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I he human gut microbiota plays a
key role in pharmacology, yet the

mechanisms responsible remain unclear,
impeding efforts toward personalized
medicine. We recently identified a
cytochrome-encoding operon in the
common gutActinobacterium Eggerthella
lenta that is transcriptionally activated
by the cardiac drug digoxin. These
genes represent a predictive microbial
biomarker for the
digoxin. Gnotobiotic mouse experiments

inactivation of

revealed that increased protein intake
can limit microbial drug inactivation.
Here, we present a biochemical rationale
for how the proteins encoded by this
operon  might

through substrate
discuss digoxin signaling in eukaryotic

inactivate  digoxin

promiscuity. We

systems, and consider the possibility
that endogenous digoxin-like molecules
may have selected for microbial digoxin
inactivation. Finally, we highlight the
diverse contributions of gut microbes to
drug metabolism, present a generalized
approach to
interactions, and argue that mechanistic

studying microbe-drug

studies will pave the way for the clinical
application of this work.

Introduction

Dating back to the 1960s, scientists
and clinicians have been presenting
sporadic reports that suggest the trillions
of microbes that colonize the human
gastrointestinal tract (the gut microbiota)
can influence the fate of therapeutics.'?
The emerging field of metagenomics,
which array

employs an extensive
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of experimental and
techniques to study the aggregate genomes
(the human microbiome) and metabolic

computational

activities of these microbial communities
has now set the stage to delve deeper into
the mechanisms responsible for microbial
drug metabolism. This “metagenomic”
view of pharmacology promises to
biology,
contributing to efforts at personalized or

elucidate novel while also
precision medicine.*®

A seminal example of the value
of such studies comes from work by
Redinbo  and  colleagues’!  Their
research has shown that inhibition of
microbial ~ B-glucuronidase  activity
ameliorates the enteric side effects of the
chemotherapeutic drug, irinotecan, and
multiple non-steroidal anti-inflammatory
drugs. This work is the first to leverage
mechanistic insight about microbial drug
metabolism toward directly affecting a
clinical outcome, as demonstrated by their
in vivo mouse experiments, which show
dramatic reductions in toxicity.

We sought to attain a similar degree
of mechanistic insight into the bacterial
inactivation of the cardiac drug, digoxin,
with the long-term goal of discovering
new ways of predicting or manipulating
microbial drug metabolism. Digoxin is
a natural cardiac glycoside that is used
to treat atrial fibrillation and chronic
heart failure. Positive inotropic effects
of digoxin are realized by inhibition of
the Na*/K* ATPase in cardiac myocytes,
causing an efflux of Na* and a net increase
in Ca?* (see ref. 12).

Digoxin is particulatly noteworthy to
microbiologists, as it is well established that
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Figure 1. Chemical structures of digoxin
(A) and its cardioinactive metabolite,
dihydrodigoxin (B). The double bond in the
lactone ring (highlighted) becomes saturated,
which reduces the affinity for its target, a Na*/
K* ATPase expressed in heart tissue.

a subset of individuals receiving digoxin
therapy excrete the inactive metabolite,
dihydrodigoxin, in which the lactone ring
is reduced'' (Fig. 1). It has been over 40
years since Herrmann and Repke® first
proposed that the saturation of the lactone
ring of digoxin might be catalyzed by the
gut microbiome, after demonstrating drug
inactivation following ex vivo incubation
with rat and human fecal samples.
Lindenbaum and colleagues furthered the
work by showing that there was an increase
in the excretion of reduced metabolites
following the administration of prolonged
release digoxin formulations'®; and that
broad spectrum antimicrobial therapy
blocked the formation of reduced digoxin
metabolites, with a concomitant increase
in the serum levels of the drug.'® Both
of these observations supported the
hypothesis that the gut microbiota is
responsible for digoxin inactivation.
The final and key discovery of the
Lindenbaum group was the isolation of
Eggerthella lenta (originally classified as
Eubacterium lentum), as the sole cultured
gut bacterium capable of catalyzing the
conversion to dihydrodigoxin in vitro.”

