  host- 
associated  microbiota  and  hence  impair  its  myriad  of 
functions.  For  such  reasons,  cohorts  used  for  studies 
that are impacted by the microbiota should be carefully 
screened  for  their  history  of  antibiotic  use.  It  is  noted 
in  the  literature  that  the  effect  of  a  given  antibiotic  is 
dependent on the initial composition of the gut microbi-
ota, with an individual originally harboring a microbiota 
of  reduced  diversity  likely  to  further  present  commu-
nity destabilization and increased load of pathogens. A 
broad- spectrum antibiotic,  therefore, has  the potential 
to  impair  the  stability  of  the  major  phyla  responsible 
for maintaining gut microbiota homeostasis,  including 
disrupting  the  low  oxygen  partial  pressure  conditions 
that  support  anaerobes  in  the  colon.  Such  conditions 
enrich for facultative anaerobes with its associated im-
pairments,  including  reduced  colonization  resistance, 
imparted by the native microbiota. An end result is an 
increased  load of pathogenic organisms.  In contrast, a 
healthy  and  stable  microbiota,  as  found  in  the  young 
adult, with its associated high diversity of microorgan-
isms, has been found to be more resilient, likely through 
modulation of the antibiotic effect by a large library of 
antibiotic resistant genes in the microbial community.48
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Many of  the antibiotics  in use are highly potent, and 
their effect on the microbiota or bacterial diversity is often 
very rapid (i.e., soon after antibiotic administration), only 
to begin to rebound to a microbiota composition similar 
to the original, although complete restoration is often elu-
sive.48,71 However,  the effect of antibiotics on the micro-
biota can also be long lasting, and in a study based on a 
cohort of 30 young adults  in Sweden, Rashid et al.72  re-
ported  that  whereas  administration  of  clindamycin  and 
ciprofloxacin,  both  broad  spectrum  antibiotics,  did  not 
impact  the  skin  anaerobic  microbiota  and  also  its  pro-
portion of antibiotic- resistant anaerobic bacteria; among 
the same group, the relative proportion of ciprofloxacin- 
resistant Bifidobacteria increased in the short (day 11) and 
long- term  (12 months)  postdosing  compared  to  the  pla-
cebo group, and a similar observation was also made for 
clindamycin- resistant  Bacteroides  spp.  These  finding  are 
examples  of  the  long- term  effects  of  antibiotic  use.  One 
should  also  note  that  the  extent  of  the  antibiotic  distur-
bances is  influenced by several  factors, key among them 
being  the  spectrum  of  the  drug,  the  dose,  the  route  of 
administration,  pharmacokinetic  and  pharmacodynamic 
properties, and in vivo inactivation.72 Additionally, some 
untargeted effects of antibiotics on the microbiota are now 
leading to new challenges, and some of these are neuro-
logical  diseases  that  have  posed  big  challenges  to  the 
medical field. As an example, disturbances of the intesti-
nal microbiota due to antibiotics administration are now 
being  linked  to  the pathogenesis of depression, and  this 
has been attributed to a change in the gut- brain axis.73,74 
Furthermore, dysbiosis  induced by broad spectrum anti-
biotic use is also being considered in the pathophysiology 
of Alzheimer's disease,75 and although a study that exam-
ined  the  microbiota  of  healthy  controls  compared  with 
several major psychiatric disorders showed no difference 
with the major depressive disorders, bipolar disorder, and 
schizophrenia  in  the  number  or  distribution  of  bacteria 
(α- diversity)  in  the  groups,  the  study  found  clear  differ-
ence  in  overall  community  composition  (β- diversity)  in 
people with and without mental disorders.76 These stud-
ies that capture interindividual or inter- group diversity in 
the gut microbiota presents the possibility to harness new 
mechanistic insights to modulate or develop intervention 
based  on  the  gut  microbiota  to  improve  both  brain  and 
mental health.

Non- antibiotic drugs

Whereas  it  is obvious  that antibiotic use will  impact  the 
structure  of  a  microbial  community  and  therefore  the 
microbiome in an individual, researchers of microbiome 
studies in drug metabolism should also be cognizant that 

non- antibiotic drugs have also been found to exert exten-
sive  impact  on  the  gut  microbiota.  Some  of  the  human-  
or  host- targeted  drugs  of  note  are  in  the  class  of  proton 
pump  inhibitors,  nonsteroidal  anti- inflammatory  drugs, 
and  atypical  antipsychotics.77,78  In  screening  the  com-
pounds from the Prestwick Chemical Library (off- patent 
US  Federal  Drug  Administration- approved  compounds 
with high chemical and pharmacological diversity), Maier 
et al.77 found that many species with high relative abun-
dances  in  healthy  humans  were  significantly  more  sus-
ceptible to human targeted drugs. Some of the species of 
note  were  the  butyrate  producers  Eubacterium rectale, 
Roseburia intestinalis, and Coprococcus comes and propi-
onate producers including Bacteroides vulgatus, Prevotella 
copri,  and  Blautia obeum.  The  microbial  organisms  that 
tended to be the most drug- resistant in this screening ef-
fort  were  members  of  the  γ- proteobacteria,  especially 
Bilophila wadsworthia  and  E. coli  strains.  In  a  different 
report that used entire microbiomes in the screening, in-
stead of individual organisms, Li et al.79 found that non- 
antibiotic  compounds,  such  as  berberine,  pravastatin, 
diclofenac, and ibuprofen, decreased the abundances of 10 
bacterial genera, especially in the phylum Actinobacteria, 
including Eggerthella and Gordonibacter, in their in vitro 
cultures.  Furthermore,  a  more  recent  report  that  used 
fecal  samples  from  over  4000  individuals  reported  that 
administration of multiple drugs, polypharmacy, led to a 
microbiome characterized by a higher abundance of bac-
terial species more associated with the upper GIT and no-
socomial pathobionts, and also reduced short chain fatty 
acid metabolism.78

Host genetics

Microbial  colonization  and  proliferation  in  an  environ-
ment  depend  on  the  chemical  and  physical  landscape, 
and this is not different from the human host and its mi-
crobiota, where the host genetics define these important 
factors.80 Hall et al.80 note that genetic differences could 
be the underlying factors that define the similarities and 
differences  observed  in  the  microbiomes  of  different 
mammalian species, and the observation that the gut mi-
crobiome of monozygotic twins is more similar compared 
to  that of dizygotic  twins  is supportive of  this concept.81 
Host factors that have been reported to serve as drivers of 
the human- microbiome co- evolution include diet- sensing, 
metabolism, and immune defense,80,82 with antimicrobi-
als  peptides,  such  as  the  cationic  α- defensins  providing 
some insight  to  the molecular basis  for  this observation. 
These peptides are  imbued with antimicrobial, antiviral, 
antitoxic,  and  binding  properties,83  and  these  are  attrib-
utes  known  to  shape  microbial  community  structures. 



   | 2821MICROBIOME DRUG METABOLISM

Buffington et al.,84 using a mouse model, also recently dis-
covered that host genetic variation, the microbiome, and 
their  interactions  underlie  certain  neurodevelopmental 
disorders. Thus, whereas we do not present an extensive 
analysis of this topic, it is important that the reader notes 
that host genetics  impact microbiome structure and this 
in turn may impact drug metabolism.

Enzymology of the gut microbiota

The  human  gut  microbiome  encodes  numerous  en-
zymes  with  potential  roles  in  metabolism  of  xenobiot-
ics  and  drugs,  as  previously  reviewed.85  Some  of  these 
enzymes  have  been  biochemically  characterized44,86– 88 
and others have  functions predicted by bioinformatics, 
based on  sequence  similarities  to previously character-
ized enzymes. It is important that the reader notes that 
assigning function to a polypeptide based only on simi-
larity at the amino acid sequence level can be problem-
atic, as polypeptide sequences may be similar but exhibit 
different enzymatic activities.87,89 Thus, unless the iden-
tity to a characterized enzyme is very high (e.g., 70% or 
higher), with critical  residues  including  those  involved 
in catalysis and substrate binding conserved, care should 
be  taken  in  assuming  that  a  polypeptide  has  the  same 
enzymatic activity as related sequences. If  the function 
of a polypeptide  sequence  is  critical  to  the purposes of 
the reader, it is best then to express the protein to deter-
mine or confirm the associated activity. As noted above, 
many  enzymes  from  the  human  gut  microbiota  have 
been  functionally  characterized  and  more  are  discov-
ered each year;  thus, here, we will  focus only on a  few 
pertinent classes of enzymes, especially those related to 
our own research (i.e., energy metabolism and bile acid 
metabolism). The microbiome, however, encodes sets of 
enzymes essential for all the cellular metabolic processes 
of the individual cells in the microbiota, including those 
involved  in  cell  division,  DNA  transactions,  protein 
synthesis and degradation, and xenobiotic degradation. 
Many  of  the  enzymatic  activities  are  shared  with  the 
host,  although  the  host  polypeptide  sequences  may  be 
different from that observed in the microbiome. If host 
polypeptide sequences are, however, of the same family 
as the microbial ones, care must be taken in attempts to 
modulate  either  activity,  because  this  may  end  up  im-
pacting both the host and microbial enzymes. Based on 
the literature, the enzymes of the microbiome that have 
been most extensively characterized are  those  involved 
in carbohydrate metabolism, and this is perhaps because 
they  are  the  enzymes  needed  to  access  the  energy  re-
quired to sustain the microbial community in their sym-
biotic relationship with the host.

