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ABSTRACT

Increasing evidence suggests a role of the gut microbiota in patients’ response to medicinal drugs. In our
recent study, we combined genomics of human gut commensals and gnotobiotic animal experiments
to quantify microbiota and host contributions to drug metabolism. Informed by experimental data, we
built a physiology-based pharmacokinetic model of drug metabolism that includes intestinal compart-
ments with microbiome drug-metabolizing activity. This model successfully predicted serum levels of
metabolites of three different drugs, quantified microbial contribution to systemic drug metabolite
exposure, and simulated the effect of different parameters on host and microbiota drug metabolism. In
this addendum, we expand these simulations to assess the effect of microbiota on the systemic drug
and metabolite levels under conditions of altered host physiology, microbiota drug-metabolizing
activity or physico-chemical properties of drugs. This work illustrates how and under which circum-
stances the gut microbiome may influence drug pharmacokinetics, and discusses broader implications
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of expanded pharmacokinetic models.

Introduction

Drug response can vary widely between patients,
and these differences have been mainly explained
by human genetic and physiological factors, such
as age, gender, gut motility, blood flow, enzymatic
reactions and organ volumes." However, several
studies have revealed specific examples of micro-
biome drug metabolism,”” suggesting that the
effect of the gut bacteria on in vivo drug metabo-
lism could be more widespread than anticipated.
In our recent study, we developed a gnotobiotic
mouse model to separate host and microbiota contri-
butions to drug metabolism.'® We used tissue-specific
drug and drug metabolite kinetics from animals that
either did or did not harbor drug-metabolizing gut
bacteria to build a physiology-based pharmacokinetic
(PBPK) model."”'"'? This model incorporates an
intestinal compartment of microbiome drug metabo-
lism that enables quantification of the microbial con-
tribution to systemic drug metabolite exposure. Even
if drug-metabolizing bacteria are unknown and thus
cannot be experimentally removed from a gnotobiotic
mouse gut community, we demonstrated that this
model can accurately predict systemic drug metabolite

exposure and quantify the microbiome contribution
using data from germ-free and conventional mice.

In this addendum, we apply this model to simu-
late different scenarios, such as altered drug
absorption in the small intestine or enterohepatic
circulation, to highlight factors with the greatest
potential to influence microbiota contribution to
in vivo drug metabolism.

An overview of the host-microbiome model of
drug metabolism

Drug-metabolizing activity by host and microbiome
can result in the same drug metabolites, which
makes it challenging to determine their origin solely
from serum measurements.>>"'> To separate host
and microbiome contribution to drug metabolism,
we built a PBPK model that includes a microbiome
component. The model consists of eight compart-
ments: three sections of the small intestine (duode-
num, jejunum, and ileum), three sections of the large
intestine (cecum, proximal and distal colon), gall-
bladder, and a central compartment, representing
processes occurring in serum, liver and other tissues
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(Figure 1). Following oral administration, a drug is
either absorbed from the proximal small intestine
into the central compartment, or it propagates
through the intestinal tract. These processes are
described by linear rates (first order and unsatu-
rated) for i) initial drug absorption from proximal
small intestine k,” (superscript “P” designates parent
drug); ii) drug absorption from distal small intestine
and large intestine (ks and k. 11); iii) drug propa-
gation between intestinal tissues (kp; to k4, subscript
“p” designates propagation); iv) drug elimination
from circulation (k.”). Host drug biotransformation
occurs in the central compartment with a coefficient

k., and metabolite elimination is described by kM
(superscript “M” designates drug metabolite).
Bacterial drug biotransformation occurs in the
cecum with the conversion coefficient k.g, and the
produced metabolite is either absorbed into the cen-
tral compartment with a coefficient ko™, or it pro-
pagates through the large intestine with the
coefficients k3 and kp,. Additionally, the drug can
undergo biliary secretion from the central compart-
ment to gallbladder and back to the intestine with
a coefficient kgyy (enabling enterohepatic drug circu-
lation, if the drug is re-absorbed from the intestine).
Initial parameter values were set based on the results
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Figure 1. A schematic representation of the PBPK model including microbiota drug metabolism.