The isolation of E. lenta allowed us
to frame our work around the following
broad aims: (1) to identify the genes/gene
products that encode digoxin inactivation
capability; (2) to uncover the precise
nature of the signals that control the
expression of the digoxin inactivating
genes; and (3) to determine if in vivo
digoxin inactivation can be controlled by
rational dietary interventions.
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Figure 2. Predicted structures or Cgr1 and Cgr2, and their proposed interaction. (A) Genome
mining revealed structural and sequence homology between the Cgrl protein and several
structurally characterized members the NapC/NirT family of cytochrome c reductases such as the
NrfH enzyme from the Gram-negative bacterium Desulfovibrio vulgaris. This protein anchors as
a dimer in the cytoplasmic membrane and shuttles quinone (Q)-derived electrons to associated
periplasmic nitrite reductases (purple and gray). (B) Cgr2 exhibits homology to FAD-binding
fumarate reductases and may serve as the terminal electron reductase partner to Cgr1 by forming
an complex with Cgr1 and receiving electrons from Cgr1 at the active site FAD redox cofactor. (C)
The structural and electronic similarities between the unsaturated dicarboxylic acid of fumarate
and the o,B-unsaturated lactone of digoxin suggests that digoxin is able to occupy the active site

of Cgr2 and undergo reduction by the Cgr1/Cgr2 complex.

Mechanistic Insights into
Bacterial Drug Inactivation

We began by using RNA-seq to identify
E. lenta genes that are differentially
expressed in the presence of digoxin. This
resulted in the identification of a two-
gene cytochrome-encoding operon that
is significantly (100 fold) upregulated
in the presence of digoxin."® Comparative
genomics supports the hypothesis that
these genes encode the factors responsible
for digoxin inactivation, as two E. lenta
strains that lack the operon are unable to
inactivate digoxin."* We now refer to these
genes as the cardiac glycoside reductase
(¢gr) operon.

Based on sequence homology (PSI-
BLAST)® and secondary structure
predictions (HHPred),? the ¢gr operon is
predicted to encode a protein homologous
to the NapC/NirT" family of cytochrome
c reductases (Cgrl), as well as a protein
related to fumarate reductase (Cgr2).
Cytochromes from the NapC/NirT family,
such as the Nrf enzyme of Desulfovibrio
vulgaris® (Fig. 2A) are membrane-bound
that shuttle
quinones to associated terminal electron
reductase partner(s). As Cgr2 exhibits
strong sequence and predicted structural

proteins electrons  from
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homology to FAD-binding fumarate
reductase enzymes, we propose that it
serves as the soluble reductase partner
that interacts with the heme-binding
domain of Cgrl, either in a transient or
stable complex on the extracytoplasmic
side of the membrane (Fig. 2B). Given
the structural and electronic similarities
between the «,B-unsaturated lactone of
digoxin and the unsaturated carboxylic
acid of fumarate (Fig. 2C), we hypothesize
that digoxin and related cardiac glycosides
can occupy the binding pocket of Cgr2
and undergo reduction by a similar
mechanism. The use of digoxin as an
acceptor s
supported by the fact that reductases

alternative electron also
are generally induced by their substrate.
Further biochemical characterization of
the Cgr proteins is warranted. It will be
particularly interesting to measure Cgr
activity in the presence of related cardiac
glycosides, as well as fumarate, to uncover
the extent to which the enzyme processes
these compounds and to confirm the
natural and/or evolved role(s) for the
proteins.

It may be useful to consider if the
cgr operon has evolved to utilize cardiac
glycosides, or if these compounds are
cross-reacting with enzymes adapted to
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a natural substrate of similar chemical
structure, such as fumarate. Our initial
structure-function analyses suggest the cgr
operon is broadly responsive to compounds
containing an o,B-unsaturated
butyrolactone ring." One possibility is that
the prevalence of endogenous digitalis-like
factors in mammals may have selected
for the cgr operon.?? Interestingly, these
so-called “cardiotonic steroids” have also
been shown to be present in the reduced
state, and it has been hypothesized that
these compounds may be attributable to
the gut microbiota.” However, there is no
obvious selective advantage at play, since
we did not detect an increase in the in vitro
growth rate or carrying capacity in the
presence of digoxin, perhaps supporting
the idea that this reduction may simply
result from promiscuous enzyme activity,
or only provide a fitness advantage under
specific conditions. This potential in vivo
selective pressure of digoxin on E. lenta, or
lack thereof, might be better understood
by studying the gut microbiota of patients
or animal models receiving long-term
digoxin therapy.