The  human  infant  microbiota,  similarly  to  observa-
tions  with  the  adult  gut  microbiota,  have  evolved  genes 
coding  for  the  enzymes  needed  to  capture  energy  from 
the  dietary  components  undegradable  by  the  host.  The 
microbiome  of  the  infant  is  enriched  with  genes  encod-
ing  fucosidases,  β- hexosaminidases,  Lacto- N- biose  phos-
phorylases, sialidases, and β- galactosidases, and these are 
commonly  produced  by  Bifidobacterium  spp.,  although 
other organisms, such as Akkermansia, usually described 
in  the  adult  microbiota  but  may  be  detected  as  early  as 
1  month  in  the  infant  microbiota,  are  also  predicted  to 
possess some of  these enzymes.90 Whereas  these unique 
enzymatic activities are required for the members of the 
infant microbiota to use HMOs, direct characterization of 
the  enzymes  through  cloning,  expression,  and  purifica-
tion of the polypeptides for biochemical characterization 
are  rare,  especially  compared  with  counterpart  enzymes 
from the adult microbiome. It is, therefore, common to see 
the  infant microbiota derived bacteria directly grown on 
HMOs to demonstrate utilization of these substrates and 
by inference the expression and function of the enzymes 
noted above.91– 95

The  human  adult  gut  microbiota  encodes  diverse 
enzymes  that  target  the  complex  undegradable  carbo-
hydrates  flowing  into  the  colon,  and  functional  homo-
logs  of  the  activities  that  cleave  the  different  linkages 
have  been  biochemically  characterized  especially  in 
the  Bacteroidota.  In  this  phylum,  which  includes  the 
Bacteroides  spp. and Prevotella  spp. commonly  found  in 
the human microbiota, the genes that target depolymer-
ization  of  a  particular  carbohydrate  (e.g.,  arabinoxylan, 
pectin, β- mannan, and arabinan) are usually encoded in 
a cluster on  the genome. Each gene cluster  is  therefore 
called a PUL. Thus, in a genome, there may be many dif-
ferent  loci  encoding  the  enzymes  needed  to  completely 
hydrolyze  the  different  polysaccharides  to  their  unit 
sugars  for  fermentation.  Because  the  host  undegrad-
able  polysaccharides,  such  as  arabinoxylan  and  pectin, 
have  complex  structures  with  many  different  linkages, 
it means that many different enzymatic activities are re-
quired for their complete hydrolysis. These enzymes be-
long to different families, including glycoside hydrolases 
(GHs),  polysaccharide  lyases,  carbohydrate  esterases, 
sulfatases,  and  peptidases.55 There  have  been  efforts  by 
many groups,  including our own group,  to demonstrate 
the  function  of  each  enzyme  encoded  in  some  of  these 
PULs. As an example, the extensive enzymes harnessed to 
degrade α- mannan by the gut Bacteroides spp. have been 
biochemically characterized.96 In this report, the authors, 
using  α- mannan  from  yeast,  find  that  Bacteroides the-
taiotaomicron  carries  out  limited  surface  cleavage  of  α- 
mannan to generate oligosaccharides that are transported 
to the periplasm where they are extensively degraded for 
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fermentation.96  In another study, degradation of pectin, 
with  a  backbone  of  galacturonic  acid  and  rich  in  fruits 
and vegetables, was investigated. The authors, using the 
same model organism as above, demonstrated that differ-
ent pectin PULs were responsible for the degradation of 
specific pectin molecules. Furthermore, this research led 
to the discovery of two hitherto unknown GH enzymes. 
The enzymatic machinery  that depolymerizes  the back-
bone of rhamnogalacturonan I comprised of nine differ-
ent  enzymes,  and  the  action  of  these  enzymes  did  not 
only lead to energy accessibility to the organism but also 
nutrients  to  cross- feed  other  members  of  the  microbial 
community.51  Arabinoxylans,  the  degradation  of  which 
we  study  in  our  laboratory,  is  also  a  complex  polysac-
charide  found  in  many  human  foods  especially  cereals, 
including  rice,  wheat,  oats,  and  barley.  Arabinoxylans 
occur in different complexities; however, the backbone is 
constituted of xylose chains that are linked together in β- 
1,4 glycosidic linkages. This chain of the 5- carbon sugar 
is  decorated  with  arabinose  (also  a  5- C  sugar),  methyl 
glucuronic  acid,  and  acetyl  group  side  chains,  and  the 
arabinose may be  linked  frequently  to  the plant pheno-
lic  compound  ferulic  acid,  depending  on  the  complex-
ity of the arabinoxylan. Based on the complex nature of 
arabinoxylans, it requires multiple enzymes to efficiently 
depolymerize  the  polysaccharide  to  release  its  sugar  in 
monomeric forms for fermentation by the human gut mi-
crobiota. Our research, using bacterial growth, transcrip-
tomics, biochemical, and protein structural studies have 
demonstrated that several Bacteroides spp., derived from 
the human gut microbiota, enlist different PULs to sense 
and  degrade  simple44,86,97  and  complex45  arabinoxylans. 
Importantly,  whereas  the  polypeptides  of  the  enzymes 
they use to degrade the two forms of polysaccharides are 
different, the enzymatic activities are the same. The en-
zymatic activities utilized to completely hydrolyze these 
polysaccharides are illustrated in Figure 3a; they include 
an endoxylanase to cleave the backbone to shorter chains 
or xylo- oligosaccharides and a β- xylosidase to cleave the 
oligosaccharides  into  individual  xylose  sugars.  To  re-
move  the  side- chains of  the polysaccharide,  in order  to 
enhance  its  degradation,  the  organisms  also  encode  in 
the  PULs  α- glucuronidase  activity  to  cleave  the  methyl 
glucuronic acid side- chain. Furthermore, acetyl- xylan es-
terases are encoded to cleave the acetyl groups from the 
xylose- backbone,  arabinofuranosidases  are  encoded  to 
cleave the arabinose- linked to the xylose- backbone, and 
ferulic  acid  esterases  are  encoded  to  cleave  the  ferulic 
acid linked to the arabinose in complex arabinoxylans. It 
is also of consequence that we discovered that the human 
gut Bacteroides spp. that ferment complex arabinoxylans 
cleave  the  ferulic  acid  and  that  it  accumulates  in  their 
end  products  of  fermentation.45  Importantly,  because 

this  plant  phenolic  compound  is  a  potent  antioxidant, 
and the gut epithelial cells are equipped with its transport 
system, it can be concluded that diets that contain arab-
inoxylans are a source of antioxidants, which can confer 
health benefits to the host, including combating reactive 
oxygen  species  and  therefore  inflammation.98,99  To  test 
this hypothesis, we evaluated administration of  the  fer-
mentation end products of the gut bacterium Bacteroides 
intestinalis  (grown  on  complex  arabinoxylans)  both  in 
vitro and in vivo (using mice) and demonstrated that the 
end products with the accumulated ferulic acid enhanced 
host immunity.100

The foregoing enzymes are mostly hydrolytic enzymes 
and, although in this section we do not address how they 
may impact pharmaceutical drugs, it is important to note 
that hydrolytic  enzymes are known  to deconjugate drug 
metabolites,  and  such  enzymes  may  include  sulfatases, 
acylesterases, glycosides, and glucuronides.101,102  In  sub-
sequent topics, we will discuss some of these enzymes and 
their interactions with drugs.