P — parent drug; M — drug metabolite; M" ~ host-produced drug metabolite;

MBAC = microbiome-produced drug metabolite. Kinetic

rates: k,": initial drug absorption from small intestine; ko1 to kps: intestinal transit/propagation; kg: drug conversion by microbes in
large intestine; kqy: drug conversion by the host; k,: metabolite absorption from large intestine; Kasi: drug absorption from distal
small intestine; k,,": drug absorption from large intestine; ke': systemic elimination of the drug; k.": systemic elimination of the
drug metabolite; key: biliary secretion of the drug. An example equation describing host-derived drug metabolite kinetics in serum is

shown.



Table 1. Initial values and sampled distribution for the model parameters.
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Parameter Description Initial value Sampled distribution
k. Initial drug absorption into central compartment 1.24 10AN(0,1)
Kas” Drug absorption from small intestine 0.25 10AN(0,1)
ke Drug elimination from central compartment 2.32 10AN(0,1)
Kp1 Propagation through small intestine 0.49 N(0.49, 0.245)
kp2 Propagation from small intestine to cecum 0.43 N(0.43, 0.215)
ko3 Propagation from cecum to colon 1.03 N(1.03, 0.515)
Kpa Propagation from colon to distal colon 0.63 N(0.63, 0.315)
Ken Biliary secretion 0.89 10AN(0,1)
Katt” Drug absorption from large intestine 0.0001* 10AN(0,1)
Ken Host conversion of drug to metabolite 0.37 10AN(0,1)
k™ Metabolite elimination from central compartment 0.48 10AN(0,1)
ke Bacterial conversion of drug to metabolite 3.1 10AN(0,1)
kaUM Metabolite absorption from large intestine 7.49 10AN(0,1)
kg|P Coefficient of drug glucuronidation 0.1 10AN(0,1)
keI Coefficient of glucuronidated drug elimination 0.1 10AN(0,1)
Kagis Coefficient of bacterial drug deglucuronidation 0.1 10AN(0,1)

*For enterohepatic circulation simulation in Figure 4, initial value for k,u was set to 0.1.

of our previous study, in which we fit the model to
drug and drug metabolite measurements performed
on samples from germ-free and conventional mice
following oral brivudine administration'® (Table 1).

Microbiome drug metabolism and
large-intestinal absorption

In our previous study, we used the model to pre-
dict systemic exposure of drugs and drug metabo-
lites in conventional mice. These predictions were
based on the parameters of host drug metabolism
fitted to drug and drug metabolite tissue kinetics
from germ-free mice, and microbiome drug meta-
bolism fitted to the same measurements from the
large intestine of conventional mice. Based on
these fitted parameters, the model predicted drug
and metabolite kinetics in the serum of conven-
tional animals that were verified by direct experi-
mental measurement. Whereas serum drug
metabolite levels were substantially affected by
microbiota drug metabolism, serum drug levels
remained indistinguishable between germ-free
and conventional mice for the three tested drugs
brivudine, sorivudine, and clonazepam. However,
we observed substantial reduction of the drug and
concomitant accumulation of the metabolite in the
large intestine of conventional mice compared to
germ-free mice. We therefore hypothesized that
different microbiota-contributed effects on drug
and drug metabolite levels in serum could be
explained by different absorption properties of
the drug and drug metabolite in the large intestine.

To follow this hypothesis and identify conditions
under which bacterial drug metabolism in the large
intestine could affect drug serum kinetics, we per-
formed 10,000 Monte Carlo simulations of the
model with altered parameter sets. Parameters were
varied across rates between 10 h™ and 10* h™/,
except propagation parameters ky,; to k;,, were altered
within the range of estimated values (Table 1). For
each parameter, we performed local sensitivity analy-
sis to assess the effect of its variation on systemic drug
exposure, whereas all other parameters were set to
initial values. Both systemic and intestinal levels of
the parent drug were most strongly impacted by initial
drug absorption, elimination, and biliary secretion
coefficients (Figure 2a). The microbial drug conver-
sion coefficient substantially affected cecal, but not
serum drug levels (Figure 2b). To identify factors
preventing microbiome contribution to systemic
drug exposure under initial model conditions, we
simulated the model for each of the 10,000 parameter
sets with two extreme values for the bacterial drug
conversion, kg = 107 h™ and kg = 10* h™, and
calculated the difference between systemic drug expo-
sure resulting from these two conditions. The largest
effect of microbial metabolism on the systemic drug
exposure was observed with the increase of the drug
absorption coefficient k,1. As expected, these simula-
tions demonstrate that microbiome drug biotransfor-
mation in the large intestine affects systemic drug
levels, if the drug is substantially absorbed from the
large intestine.