A Microbial Biomarker of Drug
Pharmacokinetics

The Lindenbaum group attempted
to correlate the presence and abundance
of E. lenta in human fecal samples with
digoxin inactivation but found that
many individuals deemed “non-reducers”
harbored strains of E. lentza in their
feces.””?* We reasoned that the cgr operon
might be a more suitable predictor of the
drug inactivation phenotype, especially
given the strain variation of E. lenta
and the possibility that each individual
might harbor multiple strains, as has
been shown for other members of the
gut microbiota.”% Quantitative PCR
of community DNA isolated from fecal
samples from 20 healthy volunteers
demonstrated a significant correlation
between the “cgr ratio” (cgr abundance
normalized by E. /Jenta 16S rDNA
level) and ex vivo digoxin inactivation,
discriminating low vs. high reducers with
a sensitivity of 86%, specificity of 83%,
and precision of 92%." There was no
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predictive value of the overall abundance
of the E. lenta species.

This finding yields an intriguing
scenario wherein clinical guidelines might
be informed by the presence, abundance,
and/or expression level of microbial genes
known to play an important role in the
metabolism of a given drug. In addition,
clinicians might one day be able to
rapidly stratify patient populations and
identify individuals that are more likely
to experience significant metabolism via
their gut microbiota. If expanded to other
drugs, this type of screening would almost
certainly help manage clinical risk, and
fill in some of the gaps that are seen with
patient-to-patient variability with respect
to drug responses in the clinic.

It is also noteworthy that digoxin,
among other cardiac glycosides, has been
implicated in several other signaling roles.
Digoxin and ouabain were both recently
shown to increase cholesterol synthesis by
transcriptionally activating 3-hydroxy-
3-methylglutaryl-coenzyme A reductase
in human liver cells,®® cardiac glycosides
were shown to be inhibitors of HIF-la—a
hypoxia responsive transcription factor
involved in tumor proliferation—resulting
in decreased growth of tumor xenografts
in mice,” and digoxin was identified as an
inhibitor of RORyt transcription which
blocks T 17 differentiation, attenuating
° Together, these
findings point to a general role for this

autoimmune disease.’

class of compounds in mediating a wide
variety of signaling cascades and suggest
that their metabolism by E. Jenta may
have much broader consequences than are
currently appreciated.

Blocking Microbial Drug
Metabolism via Dietary
Interventions

While attempting to improve the
laboratory growth of E. lenta, Sperry
and Wilkins®® discovered that growth
of E. lenta requires the amino acid
arginine, and it is likely that arginine
serves as the main source of nitrogen
and carbon for E. lenta. Dobkin et al.”
reported that while arginine enhances
growth it simultaneously inhibits digoxin

inactivation. Thus, elevated levels of
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arginine from dietary, host, or microbial
sources might be exploited to prevent
this undesirable microbial activity. To
test this hypothesis, we colonized germ-
free mice with E. lenta prior to digoxin
administration. The animals were split
between two otherwise identical diets: one
completely lacking a protein source, and
the other providing 20% kcal from protein
(i.e., casein). Remarkably, we found that
increasing dietary protein significantly
elevates both serum and urinary digoxin
levels, and that this only occurs in mice
colonized with the type strain, which is
capable of reducing digoxin.'®

These suggest that host
diet might provide one avenue with

results

which to tune the rate of microbial
drug metabolism, and provide further
evidence for the intimate links between
nutritional status and our associated
microbial communities.”?* Of course,
the two diets tested in this study reflect
dramatic changes to protein consumption,
which are unlikely to occur in human
patients. Additional work is necessary to
determine the relative impacts of diets
designed with protein sources containing
high or low arginine concentrations (e.g.,
soy vs. animal protein, respectively),
supplemented with pure arginine, or

subjected to various methods of food

processing.
These studies also prompt some
additional questions—why and how

does arginine block digoxin metabolism?
RNA-seq and qRT-PCR revealed that
cgr expression is significantly elevated in
low arginine conditions relative to high
arginine; however, it remains unclear
how arginine represses the cgr operon and
the degree to which this is sufficient to
explain the observed decrease in digoxin
inactivation. These questions might be
elucidated through the computational
analysis of transcription factor binding
sites, a more in-depth analysis of the
transcriptional responses to arginine,
screening E. lenta genomic libraries
for transcription factors, the use of
tagged arginine (and digoxin) to isolate
interacting proteins from cell lysates, or
even mutagenesis of E. lenta. Successful
heterologous expression of the cgr operon,