We will now turn our attention to a different set of en-
zymes. Members of the gut microbiota are equipped with 
the  enzymatic  activities  that  convert  primary  bile  acid 
to  secondary bile acids,  such as deoxycholic acid  (DCA) 
and lithocholic acid (LCA; Figure 3b). It is reported that 
both  DCA  and  LCA  can  accumulate  at  significant  con-
centrations  in  the  gut  environment  and  have  the  capac-
ity  to  block  the  growth  of  the  significant  gut  pathogen 
Clostridioides difficile and further exert other impacts on 
host physiology.103 The Fischbach group further reconsti-
tuted the enzymatic pathways, including uncovering steps 
that involve Fe- S flavoenzymes, for the conversion of the 
primary to the secondary bile acids.103 A more recent study 
reports new bacterial enzymatic activities in bile acid me-
tabolism and its impact on gut health. The activities were 
from the human adult gut microbiota and demonstrated 
that 5α  reductase (5AR) and 3β- hydroxysteroid dehydro-
genase  (3β- HSDH)  were  responsible  for  the  production 
of  isoallolithocholic  acid  (isoalloLCA),  a  secondary  bile 
acid  that  exhibits  potent  antimicrobial  activity  against 
Gram- positive,  and  not  Gram- negative,  multidrug  re-
sistant  pathogens,  including  Clostridioides difficile  and 
Enterococcus faecium.104  The  former  organism,  which  is 
studied extensively  in the field of  the human gut micro-
biome,  causes  diarrhea  and  severe  and  sometimes  life- 
threatening forms of colitis, whereas the latter is known 
to cause diverse diseases, including endocarditis. The two 
enzymatic activities, which were present in gut isolates of 
Odoribacteraceae strains enriched from fecal samples of a 
centenarian, further demonstrate how metabolites of bac-
terial bile acid metabolism may aid in reducing the risk of 
bacterial pathogen infections and therefore help maintain 
homeostasis in the gut or colonic environment.104
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In the genus Clostridium, Ridlon et al.105 have demon-
strated the expression of the genes in a bile- acid inducible 
operon (bai) during growth of Clostridium hylemonae and 
Clostridium hiranonis on cholic acid (CA) and DCA. This 
group  is  systematically  unraveling  and  assembling  the 
enzymes  that  orchestrate  some  of  the  major  enzymatic 

reactions  of  bile  acid  metabolism,  including  deconjuga-
tion,  oxidation,  isomerization,  and  dehydroxylation.  For 
the bai gene- encoding clostridia, they propose that expres-
sion of bile acid hydroxysteroid dehydrogenase enzymes 
regulates  entrance  into  and  flux  through  the  bile  acid 
7α- dehydroxylating  pathway,  in  addition  to  maintaining 

F I G U R E  3  Representative metabolic activities of the gut microbiota. (a) Arabinoxylan metabolism by gut Bacteroidota. Arabinoxylan 
consists of a beta- 1,4- linked xylose backbone decorated with 4- O- methylglucuronic acid, acetate, and arabinose linkages. Bacteria encode 
multiple different enzyme activities required to hydrolyze these individual bonds which include endo- xylanases, β- xylosidases, α- 
glucuronidases, acetyl- xylan esterases, and arabinofuranosidases. (b) Bile acid 7- α- dehydroxylation. Several strains dehydroxylate primary 
bile acids (e.g., cholic acid), converting them to secondary bile acids (e.g., deoxycholic acid). (c) Digoxin is reduced by cardiac glycoside 
reductases forming dihydrodigoxin. (d) Bacterial glucuronidases convert the inactive metabolite of irinotecan (SN38G) to the active 
metabolite (SN38).
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adequate levels of the end- product, DCA, in the gut envi-
ronment.106 The group has also recently identified genes 
encoding  enzymes  involved  in  the  oxidation87,106,107  and 
epimerization108  of  DCA  derivatives,  principally  in  gut 
Firmicutes  and  Actinobacteria.  Together  with  others  in 
the field,  they have reported novel genes  involved in ox-
idation and epimerization of the C3- position,87,109,110 and 
in a new twist in bile acid metabolism, this group has hy-
pothesized  that  in  Eggerthella lenta,  bile  acid  oxidation 
provides  reducing  equivalents  that  feed  into  the  Wood– 
Ljungdahl pathway.107

MICROBIOME INFLUENCE ON 
HOST DRUG METABOLISM

Modulation of host metabolism enzymes

Microbes colonizing the GIT influence expression of host 
metabolic genes expressed by cells lining the GIT as well 
as  those within  the  liver –  a major site  for host metabo-
lism. Although there are several different enzyme families 
that  may  be  regulated  by  the  microbiome  (e.g.,  UDP- 
glucuronosyltransferases,  sulfatases,  flavin  monooxyge-
nases, esterases, etc.), most literature has focused on the 
cytochrome P450 superfamily. Therefore, while we focus 
on  P450s  in  the  following  section,  we  note  that  the  mi-
crobiome likely alters expression of a much broader set of 
host metabolic genes.

Cytochrome P450s

Cytochrome P450s, also designated P450s or CYP, consti-
tute a superfamily of enzymes that are membrane- bound 
hemoproteins and play a  significant  role  in  the detoxifi-
cation  of  xenobiotics,  cellular  metabolism,  and  homeo-
stasis.  Their  induction  and  inhibition  can  help  explain 
the  mechanisms  underlying  many  drug– drug  interac-
tions. The P450s are a very  large  family of proteins, and 
Nelson  reported  that  extensive  sequencing  efforts  have 
provided over 300,000 CYP sequences,111 and their impor-
tance in cellular life is further substantiated by their pres-
ence  across  the  three  domains  of  life.111– 113  In  humans, 
the  drug  metabolizing  CYPs  are  expressed  at  different 
levels  in different organs,  including  the  liver,  intestines, 
stomach,  kidneys,  lungs,  trachea,  and  olfactory  mucosa. 
Several P450s have been characterized in humans, and 12 
assigned  to  the  CYP1,  CYP2,  and  CYP3  superfamily  are 
responsible for the biotransformation of 70– 80% of clinical 
drugs.114,115 The expression of P450s is impacted by many 
factors, including genetic polymorphisms, cytokines, hor-
mones,  disease  state,  sex,  and  age.  As  we  gain  a  better 

understanding of how such differences impact expression 
of  P450s,  the  clinical  significance  on  drug  metabolisms, 
including  individual  variations  in  disease  susceptibility, 
adverse drug reactions, therapeutic efficacy of drugs, and 
dose requirement are becoming more apparent.114,116 The 
P450s are also involved in the metabolism and biosynthe-
sis  of  endogenous  biomolecules.115  As  an  example,  the 
most abundant P450 in the liver CYP3A4 is responsible for 
the metabolism of numerous xenobiotics and endobiotics. 
The induction of CYP3A4 is under the influence of many 
compounds of both exogenous and endogenous origin. In 
terms of induction by endogenous biomolecules, elevated 
concentrations  of  secondary  bile  acids  induce  expres-
sion of CYP3A4 through the pregnane X receptor (PXR). 
Gnerre  et  al.117  have,  however,  also  shown  that  physi-
ological concentration of  the primary bile acid chenode-
oxycholic acid regulates expression of CYP3A4 via the bile 
acid receptor  farnesoid X receptor (FXR). High bile acid 
concentrations are toxic, and the two receptors, FXR and 
PXR, are harnessed to tightly regulate their synthesis and 
degradation, respectively.118 Metabolites derived from our 
gut microbiota, however, have the capacity to regulate ex-
pression of FXR and PXR, and thus one can infer that our 
gut resident microorganisms can influence the dynamics 
of P450s. In fact, LCA, a secondary bile acid, derived from 
bacterial reductive action on chenodeoxycholic acid, can 
activate  PXR,  and  this  receptor  functions  as  the  major 
xenobiotic nuclear receptor controlling the expression of 
many  xenobiotic  metabolizing  enzymes.115  To  illustrate 
the inter- relationships among these factors, we will draw 
on  a  report  based  on  lipopolysaccharide  (LPS),  a  major 
component of the outer membrane of Gram- negative bac-
teria and associated with pro- inflammatory activity. Here, 
the  investigators  observed  that  injection  of  LPS  in  mice 
resulted  in  upregulation  of  the  expression  of  proinflam-
matory  cytokines  while  downregulating  expression  of 
CYP3A11 and CYP3A4 in the liver. By also administering 
ginsenosides,  compounds  with  reported  anti- oxidation, 
anti- inflammation,  and  anti- apoptosis  properties,  they 
observed  a  reversal  of  the  downregulated  expression 
of  CYP3A11  and  CYP3A4  in  the  mice.  These  dynamics 
were confirmed with human HepG2 cells. To determine 
the  underlying  mechanism,  the  investigators  used  a  re-
porter gene system to demonstrate that the ginsenosides 
enhanced rifampicin- induced PXR transactivation of the 
CYP3A4  promoter,  suggesting  that  the  ginsenosides  re-
lieved the downregulatory effect of LPS on the PXR pro-
moter. The result was a higher expression of the receptor 
(PXR) and a concomitant induction and higher expression 
of CYP3A4  in  the  liver.119 This experiment clearly dem-
onstrated how a biomolecule or metabolite from the gut 
microbiota  can  interact  with  a  host  receptor,  and  thus 
act as a signaling molecule  to regulate  the expression of 
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CYP3A4, a P450 with potent xenobiotic metabolizing ac-
tivity.115 Importantly, these effects of microbiota metabo-
lites can be either local (e.g., in the colonic environment) 
or in a distant organ, such as the liver.120