We next repeated this type of analysis to iden-
tify parameters that impact systemic metabolite
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Figure 2. Microbiome effect on the drug and metabolite levels in large intestine and serum.

a. Local sensitivity analysis of the fully parameterized pharmacokinetic model for total drug levels in serum and cecum. Each point
represents the calculated exposure to the drug for a given simulation on the x-axis, and color corresponds to the value of the tested
parameter in this simulation. b. Simulated parent drug profiles in cecum and serum for two parameter sets at initial values that differ
only by the bacterial drug metabolism coefficient keg. €. Local sensitivity analysis of the fully parameterized pharmacokinetic model
for the difference of the drug exposure between two conditions with low and high bacterial drug metabolism. d. Local sensitivity
analysis of the fully parameterized pharmacokinetic model for total metabolite levels in serum and cecum. Each point represents the
calculated exposure to the drug metabolite for a given simulation on the x-axis, and color corresponds to the value of the tested
parameter in this simulation. e. Simulated drug metabolite profiles in cecum and serum for two parameter sets that differ only by
the bacterial drug metabolism coefficient k. The parameter sets are the same as in B. f. Local sensitivity analysis of the fully
parameterized pharmacokinetic model for the difference of the drug metabolite exposure between two conditions with low and

high bacterial drug metabolism.

exposure under the initial model conditions. We
found that bacterial drug conversion influences
both intestinal and systemic drug metabolite levels
(Figure 2d,e). However, the main factors deter-
mining whether bacterial metabolic activity will
affect systemic drug metabolite levels were sys-
temic metabolite elimination and biliary secretion
rates of the drug (Figure 2f). In fact, if the meta-
bolite elimination coefficient is low, both host- and
microbiota-derived drug metabolites remain in
circulation, leading to prolonged exposure and
larger differences between conditions of no-
microbial- and high-microbial-contribution. High
enterohepatic cycling of drugs also increases the
difference in systemic drug metabolite exposure
between the two conditions due to increased

drug exposure of the intestinal bacteria, which
will be discussed in more detail below.

Microbiome contribution to metabolism of highly
absorbed drugs

Oral drugs are typically optimized for absorption
from the small intestine, enabling high oral bioa-
vailability. This implies that only small amounts of
drug could reach the large intestine and be poten-
tially metabolized by bacteria. However, previous
studies identified microbial drug metabolism even
after intravenous administration.'® Furthermore,
we observed high microbial contribution to meta-
bolism of drugs with high absorption (quantified



as oral bioavailability of up to 81%).'° Based on
these observations, we applied our modeling fra-
mework to analyze factors that allow bacterial
contribution to systemic drug metabolism under
conditions of high drug absorption from the small
intestine.

We simulated different scenarios of drug absorp-
tion by varying the ratio between initial absorption k,"
and propagation ky,;, assuming that the non-absorbed
drug propagates to the large intestine. For each set of
the 10,000 random parameters simulated earlier, we
set the ratio between k,” and k,,; to either 10 or 0.1
(which corresponds to 93% or 21% drug absorption
into the central compartment), and compared micro-
biota contribution to systemic metabolite exposure
between the two absorption conditions. Although
bacterial contribution generally decreased with
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increased drug absorption from the small intestine,
there were many parameter sets within the high drug
absorption condition that resulted in substantial
microbiome contribution to systemic drug metabolite
exposure (Figure 3a). We performed local sensitivity
analysis to identify parameters that determine bacter-
ial contribution under conditions of high drug
absorption. The three parameters allowing microbiota
contribution of up to 100% to the systemic drug
metabolite exposure were drug elimination k", biliary
secretion kgyy, and host drug to metabolite conversion
k. (Figure 3b). Indeed, if a well-absorbed drug is
rapidly removed from circulation either by elimina-
tion (urinary or biliary secretion), or if host drug
biotransformation is neglectable, drug metabolites
produced by the gut microbiota can substantially
contribute to systemic exposure, given considerable
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Figure 3. Microbiome effect on the systemic drug metabolite exposure for highly absorbed drugs.