and subsequent purification of the
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Figure 3. Approaches for studying the role of the microbiome in therapeutic drug metabolism.
Initial evidence often comes from clinical data such as unexplained patient-to-patient variation
in the response to therapeutics and/or altered pharmacokinetics (PK) and pharmacodynamics
(PD) in response to antibiotic treatment, dietary intake, IV vs. oral routes of drug administration,
or varying oral formulations to delay absorption. Drug metabolites may then be identified directly
from patient samples, from mouse or other animal models, or after ex vivo incubation with fecal
samples. Mechanisticinsight can be garnered by combining a number of complementary methods:
functional metagenomics, microfluidics, and screening gut microbial communities for relevant
enzymatic activities. Determining the signals that activate genes, and biochemical characterization
of the relevant gene products, will enrich findings from these studies. From there, animal models
will determine the translational potential, while human intervention trials could be utilized to work
out co-therapy strategies.

Companion diagnostics: Co-therapies:

» M * Dietary manipulations
I!f;)- +drug * Prebiotics
1 « Probiotics
Assay for drug metabolites « Fecal microbiota
transplants

* Small molecule inhibitors
» Narrow-spectrum
antibiotics

I\W

Detect organisms/genes
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Figure 4. Integrating the gut microbiome into personalized or precision medicine. Rapid
personalized clinical diagnostics may one day include ex vivo incubation of a patients’ microbiota
with potential drug therapy cocktails, or “microbiota typing” using culture-dependent or
-independent methods (e.g., sequencing, quantitative PCR). Patient populations might be stratified
based on the results from these tests, and appropriate co-therapies may be administered. Potential
therapeutic strategies include dietary supplements, prebiotics, probiotics, fecal microbiota
transplantation, small molecule modulators of microbial gene expression/enzyme activity, or
antibiotics.

encoded proteins, would enable testing
of any direct interactions with arginine.
It will also be important to characterize
the degree to which other members of the
gut microbiota can promote or inhibit
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this activity through competition for
arginine or other metabolic interactions.
As has been demonstrated for the
B-glucuronidase inhibitors, this type of
mechanistic information might be used
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to design more sophisticated methods of
targeting E. lenta in vivo.

A Framework for Studying
Microbial Drug Metabolism

The high degree of inter-individual
variation in theabundance of the cgroperon
provides a contrast to other well-studied
microbial drug metabolism enzymes (e.g.,
B-glucuronidases and azoreductases),
which are considered to be more widely
distributed across multiple bacterial taxa
and consistently found in the human
gut microbiome.® Follow-up studies of
healthy controls and cardiac patients will
be necessary to determine the extent to
which ¢gr abundance is predictive of in
vivo digoxin pharmacokinetics and the
degree to which this association is stable
during the course of therapy. Human
intervention studies might be designed to
test the ability to limit microbial digoxin
reduction by modifying dietary intake.

Our results provide the first example
of a host-associated microbial operon
that predicts drug inactivation, although
Westman et al.”® recently used an activity-
based purification scheme to identify
the enzyme complex responsible for
the inactivation of the antineoplastic
compound doxorubicin. An experimental
and computational platform for the
mechanistic dissection of microbial drug
metabolism is now emerging (Fig. 3). This
framework could be more broadly applied
to drugs that impact the active members
of the human gut microbiome,*® in
addition to the >40 known drugs subject
to microbial modification.”” A critical
component to furthering this work will
be to elucidate the molecular mechanisms
responsible via functional metagenomics,
single cell methods (e.g., flow cytometry
and microfluidics), in-depth enzymatic
other
complementary approaches (Fig. 3). The

characterization, and numerous
insights gained from this work promise to
aid in the rational design of companion
diagnostics such as metabolite, gene, and
organism screening, which will ultimately
inform co-therapies aimed at modulating
the microbiota in a clinically meaningful
way (Fig. 4). These targeted therapies
could provide an attractive alternative
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to broad-spectrum antibiotics, which,
although they have been shown to prevent
microbial drug inactivation in patients'®
can have rapid® and long-lasting®® impacts
on the gut microbiome. Considered in

light of recent links between anticancer

treatment and the gut microbiome, %

these studies emphasize that a

References

1. HoltR. Thebacterial degradation of chloramphenicol.
Lancet 1967; 1:1259-60; PMID:4165044; http://
dx.doi.org/10.1016/S0140-6736(67)92720-1