Direct modification of therapeutic drugs

The  gut  microbiota  has  the  capacity  to  bio- transform 
exogenous  compounds  that  originate  from  the  diet,  the 
environment,  and  also  therapeutic  drugs.  These  bio- 
transformations can lead to products that are either ben-
eficial or elicit adverse effects on the host metabolism. The 
inherent potential of the gut microbiota to bio- transform 
therapeutic drugs  is not new knowledge, as  the metabo-
lism of pro- drugs, such as azo drugs, were known to re-
quire  microbial  processes  for  their  activation.  The  drug 
prontosil, for example, was found to be active in vivo, but 
not  in  vitro,121  and  Gerhardt  Domagk  later  discovered 
that the antimicrobial effect of prontosil was activated by 
its  reductive  cleavage  (azo  reduction)  to  sulfanilamide. 
Importantly, this activity was found to be associated with 
microbiota present in both the human intestines and the 
skin, and also environmental samples and to a lesser ex-
tent in human liver azoreductase.122 The broad spectrum 
of  the  microbial  species  associated  with  the  human  gut 
microbiota  and  their  encoded  or  elaborated  enzymatic 
reactions; however, suggest that the impact of the micro-
biota on therapeutic drugs could be profound. Thus, the 
potential  of  the  microbiome  in  bio- transformation  reac-
tions should be carefully considered in studies on patient 
drug responses. Several recent reviews, including those by 
Wilson  and  Nicholson123  and  Guthrie  and  Kelly,124  pre-
sent comprehensive views on how the human gut micro-
biota  exerts  both  direct  and  indirect  pharmacologic  and 
toxicologic  drug  effects  in  their  symbiotic  relationship 
with the host, and readers needing more detailed insights 
are  encouraged  to  read  these  reviews.  Underlying  the 
most important biotransformations are those that involve 
microbial  reductive and hydrolytic  reactions, but,  in ad-
dition,  those  involving,  but  not  limited  to,  reactions  of 
decarboxylation, dealkylation, dehalogenation, deamina-
tion, dehydroxylation, acetylation, deacetylation, deacyla-
tion, and demethylation. Examples of these processes are 
readily  found  in  the  literature.  Therefore,  we  will  focus 
only on a  few examples  to  illustrate  the consequence of 
these  reactions  emanating  from  the  symbiotic  relation-
ships with our microbes.

The drug digoxin is one of the oldest medications used 
to treat various heart conditions. The lactone ring of the 
drug can be reduced to compounds such as dihydrodigoxin 
or  its  aglycone  dihydrodigoxigenin,  and  both  reduced 
forms have diminished activity on the heart. Lindenbaum 

et al.125 determined in a bioavailability study that in one 
third of healthy subjects, digoxin reduction products con-
stituted greater than 5% excretion of digoxin and its me-
tabolites. However, the reduced products were not seen in 
the first 8 h after a single dose, and maximal excretion was 
observed  in  the  second  day.  Furthermore,  excretion  was 
reduced on administration of the antibiotic erythromycin, 
and  administration of  the  drug  through  the  intravenous 
route also  led to  less reduced products compared to oral 
administration.  The  authors  further  demonstrated  that 
during  oral  administration,  bioavailability  tended  to  ex-
hibit  an  inverse  relationship  with  drug  preparation,  and 
these  critical  observations  led  the  investigators  to  posit 
that the variabilities are due to differences in intestinal mi-
crobiota. In subsequent experiments, the authors reported 
that  in  about  10%  of  patients  given  digoxin,  there  was 
substantial conversion of  the drug  to  the cardio- inactive 
reduced metabolites. Further analyses demonstrated that 
stool samples from three of the “excretors,” and not from 
the  “non- excretors,”  converted  digoxin  to  its  reduced 
metabolites,  and  this  activity  could  be  ablated  with  the 
antibiotic  tetracycline  or  erythromycin.  The  serum  con-
centrations of digoxin also increased about two- fold after 
administration  of  antibiotics,  further  strengthening  the 
initial hypothesis of the investigators that digoxin inacti-
vation is gut microbiota- mediated.126 The bacterial culprit 
of this reductive process was finally brought into culture 
and identified as Eggerthella lenta (formerly Eubacterium 
lentum),  a  common  anaerobe  residing  in  the  human 
colon. Of important significance was the observation that 
some “non- excretors,” although harboring large numbers 
of this bacterium, did not excrete the reduced metabolites 
when on digoxin administration. The investigators further 
discovered  that  growth  of  E. lenta  with  the  amino  acid 
arginine  inhibited  inactivation  of  digoxin.127  These  con-
tributions  led others  to discover  in digoxin- metabolizing 
strains of E. lenta, a cytochrome- encoding operon that is 
upregulated in expression by digoxin but inhibited by ar-
ginine in some strains of the bacterium, and thus unrav-
eling the genetic basis for the inactivation of the cardiac 
drug (Figure 3c).128 As expected, this genetic information 
or operon is absent in non- digoxin metabolizing strains of 
E. lenta. Germ- free mice colonized with E. lenta harboring 
the identified gene cluster, when used in pharmacokinetic 
studies, revealed that dietary protein reduces the in vivo 
metabolism  of  digoxin,  with  significant  impact  on  drug 
concentration  in  the  serum  and  the  urine.  As  discussed 
later in this tutorial, the authors concluded that pharma-
cological considerations should be viewed in the context 
of both our human and microbial genomes.128

The  gut  microbiota  is  also  richly  endowed  with  hy-
drolytic enzymes, as noted above, and these include glu-
cosidases,  glucuronidases,  and  sulfatases.  An  example 
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of  microbiota  effects  on  drug  metabolism  involving  hy-
drolytic  enzymes  can  be  illustrated  with  irinotecan  hy-
drochloride  (CPT- 11),  a  derivative  of  the  topoisomerase 
inhibitor and antitumor drug Camptothecin. In rats, CPT- 
11  was  found  to  induce  severe  chronic  diarrhea,  loss  of 
weight  and  anorexia,  with  the  most  severe  histological 
damage found in the cecum. Two enzymes are of conse-
quence  here  (i.e.,  the  intestinal  tissue  carboxylesterase 
and the β- glucuronidase activity present in the intestinal 
lumen). The former converts CPT- 11 to its active form (7
- ethyl- 10- hydroxycamptothecin),  whereas  the  activity  of 
the  latter  (β- glucuronidase)  was  found  to  correlate  with 
the  severity  of  the  observed  segmental  damage  noted 
with CPT- 11. It was also demonstrated that inhibition of 
the β- glucuronidase activity in intestinal microbiota with 
antibiotics significantly abrogated the diarrhea and cecal 
damage  associated  with  CPT- 11.  By  analyzing  CPT- 11 
and  its  metabolites  in  the  feces,  the  investigators  found 
that antibiotics completely inhibited the β- glucuronidase 
activity  that  deconjugates  the  glucuronic  conjugate  of 
7- ethyl- 10- hydroxycamptothecin,  and  therefore  further 
strengthening the attribution of this enzyme to the intes-
tinal  microbiota.129 The  investigators  later  identified  the 
metabolite  eliciting  the  diarrhea  and  intestinal  damage 
as  SN- 38,  and  this  metabolite  resulted  from  the  hydro-
lytic activity of β- glucuronidase on the glucuronic conju-
gate  of  SN- 38  or  SN- 38  glucuronide  (Figure  3d).  Hence, 
in this process, it was discovered that microbiota- derived 
β- glucuronidase  hydrolysis  of  the  detoxified  metabolite 
SN- 38 glucuronide to SN- 38 triggers the severe symptoms 
linked to CPT- 11.130