a. Fraction of bacterial contribution calculated for parameter sets that differ only by the percent of drug absorbed into the central
compartment, simulated as the ratio between k,” and kp1. Each point represents bacterial contribution to systemic drug metabolite
exposure simulated for two different absorption to propagation ratios (kap/k,ﬂ =0.1and kaP/km = 10, which corresponds to ~21%
and ~93% of initial drug dose absorbed into circulation, on x-axis and on y-axis, correspondingly) for a given parameter set. b. Local
sensitivity analysis of the fully parameterized pharmacokinetic model for bacterial contribution to systemic drug metabolite
exposure. Drug absorption was kept high for all simulations (k,” to kp1 ratio = 10, which corresponds to 93% of the initial drug
dose absorbed into circulation). Each point represents the calculated exposure to the drug for a given simulation, and color
corresponds to the value of the tested parameter in this simulation. c¢. Bacterial contribution to systemic drug metabolite exposure
under different drug absorption to propagation ratios and bacterial to host drug metabolism ratios. All the other parameters were
kept the same for each comparison. Biliary secretion parameter kgy was set to zero for all simulations in C.



592 (&) M. ZIMMERMANN-KOGADEEVA et al.

metabolite absorption from the large intestine. Even
in the absence of biliary drug elimination (kgy = 0),
higher drug biotransformation by microbiota com-
pared to the host can lead to substantial microbiome
contribution to systemic drug metabolite exposure at
nearly any level of drug absorption (Figure 3c).
Additionally, varying the large intestine propagation
parameter k3 allows a microbiome contribution to
systemic metabolite exposure of up to 50%, even if
93% of the oral drug dose is absorbed from small
intestine into the central compartment (Figure 3b).
An increase in the k3 parameter simulates constipa-
tion, which is a common drug side effect (reported for
49% (703 out of 1430) drugs from the SIDER
database'”).

Enterohepatic circulation and microbiome drug
metabolism

Biliary secretion is a prevalent mechanism to elimi-
nate drugs from the body. This elimination route
typically follows conjugative (Phase II) drug metabo-
lism; for example, glucuronidation of the parent drug
or drug metabolites is commonly observed. Bile is
secreted into the duodenum, where re-absorption of
conjugated compounds is hampered due to their high
hydrophilicity (Figure 4a). The gut microbiome
encodes hundreds of glucuronidase enzymes covering
a broad substrate spectrum, so that deconjugation

likely occurs upon intestinal propagation.'®
Enterohepatic circulation is observed, if re-
absorption of de-glucuronidated compounds is
possible."” Our recent study and other studies provide
examples of hepatic drug glucuronidation, their bili-
ary secretion followed by de-glucuronidation by
microbes in the large intestine.'>'® We therefore
expanded our model to include host glucuronyl-
transferase  activity (kglp) and Dbacterial de-
glucuronidation in the cecum (kgggp), and tested
under which conditions enterohepatic circulation
affects systemic drug and drug metabolite exposure.
To this end, we simulated the model for each of
the 10,000 random parameter sets with two (low
and high) values of either biliary secretion coeffi-
cient kgyy, or bacterial glucuronidase activity kqgg,
and calculated the systemic exposure differences of
both drug and drug metabolites between condi-
tions. Enterohepatic circulation most strongly
affects drug exposure under conditions that lead
to an intact drug in the intestine that can be
reabsorbed into circulation (Figure 4b). This is
achieved if the drug is readily absorbed from the
large intestine, if bacterial glucuronidase activity is
high, or if bacterial drug metabolism activity is
low. Under the same conditions, systemic metabo-
lite exposure is determined by microbial glucuro-
nidase and host glucuronyl-transferase activity.
The propagation coefficient in the large intestine
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Figure 4. Interplay between enterohepatic circulation and microbiome contribution to drug metabolism.

a. Schematic representation of host glucuronyl-transferase activity, biliary secretion and bacterial drug glucuronidase activity. b.
Local sensitivity analysis of the fully parameterized pharmacokinetic model for the difference of drug and drug metabolite exposure
in serum between two conditions with low and high biliary secretion (kgn). €. Local sensitivity analysis of the fully parameterized
pharmacokinetic model for the difference of the drug and drug metabolite exposure in serum between two conditions with low and
high bacterial glucuronidase activity (kqqgi). Each point represents the calculated exposure to the drug or drug metabolite for a given
simulation, and color corresponds to the value of the tested parameter in this simulation.