2. Gingell R, Bridges JW, Williams RT. Gut flora and
the metabolism of prontosils in the rat. Biochem ]
1969; 114:5P-6P; PMID:5810066

3. Scheline RR. The metabolism of drugs and
other organic compounds by the intestinal
microflora.  Acta Pharmacol Toxicol (Copenh)
1968; 26:332-42; PMID:5755481; http://dx.doi.
0rg/10.1111/j.1600-0773.1968.tb00453.x

4. Nicholson JK, Holmes E, Wilson ID. Gut
microorganisms, mammalian metabolism and
personalized health care. Nat Rev Microbiol
2005; 3:431-8; PMID:15821725; http://dx.doi.
org/10.1038/nrmicrol1152

5. Holmes E, Kinross J, Gibson GR, Burcelin R, Jia W,
Pettersson S, Nicholson JK. Therapeutic modulation
of microbiota-host metabolic interactions. Sci Transl
Med 2012; 4:rv6; PMID:22674556; http://dx.doi.
org/10.1126/scitranslmed.3004244

6. Haiser HJ, Turnbaugh PJ. Is it time for a metagenomic
basis of therapeutics? Science 2012; 336:1253-
5;  PMID:22674325;  http://dx.doi.org/10.1126/
science.1224396

7. Wallace BD, Redinbo MR. The human microbiome
is a source of therapeutic drug targets. Curr Opin
Chem Biol 2013; 17:379-84; PMID:23680493;
http://dx.doi.org/10.1016/j.cbpa.2013.04.011

8. Haiser HJ, Turnbaugh PJ. Developing a metagenomic
view of xenobiotic metabolism. Pharmacol Res
2013; 69:21-31; PMID:22902524; http://dx.doi.
0rg/10.1016/j.phrs.2012.07.009

9. Wallace BD, Wang H, Lane KT, Scott JE, Orans
J, Koo ]S, Venkatesh M, Jobin C, Yeh LA, Mani S,
et al. Alleviating cancer drug toxicity by inhibiting
a bacterial enzyme. Science 2010; 330:831-5;
PMID:21051639; http://dx.doi.org/10.1126/
science.1191175

10. LoGuidice A, Wallace BD, Bendel L, Redinbo
MR, Boelsterli UA. Pharmacologic targeting of
bacterial B-glucuronidase alleviates nonsteroidal
anti-inflammatory drug-induced enteropathy in
mice. ] Pharmacol Exp Ther 2012; 341:447-54;
PMID:22328575; htep://dx.doi.org/10.1124/
jpet.111.191122

11.  Saitta KS, Zhang C, Lee KK, Fujimoto K, Redinbo
MR, Boelsterli UA. Bacterial B-glucuronidase
inhibition protects mice against enteropathy induced
by indomethacin, ketoprofen or diclofenac: mode
of action and pharmacokinetics. Xenobiotica 2014;
44:28-35; PMID:23829165; http://dx.doi.org/10.31
09/00498254.2013.811314

12. Goodman LS, Brunton LL, Chabner B, Knollmann
BC. Goodman & Gilman’s the pharmacological basis
of therapeutics. New York: McGraw-Hill, ed. 12,
2011.

13. Jacobs WA, Hoffmann A. The relationship between
the structure and the biological action of the cardiac
glucosides. ] Biol Chem 1927; 74:787-793

www.landesbioscience.com

comprehensive view of pharmacology
must encompass the dynamic metabolic
activities and structure of our associated
microbial communities.

Disclosure of Potential Conflicts of Interest

No potential conflict of interest was

disclosed.

14. VickRL,Kahn]B]r., Acheson GH. Effects of dihydro-
ouabain, dihydrodigoxin and dihydrodigitoxin on
the heart-lung preparation of the dog. J Pharmacol
Exp Ther 1957; 121:330-9; PMID:13481854

15. HerrmannI, Repke K. Transformation of cardenolides
by microorganisms in the intestine. In: Schubert
K, editor. Proceedings of the 2nd Symposium Uber
Biochemische Aspekte der Steroidforschung; 1968;
Berlin, Germany. Berlin: Akademie-Verlag; 1969. p.
115-119.