The human host utilizes two main enzyme classes re-
sponsible  for  the  majority  of  steroid  biosynthesis. These 
are  cytochrome  P450  monooxygenases  and  hydroxys-
teroid  dehydrogenases  (HSDHs),  in  the  short  chain  de-
hydrogenase  (SDR)  aldo- keto  reductase  (AKR)  families. 
Pharmaceutical  compounds,  such  as  abiraterone  ace-
tate,  target  the host enzyme steroid 17α- monooxygenase 
(CYP17A1),  which  is  involved  in  adrenal  production 
of  glucocorticoids  and  11- oxy- androgen  precursors.131 
Abiraterone is prescribed along with synthetic glucocorti-
coids, such as prednisone, to replace glucocorticoid func-
tion during  second  line  treatment of  castration- resistant 
prostate  cancer.131  Recent  evidence  indicates  that  gut 
bacteria metabolize abiraterone acetate132 as well as pred-
nisone.133,134  Indeed,  in  several  members  of  the  gut  mi-
crobiota,  a  biochemical  pathway  has  been  characterized 
in the conversion of cortisol to 11β- hydroxyandrostenedi
one,88,135– 137 as well as the side- chain cleavage of predni-
sone to a potentially potent androgen capable of driving 
proliferation of a prostate cancer cell line.134 Furthermore, 
beyond  the  gut,  the  side- chain  cleavage  pathway  genes 
are  also  found  in  the  bacterium  Propionimicrobium 

lymphophilum,134,136  a  normal  inhabitant  of  the  urinary 
tract and previously associated with prostate cancer.138

Taken together, host- associated microbial enzymes are 
important,  but  so  far  largely  overlooked  factors  in  drug 
metabolism  and  therapeutic  efficacy.  In  the  examples 
above, we illustrate direct microbial modification of drugs 
with  four  different  end  results,  that  is,  microbial  action 
on the drug prontosil, which is inactive until activated by 
reductive  cleavage;  azo  reduction  by  microbial  enzyme 
to sulfanilamide; the gut bacteria- derived inactivation of 
the  cardiac  drug  digoxin  and  hence  decreasing  its  bio-
availability;  and  the  gut  microbiota- induced  toxicity  of 
the antitumor drug camptothecin and two prostate cancer 
drugs, abiraterone and prednisone.

EXPERIMENTAL APPROACHES TO 
CHARACTERIZING MICROBIOME 
DRUG INTERACTIONS

A major challenge to defining the role of the microbiome 
in drug metabolism is the fact that gut microbial commu-
nities consist of hundreds of  species whose composition 
varies dramatically across  individuals  in  the population. 
Identifying the microbes and genes involved in drug me-
tabolism  will  serve  as  a  cornerstone  for  integrating  the 
microbiome  into  pharmacology.  Studies  are  emerging 
that demonstrate  important roles of  the gut microbiome 
in  drug  metabolism,  yet  this  area  of  research  is  still  in 
its  infancy.  We  direct  the  reader  to  recent  authoritative 
reviews,120,139  and  below  we  introduce  the  tools  and  ap-
proaches commonly used. We also highlight a few recent 
studies that incorporate these approaches to identify drug 
metabolizing  strains,  genes,  and  their  relevance  to  drug 
metabolism in the host.

In vitro culture systems to characterize 
drug metabolism

In vitro culture systems provide a convenient way to study 
microbes and communities, enabling the identification of 
individual  species  that  metabolize  drugs  and  interroga-
tion of the genes responsible for these activities. However, 
an unavoidable  limitation  to  these approaches  is  that  in 
vitro culture systems do not faithfully recapitulate factors 
of the host gut, such as nutrient composition, inter- species 
interactions, and host factors, such as bile acids, pH, and 
immune products (antimicrobial peptides, secretory IgA, 
etc.).  Nevertheless,  they  provide  a  useful  starting  point 
to  understand  the  mechanisms  that  underlie  microbial 
metabolism of drugs. Here, we introduce two commonly 
used approaches to studying gut microbial metabolism of 
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drugs,  (i)  individual  strain  cultures  (Figure  4a)  and  (ii) 
communities derived from stool donors (Figure 4b).

In vitro cultures of strain libraries

The  healthy  distal  GIT,  where  most  microbes  reside,  is 
deeply anaerobic and most gut microbes are either obli-
gate or facultative anaerobes. Many obligate anaerobes are 
exquisitely sensitive  to oxygen,  thus  in vitro studies  rely 
on  anaerobic  culture  conditions.  Traditional  approaches 
for ensuring anaerobiosis, such as anaerobic gassing sta-
tions  and  anaerobic  jars,  are  not  generally  amenable 
to  reasonably  high  throughput  applications,  and  con-
sequently  most  laboratories  use  anaerobic  cabinets.140 
These cabinets (available from Coy Laboratory Products, 
Anaerobe  Systems,  Sheldon  Manufacturing,  and  Don 
Whitley Scientific) use palladium catalyst which catalyzes 
the conversion of hydrogen (provided from premixed gas 
tanks)  and  oxygen  (present  in  the  atmosphere)  to  form 
water. By maintaining consistent hydrogen levels within 
the  chamber  atmosphere  and  routinely  baking  catalyst 
to  remove  built  up  H2O,  these  systems  can  consistently 
keep oxygen levels below a  few ppm. Double- doored  in-
terlocks are used to pass supplies into the chamber with 
successive  vacuum/purge  gas  cycles  limiting  the  influx 
of  atmospheric  oxygen.  Specialized  media  formulations 
are often required to grow phenotypically diverse gut mi-
crobiota strains. These media are prepared outside of the 

cabinet and brought  in  to be  fully  reduced within a day 
or two. Incubators housed within the cabinet can be used 
to cultivate organisms at specified temperature, typically 
37°C  for  human  gut  microbial  strains.  Plasticware  for 
liquid  transfer or microbial  culture  is also  stored within 
the cabinet, becoming oxygen free within 24– 48 h. These 
anaerobic cabinets enable the culture of diverse microbes 
in  high- throughput  formats,  such  as  96- well  plates,  that 
are  amenable  to  downstream  workflows  such  as  liquid- 
chromatography mass spectrometry (LC– MS).

Human microbiome culture collections are not read-
ily  available  and  so  many  laboratories  assemble  their 
own  by  purchasing  strains  from  commercial  strain 
repositories  (e.g.,  ATCC,  The  German  Collection  of 
Microorganisms  and  Cell  Culture  [DSMZ],  and  Japan 
Collection  of  Microorganisms  [JCM]),  or  obtaining 
them from publicly funded initiatives (e.g., HMP BEI re-
sources). When a decision is made to access a bacterium 
or bacterial strains from a culture collection or commer-
cial source, it is very critical to note that due to bacterial 
strain differences, especially at the genetic level, the ac-
quired  strains  may  be  very  different  from  the  relatives 
detected  by  phylogenetic  studies  in  the  community  of 
interest.  Standard  microbiological  techniques,  such  as 
routinely  streaking strains on solid agar plates  to eval-
uate  colony  morphology  and  confirm  strain  identity 
via 16S rRNA gene sequencing are critical to avoid and 
monitor  contamination  when  working  with  multiple 
different  strains.  Spore- forming  bacteria  are  notorious 

F I G U R E  4  In vitro cultures of gut microbiota strains or stool to identify microbiota- drug interactions. (a) Anaerobic gut microbial 
strains are arrayed into 96- well plates and cultured in the presence of drugs. After growth, drugs are extracted from culture supernatants and 
analyzed by LC– MS. Extracted ion chromatograms for drugs present in supernatants of each strain can reveal drug- microbe interactions. 
(b) Stool samples from human donors are inoculated into different culture media. After growth, 16S rRNA gene profiling of cultures can be 
compared to the original stool donor to identify media that best recapitulate the donor community composition. After identifying optimal 
media, stool is cultured in the presence of drugs and drug remaining in the supernatant after growth is analyzed by LC– MS. Extracted ion 
chromatograms for drugs present in supernatants of different stool donors can reveal individualized drug- microbiota interactions. LC– MS, 
liquid- chromatography mass spectrometry.
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for  causing  cross- contamination  within  culture  librar-
ies, so cryo- archived master stocks confirmed to be pure 
should  always  be  used  and  great  care  should  be  taken 
with respect to aseptic technique. Critical factors to con-
sider  when  culturing  gut  microbes  include  (a)  match-
ing  nutritional  requirements  through  supplementation 
of  culture  media,  (b)  mitigating  and  testing  for  cross- 
contamination,  and  (c)  synchronizing  growth  of  slow 
vs.  fast  dividing  strains.  Once  these  conditions  are  es-
tablished, microbes can be cultured  in  the presence of 
drugs and the parent drug or its metabolites can be mea-
sured in cultures or supernatants by analytical methods 
such as LC– MS (Figure 4a).