16. Lindenbaum J, Rund DG, Butler VP Jr., Tse-Eng
D, Saha JR. Inactivation of digoxin by the gut
flora: reversal by antibiotic therapy. N Engl ] Med
1981; 305:789-94; PMID:7266632; http://dx.doi.
org/10.1056/NEJM198110013051403

17. Dobkin JF, Saha JR, Butler VP Jr, Neu HC,
Lindenbaum J.  Digoxin-inactivating  bacteria:
identification in human gut flora. Science 1983;
220:325-7; PMID:6836275; htep://dx.doi.
org/10.1126/science.6836275

18. Haiser HJ, Gootenberg DB, Chatman K, Sirasani
G, Balskus EP, Turnbaugh PJ. Predicting and
manipulating cardiac drug inactivation by the
human gut bacterium Eggerthella lenta. Science
2013; 341:295-8; PMID:23869020; http://dx.doi.
org/10.1126/science.1235872

19.  Aleschul SF, Madden TL, Schiffer AA, Zhang ],
Zhang Z, Miller W, Lipman DJ. Gapped BLAST and
PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 1997; 25:3389-
402; PMID:9254694; http://dx.doi.org/10.1093/
nar/25.17.3389

20. Séding J, Biegert A, Lupas AN. The HHpred
interactive server for protein homology detection
and structure prediction. Nucleic Acids Res 2005;
33:W244-8; PMID:15980461; htep://dx.doi.
org/10.1093/nar/gki408

21. Rodrigues ML, Oliveira T, Matias PM, Martins IC,
Valente FM, Pereira IA, Archer M. Crystallization
and  preliminary  structure determination  of
the membrane-bound complex cytochrome ¢
nitrite  reductase  from  Desulfovibrio  vulgaris
Hildenborough. Acta Crystallogr Sect F Struct Biol
Cryst Commun 2006; 62:565-8; PMID:16754983;
hetp://dx.doi.org/10.1107/S1744309106016629

22. Bagrov AY, Shapiro JI. Endogenous digitalis:
pathophysiologic roles and therapeutic applications.
Nat Clin  Pract Nephrol 2008; 4:378-92;
PMID:18542120; http://dx.doi.org/10.1038/
ncpneph0848

23. Qazzaz HM, Jortani SA, Poole JM, Valdes R Jr.
Evidence for presence of a reduced form of digoxin-
like immunoreactive factor (dihydro-DLIF) in
mammalian tissues. Clin Chem 1996; 42:1092-9;
PMID:8674194

24. Mathan VI, Wiederman J, Dobkin JF, Lindenbaum
J. Geographic differences in digoxin inactivation, a
metabolic activity of the human anacrobic gut flora.
Gut 1989; 30:971-7; PMID:2759492; http://dx.doi.
org/10.1136/gut.30.7.971

Gut Microbes

Acknowledgments

This work was supported by grants from
the National Institutes of Health (P50
GMO068763) and the Harvard Digestive
Diseases  Center  (2P30DK034854-
26). HJH. is supported by the
Canadian Institutes of Health Research
(MFE-112991).

25. Morowitz MJ, Denef V], Costello EK, Thomas BC,
Poroyko V, Relman DA, Banfield JF. Strain-resolved
community genomic analysis of gut microbial
colonization in a premature infant. Proc Natl Acad
Sci U S A 2011; 108:1128-33; PMID:21191099;
http://dx.doi.org/10.1073/pnas.1010992108

26. Schloissnig S, Arumugam M, Sunagawa S, Mitreva
M, Tap J, Zhu A, Waller A, Mende DR, Kultima
JR, Martin J, et al. Genomic variation landscape of
the human gut microbiome. Nature 2013; 493:45-
50; PMID:23222524; http://dx.doi.org/10.1038/
naturell711

27. Chen SL, Wu M, Henderson JP, Hooton TM,
Hibbing ME, Hultgren SJ, Gordon JI. Genomic
diversity and fitness of E. coli strains recovered from
the intestinal and urinary tracts of women with
recurrent urinary tract infection. Sci Transl Med
2013; 5:84ra60; PMID:23658245; http://dx.doi.
org/10.1126/scitranslmed.3005497