A recent study by Zimmermann et al.133 used a library 
of  73  phylogenetically  diverse  human  gut  microbial 
strains to test their capacity to metabolize 271 different 
drugs. Combinatorial pools of the drugs were used to re-
duce LC– MS time, with each drug- microbe combination 
occurring  at  least  in  quadruplicate.  Remarkably,  two 
thirds  of  the  drugs  tested  were  diminished  by  greater 
than 20% in cultures of at least one bacterium, revealing 
a  broad  capacity  for  drug  metabolism  across  bacterial 
strains. There was a wide variation in the drug metabo-
lizing capacity across strains (11– 95 drugs metabolized 
per strain), with certain organisms, such as Bacteroides 
dorei and Bacteroides uniformis, each capable of metab-
olizing 95 different drugs. LC– MS analyses of drug me-
tabolites  revealed  common  drug  modifications,  which 
included  reduction/oxidation,  acetylation/deacetyla-
tion, and propionylation. These findings provide species 
level resolution into the drug metabolizing capabilities 
of  the  microbiome  and  enable  mechanistic  studies  to 
identify  responsible genes  that might  serve as markers 
for these activities in metagenomic datasets as described 
in a later section.

In vitro cultures of human stool samples

Whereas  in  vitro  studies  of  individual  microbes  provide 
foundational  insights  into  the  metabolizing  activity  of 
the  microbiota,  this  approach  suffers  from  three  impor-
tant limitations: (1) that microbes in the gut do not exist 
in  isolation,  rather  they are part of a  large and complex 
community; (2) human microbial communities are highly 
individualized;  and  (3)  metabolic  activities  of  the  gut 
microbiota  are  often  species-   or  even  strain- specific.  To 
complement  in  vitro  studies  of  individual  microbes,  ap-
proaches to cultivate microbial communities directly from 
human  stool  donors  may  be  used.  In  this  strategy,  stool 
is homogenized in pre- reduced buffer within an anaero-
bic  chamber,  then  cultivated  in  several  different  growth 
media. To ensure culture conditions best recapitulate the 

donor community, the 16S rRNA gene profiles from cul-
tured stool communities can be compared with the donor 
community  composition  (Figure  4b).  After  these  condi-
tions  are  identified,  the  stool  cultures  can  be  incubated 
with  various  drugs  and  the  metabolizing  activity  can  be 
assessed by LC– MS (Figure 4b).

Javdan  et  al.141  recently  used  this  approach  to  con-
duct  an  individualized  survey  of  drug  metabolizing  ac-
tivity within the human gut. They cultured human stool 
samples  from  a  pilot  donor  (PD)  in  14  different  media 
and  using  16S  rRNA  gene  profiling,  found  one  me-
dium (i.e., modified Gifu anaerobic medium [mGAM]), 
which  best  recapitulated  the  microbial  composition  of 
donor  stool  samples. They  then  cultured  PD  stool  sam-
ples  in  mGAM  supplemented  with  575  different  drugs 
and quantified drugs before and after culture by LC– MS. 
Approximately 75% of  the drugs were amenable  to LC– 
MS  analysis  and,  of  these,  57  drugs  were  metabolized 
by  PD  stool  sample  cultures.  These  included  known 
microbiota- drug  interactions  such  as  nitroreductions 
of  dantrolene,142  clonazepam,143,144  and  nicardipine145; 
hydrolysis of risperidone146,147; and azoreduction of sul-
fasalazine.148,149 However, novel drug- microbiota interac-
tions were also discovered, such as thioester hydrolysis of 
spironolactone, nitroreduction/acetylation of  tolcapone, 
deglycosylation  of  capecitabine,  and  ester  hydrolysis  of 
misoprostol  and  mycophenolate  mofetil.  Next,  the  au-
thors  developed  a  model  integrating  biomass  measure-
ments  from stool cultures and 16S rRNA gene profiling 
to  select  media  compositions  that  enabled  the  highest 
biomass of a culture most similar in composition to the 
stool  donor.  Using  this  approach,  a  single  medium  was 
selected  and  stool  cultures  from  20  donors  were  incu-
bated with a panel of 23 drugs. Although several drugs 
were consistently depleted from all stool cultures, other 
drugs showed wide interindividual variability. For exam-
ple,  five  of  20  stool  cultures  depleted  digoxin  from  the 
media,  and  of  these,  three  of  20  produced  the  reduced 
metabolite, dihydrodigoxin. This mirrors the heterogene-
ity in urine excretion of reduced digoxin metabolites pre-
viously  described  in  human  subjects,125  suggesting  that 
stool cultures faithfully recapitulate roles of the microbi-
ome in drug metabolism.

Approaches to identify microbial genes 
responsible for drug metabolism

To identify the microbial genes responsible for drug trans-
formations, two strategies are commonly used: (1) loss of 
function  studies  using  genetic  tools  (Figure  5a),  and  (2) 
gain of  function studies by cloning DNA fragments  into 
heterologous hosts, such as E. coli (Figure 5b).
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An important prerequisite  for  loss of  function stud-
ies  is  that  the bacterium that performs a drug metabo-
lism of  interest  is genetically  tractable. However, most 
gut bacteria are genetically intractable, and as such loss 
of  function studies are amenable  to only a small num-
ber of bacteria. Typically, a transposon mutant library is 
generated and then individual mutants are screened by 
LC– MS  to  identify null mutants. To achieve saturation 
of a bacterial chromosome, library sizes on the order of 
10,000  mutants  are  required  which  may  be  untenable 
for LC– MS screening  if  these mutants are  individually 
analyzed.  To  reduce  library  size,  individual  mutants 
may be sequenced and a library that targets most of the 
non- essential  genes  can  be  constructed;  however,  this 
requires considerable up- front work. Examples of these 
arrayed libraries include the Keio collection for E. coli150 
and a library generated by Goodman et al. in B. thetaio-
taomicron.151  Zimmermann  et  al.144  recently  used  this 
approach to identify drug metabolizing genes in the gut 
bacterium, B. thetaiotaomicron. The authors found that 
this bacterium converts the oral antiviral drug brivudine 
to its inactive metabolite, bromovinyluracil. The authors 
screened  a  reduced  size  arrayed  transposon  mutant  li-
brary by LC– MS to identify mutants that in vitro, neither 

depleted brivudine nor produced bromovinyluracil. This 
screen identified a single mutant (Tn:bt4554) disrupting 
a putative purine nucleoside phosphorylase. Follow- up 
studies  by  constructing  a  clean  deletion  mutant  in 
BT_4554  and  complementation  of  the  gene  confirmed 
that  BT_4554  is  necessary  and  sufficient  for  brivudine 
metabolism.

Gain of function studies typically involve construct-
ing a clone library in E. coli using DNA fragments from 
a source organism or microbial community. The E. coli 
clones  then  express  the  exogenous  genes  and  LC– MS 
can  be  used  to  screen  for  gain  of  function  metabolic 
activities. Finally,  the DNA fragments encoded by gain 
of  function  clones  can  then  be  sequenced  to  identify 
responsible genes. This approach has been used widely 
in the natural products field to identify new antibiotics 
or  anticancer  drugs.152  However,  a  major  limitation  to 
the  approach  is  whether  the  source  gene  is  expressed, 
and an active protein produced by heterologous hosts.153 
Nevertheless,  this  approach  has  been  used  by  two  re-
cent studies described in the preceding section to iden-
tify  genes  responsible  for  specific  drug  metabolisms. 
Zimmerman  et  al.133  generated  a  clone  library  of  the 
B. thetaiotaomicron genome in E. coli and screened for 