28. Campia I, Gazzano E, Pescarmona G, Ghigo D,
Bosia A, Riganti C. Digoxin and ouabain increase the
synthesis of cholesterol in human liver cells. Cell Mol
Life Sci 2009; 66:1580-94; PMID:19288057; http://
dx.doi.org/10.1007/s00018-009-9018-5

29. Zhang H, Qian DZ, Tan YS, Lee K, Gao P, Ren YR,
Rey S, Hammers H, Chang D, Pili R, et al. Digoxin
and other cardiac glycosides inhibit HIF-1a synthesis
and block tumor growth. Proc Natl Acad Sci U S
A 2008; 105:19579-86; PMID:19020076; http://
dx.doi.org/10.1073/pnas.0809763105

30. Huh]JR, Leung MW, Huang P, Ryan DA, Krout MR,
Malapaka RR, Chow ], Manel N, Ciofani M, Kim
SV, et al. Digoxin and its derivatives suppress TH17
cell differentiation by antagonizing RORyt activity.
Nature 2011; 472:486-90; PMID:21441909; http://
dx.doi.org/10.1038/nature09978

31. Sperry JF, Wilkins TD. Arginine, a growth-limiting
factor for Eubacterium lentum. ] Bacteriol 1976;
127:780-4; PMID:182668

32. Turnbaugh PJ, Ridaura VK, Faith JJ, Rey FE, Knight
R, Gordon JI. The effect of diet on the human gut
microbiome: a metagenomic analysis in humanized
gnotobiotic mice. Sci Transl Med 2009; 1:ral4;
PMID:20368178; http://dx.doi.org/10.1126/
scitranslmed.3000322

33. Faith JJ, McNulty NP, Rey FE, Gordon ]I
Predicting a human gut microbiota’s response to
diet in gnotobiotic mice. Science 2011; 333:101-
4;  PMID:21596954;  http://dx.doi.org/10.1126/
science.1206025

34. David LA, Maurice CF, Carmody RN, Gootenberg
DB, Button JE, Wolfe BE, Ling AV, Devlin AS,
Varma Y, Fischbach MA, et al. Diet rapidly and
reproducibly alters the human gut microbiome.
Nature 2014; 505:559-63; PMID:24336217; http://
dx.doi.org/10.1038/nature12820

35. Westman EL, Canova M]J, Radhi IJ, Koteva K,
Kireeva I, Waglechner N, Wright GD. Bacterial
inactivation of the anticancer drug doxorubicin.
Chem Biol 2012; 19:1255-64; PMID:23102220;
http://dx.doi.org/10.1016/j.chembiol.2012.08.011

237



36.

37.

238

Maurice CF, Haiser HJ, Turnbaugh PJ. Xenobiotics
shape the physiology and gene expression of the
active human gut microbiome. Cell 2013; 152:39-
50; PMID:23332745; http://dx.doi.org/10.1016/j.
cell.2012.10.052

Sousa T, Paterson R, Moore V, Carlsson A,
Abrahamsson B, Basit AW. The gastrointestinal
microbiota as a site for the biotransformation of drugs.
Int ] Pharm 2008; 363:1-25; PMID:18682282;
http://dx.doi.org/10.1016/j.ijpharm.2008.07.009

38.

39.

Dethlefsen L, Relman DA. Incomplete recovery
and individualized responses of the human distal
gut microbiota to repeated antibiotic perturbation.
Proc Natl Acad Sci U S A 2011; 108(Suppl 1):4554-
61; PMID:20847294; http://dx.doi.org/10.1073/
pnas. 1000087107

Iida N, Dzutsev A, Stewart CA, Smith L, Bouladoux
N, Weingarten RA, Molina DA, Salcedo R, Back
T, Cramer S, et al. Commensal bacteria control
cancer response to therapy by modulating the
tumor microenvironment. Science 2013; 342:967-
70; PMID:24264989; http://dx.doi.org/10.1126/
science.1240527

Gut Microbes

40. Viaud S, Saccheri F, Mignot G, Yamazaki T, Daillere

R, Hannani D, Enot DP, Pfirschke C, Engblom C,
Pictet MJ, et al. The intestinal microbiota modulates
the anticancer immune effects of cyclophosphamide.
Science 2013; 342:971-6; PMID:24264990; http://
dx.doi.org/10.1126/science.1240537

Volume 5 Issue 2