F I G U R E  5  Loss of function and gain of function experiments to identify genes responsible for microbiota- drug interactions. (a) Loss- 
of- function studies. A transposon library for a bacterium of interest is generated and arrayed into individual wells of microtiter plates. The 
mutants are then cultured with drugs and levels of drugs in the supernatant are analyzed by LC– MS. Extracted ion chromatograms reveal 
mutants which do not metabolize drugs as compared to the wild- type (WT) strain. Sequencing of the transposon insertion site of such 
mutants can reveal genes responsible for drug metabolism. (b) Gain- of- function studies. Genomic DNA isolated from an individual bacterial 
strain or stool metagenomic DNA is sheared, then fragments are cloned into a plasmid vector and transformed into heterologous hosts (such 
as Escherichia coli) to make a clone library. Individual clones or pools of clones are cultured with drugs and levels of drugs in the culture 
supernatants are analyzed by LC– MS. Extracted ion chromatograms reveal clones which deplete drugs in the supernatants as compared 
to empty vector controls. Sequencing of the DNA within the plasmid can reveal genes responsible for drug metabolism. LC– MS, liquid- 
chromatography mass spectrometry.
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drug metabolism by LC– MS. This  led to  the  identifica-
tion  of  two  putative  acyl  hydrolases,  BT_4096  respon-
sible  for  deacetylation  of  the  calcium  channel- blocker 
diltiazem  and  BT_0569  with  promiscuous  activity  to-
ward  multiple  structurally  diverse  drugs.  Further  loss 
of  functions studies of BT_4096 were conducted by in- 
frame gene deletion and complementation, verifying the 
role of BT_4096 in diltiazem metabolism. In a separate 
study,  Javdan et al.141  constructed a  stool metagenome 
clone  library  in  E. coli  and  screened  for  reduction  of 
hydrocortisone  to  20β- dihydrocortisone.  To  ensure  the 
clone  library was  representative of  the genetic content 
of the fecal donor, the authors created a massive library 
of ~3 × 106 unique clones. Screening individual clones in 
a library of this size by LC– MS is infeasible, and rather, 
the authors screened a smaller number of pooled clones, 
followed by iterative dilution and screening of sub- pools. 
Through  this work,  the authors  identified  two positive 
clones  which  both  harbored  the  same  gene,  a  putative 
oxidoreductase originating from a Bifidobacterium spe-
cies.  This  gene  was  individually  cloned  and  heterolo-
gously expressed  in E. coli, and  its role  in reduction of 
hydrocortisone to 20β- dihydrocortisone was verified.

These studies reveal the power of loss of function and 
gain  of  function  studies  in  identifying  microbial  genes 
responsible  for  drug  metabolism.  However,  these  ap-
proaches  suffer  from  important  limitations,  such  as  the 
limited scope of genetically tractable gut bacteria, uncer-
tainty  as  to  whether  genes  of  interest  can  be  expressed 
in E. coli, and the sheer magnitude of LC– MS screening 
necessary for identification of clones or mutant strains. As 
microbiota  drug  metabolism  research  expands,  new  im-
proved strategies to identify microbial drug- metabolizing 
genes are likely to follow.

Metagenomics to characterize drug 
metabolizing genes

Metagenomics  is  the  study  of  genetic  material  isolated 
directly  from  environmental  sources.  For  microbiota 
research,  genomic  DNA  is  typically  isolated  from  fecal 
samples,  then  fragmented  and  sequenced  using  next- 
generation  sequencing  techniques.  The  resulting  se-
quence  reads  can  then  be  (i)  assembled  to  create  gene 
catalogs; (ii) mapped to reference genes or genomes; or 
(iii)  binned  and  assembled  to  create  metagenome  as-
sembled  genomes  (MAGs).  Metagenomics  can  identify 
whether  a  known  drug- metabolizing  gene  is  present 
within  the  gut  microbial  community  which  might  pre-
dict whether an individual's microbiome has the capac-
ity to perform this function. As an example, Zimmerman 
et al.133 cultured samples from 28 stool donors in media 

with  drugs  and  used  metagenomics  to  query  the  rela-
tive abundance of several marker genes  they had char-
acterized  in  in vitro cultures  (see above). These results 
showed  a  significant  positive  correlation  between  the 
rate  of  drug  metabolism  and  the  abundance  of  known 
marker genes for these activities. The implication of this 
research is that drug metabolism marker genes could be 
surveyed by stool metagenomics and this might predict 
whether an individual's microbiome could impact drug 
metabolism.

Gnotobiotic mouse models

The  gut  microbiome  of  mammals  is  highly  individual-
ized, which creates a major challenge for animal research. 
For example,  the same strain of mice obtained from dif-
ferent  vendors  harbor  dramatically  different  microbial 
communities154,155  influencing mouse phenotypes which 
likely  include  their  xenobiotic  or  drug  metabolizing  ac-
tivities.  Moreover,  there  are  large  taxonomic  and  func-
tional differences between the microbiomes of mice and 
humans,156,157 which limits the translatability of findings 
from conventionally housed animals.

Germ- free mice, or their colonized (gnotobiotic) deriv-
atives, represent a powerful tool to elucidate host and mi-
crobial contributions to drug metabolism. These mice are 
housed  in aseptic  flexible  film  isolators or  in  racks with 
HEPA filters at the cage level. The cages, bedding, water, 
and  chow  are  all  autoclaved  and  transferred  into  isola-
tors using sterile techniques. Sentinel mice are routinely 
monitored for sterility by culturing feces and/or extracting 
fecal  DNA  and  screening  for  16S  rRNA  gene  amplicons 
by PCR with universal primers. In recent years, germ- free 
vivaria have become more widely available at universities 
and a few contract research laboratories. Nevertheless, ac-
cess  to  these  facilities  is  relatively  limited  and  the  strict 
aseptic housing conditions limits the types of experiments 
that can be done with these mice. Notably, genetic models 
which are so critical to rodent studies require mice to be 
re- derived as germ- free via embryo transfer, a  technique 
performed at relatively few companies or germ- free core 
facilities.

To  identify  the  role  of  gut  microbes  in  drug  metabo-
lism, germ- free mice are often colonized with individual 
strains of gut bacteria or they are “humanized” via colo-
nization with stool from a human donor. Drugs can then 
be administered  to colonized mice or germ- free controls 
and the level of drug in the intestinal contents, serum, and 
urine can be assessed by LC– MS.

Zimmerman et al.144 recently used gnotobiotic mice to 
dissect  the  host  and  microbial  contributions  to  metabo-
lism  of  the  oral  antiviral  drug  brivudine.  Both  microbes 
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and the mammalian host are known to metabolize briv-
udine  (BRV)  to  bromovinyluracil  (BVU),  although  the 
relative contributions are not known. When administered 
orally,  BRV  achieved  similar  plasma  levels  in  germ- free 
mice  compared  with  their  conventionally  housed  coun-
terparts.  However,  conventional  mice  had  significantly 
higher  serum  levels  of  the  metabolite,  BVU,  suggesting 
a  contribution  of  the  microbiome  to  brivudine  metabo-
lism.  Importantly,  BVU  inhibits  host  dihydropyrimidine 
dehydrogenase  with  potential  toxicity  implications  for 
patients  receiving  therapeutic  pyrimidine  analogs  such 
as 5- fluorouracil.158,159 Consistent with inhibition of dihy-
dropyrimidine dehydrogenase,  the authors  found higher 
thymine levels in the livers of conventional versus germ- 
free mice. To provide a more closely matched comparison, 
the authors colonized two groups of germ- free mice with 
either BRV- metabolizing wild- type B. thetaiotaomicron or 
with a loss of function mutant (bt4554). BRV reached sim-
ilar serum levels in these two groups of mice, but the BVU 
levels  were  significantly  lower  in  cecal  contents,  serum, 
and liver of bt4554 colonized mice. Thymine was also ele-
vated in the wild- type versus bt4554 colonized mice consis-
tent with BVU mediated inhibition of dihydropyrimidine 
dehydrogenase. The authors then built a pharmacokinetic 
model to estimate the host and microbial contributions to 
BRV  kinetics.  These  findings  suggest  that  the  microbial 
contribution to BRV levels in serum (estimated at ~71%) 
is greater  than  the host contribution. These mechanistic 
studies  in  gnotobiotic  mice  provide  unique  insights  and 
enable  a  quantitative  assessment  of  the  contribution  of 
the gut microbiota to host drug responses.

FUTURE PERSPECTIVES FOR 
THE MICROBIOME AND DRUG 
METABOLISM

Limitations and opportunities for 
microbiome drug metabolism research

One  of  the  major  challenges  to  microbiome  research  is 
how to establish a causal relationship between microbial 
functions  and  disease  phenotypes.160  Knowledge  of  the 
mechanisms  which  drive  these  interactions  is  critical  to 
the development of new diagnostics and therapeutics that 
might be translated to the clinic. Whereas many host phe-
notypes impacted by the microbiome (e.g., weight gain, re-
sponse to cancer immunotherapy, cardiovascular health, 
etc.) are problematic to track and quantify in vitro, drug 
metabolism  is  a  fundamentally  different  phenotype  that 
lends itself to mechanistic investigation. By studying drug 
disposition in pure cultures of bacteria, investigators can 

identify the individual strains— and even genes— required 
for drug metabolism by the microbiome. This mechanis-
tic insight can then inform studies in humans by tracking 
specific  microbial  functions  and  establishing  how  these 
impact the drug metabolism in the host. To make further 
gains on an already solid foundation, below we illustrate 
several  key  opportunities  for  growth  in  the  microbiome 
drug metabolism field.

Building a foundation for microbiome drug 
metabolism activities

Recent studies summarized in preceding sections have 
begun  to  unravel  the  molecular  basis  for  microbiome 
influences on drug metabolism. By culturing individual 
microbes  with  drugs,  strain- level  resolution  into  drug 
metabolizing activities have been  identified. However, 
these studies have sampled a  relatively minor  fraction 
of  the  incredible  diversity  of  human- associated  gut 
microbes. To expand on  this already  solid  foundation, 
future  studies  are  needed  to  test  drug- metabolizing 
activity  on  a  larger  scale.  Recent  advances  in  high- 
throughput culturing technologies (culturomics)161 will 
likely  be  a  critical  tool  to  characterize  taxonomically 
and phenotypically diverse gut microbes and  their po-
tential roles in drug metabolism. Microbial strain data-
bases that are rigorously assembled, capture taxonomic 
and  functional  diversity,  and  are  commercially  avail-
able will also serve as a critical resource. Work has al-
ready progressed on this front, with several microbiome 
strain libraries currently available (Human Microbiome 
Project via BEI Resources, Broad Institute Open Biome 
Microbiome  Library,162  Human  Gastrointestinal 
Bacteria  Culture  Collection163).  Expanding  on  these 
strain libraries and making them more widely available 
will be an important path forward for microbiome drug 
metabolism research.

The microbiome collectively harbors millions of genes 
which encode enzymes with diverse biochemical activities. 
Loss- of- function  genetic  tools  are  essential  to  unequiv-
ocally  assign  drug- metabolizing  activities  to  candidate 
genes. Yet, genetic tools such as transposon mutagenesis 
and  Clustered  Regularly  Interspersed  Short  Palindromic 
Repeat  (CRISPR)  technologies  are  available  for  only  a 
handful of the most abundant taxa or for specific gastroin-
testinal pathogens. A recent study by Jin et al.164 outlined 
an approach for gene transfer methods that can be applied 
to a wide variety of genetically  intractable gut microbes. 
This sets the stage for a concerted effort to develop genetic 
tools that can interrogate new genes involved in drug me-
tabolism by diverse gut microbes.
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Large- scale clinical studies to assess 
microbiome- host drug interactions

Mechanistic  studies  that  identify  microbial  genes  in-
volved  in  specific  host- microbe  drug  interactions  are 
valuable, but they do not directly address the question of 
whether an individual's microbiome may influence drug 
kinetics  or  toxicity  profiles.  To  answer  this,  integrated 
studies are needed that collect and analyze clinical and 
laboratory data on drug dosage, plasma drug levels, host 
genotype, drug toxicities, and microbiome metagenom-
ics data. By  following known marker genes within  the 
gut  microbiome  of  patients  dosed  with  specific  drugs, 
these  studies  will  likely  provide  key  data  on  the  clini-
cally  relevant  impact  the  gut  microbiome  has  on  drug 
metabolism and toxicity in humans. These types of stud-
ies  could  reveal  clinically  actionable  results  to  enable 
personalized pharmacology.

Implications of microbiome research in 
drug metabolism

Increasing evidence suggests that the microbiome plays an 
important role in influencing drug metabolism in humans 
and  that  the  microbiome  should  be  considered  in  per-
sonalized medicine. Microbial markers in an individual's 
gut could be used to predict whether they might require 
a  larger dose of a drug, or whether they are predisposed 
to  accumulating  toxic  metabolites.  This  has  important 
implications  for  hundreds  of  drugs  currently  prescribed 
to patients, but also is highly relevant to future drug de-
velopment  efforts.  Here,  we  highlight  two  examples  of 
microbiome- drug interactions and discuss their potential 
to translate into the clinic.

Irinotecan is a camptothecin analog which targets DNA 
topoisomerase overexpressed in cancer cells leading to cell 
death. It is administered as a pro- drug which is converted 
to its active metabolite (SN- 38) by host carboxylesterases. 
The elimination of SN- 38 involves glucuronidation in the 
liver  and  subsequent  intestinal  elimination  via  the  bile. 
However, bacteria β- glucuronidases cleave the glucuronic 
acid moiety in the gut, re- activating SN- 38 in the intestine 
which  causes  dose- limiting  gastrointestinal  (GI)  toxicity. 
Decreasing β- glucuronidase activity  in the gut could play 
an  important  role  in  decreasing  GI  toxicity  in  patients 
with  cancer  receiving  irinotecan.  To  this  end,  Wallace 
et  al.165  screened  a  small  molecule  library  for  inhibitors 
of  a  bacterial  β- glucuronidase  enzymes.  They  identified 
several  small  molecules  that  specifically  inhibited  E. coli 
β- glucuronidase, binding a region of the E. coli protein not 
present in the mammalian enzyme. When irinotecan was 

co- administered with a β- glucuronidase inhibitor to mice, 
the  mice  experienced  less  GI  toxicity.  Further  studies  by 
Bhatt et al.166 revealed that irinotecan administration leads 
to  increased  β- glucuronidase  activity  in  the  gut  and  pro-
motes  a  bloom  in  Enterobacteriaceae.  Co- administration 
of irinotecan with a β- glucuronidase inhibitor alleviated GI 
toxicity and enabled irinotecan dose escalation leading to 
improved therapeutic outcomes in a mouse model of can-
cer. Together, these findings suggest that specific targeting 
of bacterial β- glucuronidases could be a viable approach to 
improving the safety profile of irinotecan.

The cardiac glycoside, digoxin is used to treat heart fail-
ure and has a narrow therapeutic index. About one in 10 
individuals excrete high levels of the non- active reduced 
metabolite dihydrodigoxin, necessitating dose escalation. 
Previous studies  identified  that digoxin  is  reduced  to di-
hydrodigoxin by a relatively limited group of gut bacteria 
related  to  Eggerthella lenta,  however,  the  presence  of  E. 
lenta  strains  isolated  from stool samples was not predic-
tive of ex vivo digoxin reduction.127 In a subsequent study, 
Haiser et al.128 identified the cardiac glycoside reduction 
(cgr)  gene cluster encoded by  strains of  E. lenta  that  re-
duced digoxin, and absent in E. lenta strains that did not 
reduce  digoxin.  This  emphasizes  the  point  made  earlier 
in this tutorial that significant strain to strain differences 
may exist among members of the same bacterial species, 
thus identifying microbes at the species level is not suffi-
cient  to  infer  their  function.  Moreover,  these  data  likely 
explain why the former study failed to identify a relation-
ship between E. lenta colonization and ex vivo reduction 
activity. Haiser et al.53 developed a qPCR assay specific for 
the E. lenta cgr  locus and normalized to the E. lenta 16S 
rRNA gene (the cgr ratio). The cgr ratio was predictive of 
the capacity  for human stool samples to convert digoxin 
to dihydrodigoxin  in an ex vivo assay. This  study  identi-
fied  a  genetic  biomarker  within  the  human  gut  micro-
biota which  is predictive of  the capacity  for microbes  to 
metabolize digoxin. This  information might be useful  to 
clinicians  to predict who among their patients are  likely 
to  require  larger doses of digoxin  to achieve  therapeutic 
levels, and how antibiotic treatments might affect digoxin 
levels in their patients.

Concluding thoughts

Recent advances in microbiota research, including the use 
of  large- scale  strain  libraries,  high- throughput  LC– MS, 
genomics and metagenomics, and gnotobiotics, now en-
able  the  interrogation  of  microbe- host  drug  interactions 
on  an  unprecedented  scale.  These  studies  have  the  po-
tential  to  identify novel ways  to predict drug kinetics  in 
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patients and may reveal new modalities to improve con-
sistency of therapeutic drug levels in patients and reduce 
toxicities.  Incorporating  microbiota  research  into  drug 
development and preclinical studies could identify impor-
tant microbiota- mediated drug interactions, providing in-
sights into clinical trials in humans. However, specialized 
expertise and facilities are required to study gut microbial 
activities. Collaborations between experts in both respec-
tive fields (microbiota research and pharmacology) will be 
critical to enhancing the impact microbiota research may 
have on therapeutic drug modalities.
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