(kps3) also affected systemic metabolite exposure,
underlining the importance of intestinal motility
in determining host and microbiome contribu-
tions to metabolism of enterohepatically cycled
drugs. Bacterial glucuronidase activity affected sys-
temic drug levels under the same conditions as
enterohepatic circulation, as it directly depends
on the latter (Figure 4c).

Discussion

In this work, we use a coarse-grained pharmaco-
kinetic model that explicitly models gut micro-
biota activity in the large intestine to identify
conditions that promote microbiota contribution
to in vivo drug metabolism. We demonstrate the
potential for significant microbiota contributions
to systemic drug or drug metabolite exposure
under conditions that may not be intuitive. These
scenarios include high drug bioavailability or the
absence of observed differences in drug serum
levels between germ-free and conventional ani-
mals. For drugs with a high reported bioavailabil-
ity, the gut microbiota can produce the majority of
a drug metabolite in case of extensive enterohepa-
tic drug circulation, or large differences in micro-
bial and host drug metabolism coefficients, as we
observed experimentally for clonazepam and sor-
ivudine, respectively.'®

Although the initial model parameter values were
employed from the study of brivudine, the reported
analysis is in principle generally applicable. Our
model can also be further extended to incorporate
processes relevant for particular drugs and physiolo-
gical conditions. For example, the model could be
expanded to include drug metabolism in the intestinal
epithelium,”**" or microbiota drug metabolism in the
small intestine.” The effect of meal intake on gallblad-
der flow*” or on intestinal transporter activity> could
be represented as time-dependent coefficients of
enterohepatic circulation and intestinal absorption,
respectively. Pharmacokinetic models can be com-
bined with host genome-scale models to simulate
drug and nutrient effects on host physiology, which
can lead to dietary recommendations for enhanced
drug effect,”* predicted drug-drug interactions™ or
adverse drug reactions.”*">® Since intestinal motility,
nutrient intake,””® and drugs affect bacterial
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growth,”! physiology and microbiome
composition,”>>  incorporation of genome-scale
metabolic models of the microbiota into the pharma-
cokinetic modeling framework might further enhance
the ability of these integrative models to predict
in vivo metabolism of specific drugs. Improved in
silico estimation of drug absorption,”**> and putative
host** and bacterial**~** xenobiotic biotransforma-
tion in combination with systematic experimental
studies of microbial drug metabolism,’® will facilitate
accurate prediction of in vivo drug metabolism with
integrative pharmacokinetic models in the near
future,*>**

Understanding the role of microbiota in drug
metabolism may be instrumental for predicting
and controlling adverse effects, because microbiota
and host metabolism can be modulated with dif-
ferent interventions." Although an extensive
potential of gut microbes to metabolize drugs
was demonstrated in vitro, it is challenging to
determine whether microbiota contributes to
in vivo drug metabolism from patient’s serum,
urine or feces data alone. Observations such as
delayed pharmacokinetics between drug and drug
metabolite in serum, drug metabolites whose levels
or structures are inconsistent with the activities of
host cells in vitro or preclinical animal models, or
large differences between patients unexplained by
human genetic variability, may be indicative of
a necessity to evaluate the microbiome contribu-
tion to in vivo drug metabolism. By identifying the
key processes affecting host drug metabolism, and
taking into account physiological parameters of
both host and microbiota, such integrative models
can help to incorporate this knowledge at early
stages of drug development, and enable design of
rational therapies targeting gut microbes and their
enzymes for minimized risks and maximized ben-
efits of drug treatments in the future.

Materials and methods

Model overview — The multi-compartment pharma-
cokinetic model of drug metabolism in the mouse
contained 8 compartments (small intestine sections
jejunum, duodenum and ileum, large intestine sec-
tions cecum, colon, and distal colon, gallbladder, and
central compartment). The central compartment
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incorporated processes occurring in the serum, liver,
kidneys and all other body parts apart from the gas-
trointestinal tract (GI) lumen and gallbladder. An
additional compartment was used as a reservoir for
the initial drug dose. Drug propagation through the
body was modeled by the flow of GI material in
different GI tract sections and GI to central compart-
ment diffusion coefficients. Enterohepatic circulation
was modeled by enterohepatic cycling coefficient kgy,
which determines the rate of compound diffusion
from central compartment to gallbladder and from
gallbladder to duodenum. All equations were defined
for drug and metabolite amounts in a given compart-
ment/tissue. For drug metabolite levels in serum, the
metabolite levels contributed by the host (due to host
drug metabolism, M") were distinguished from the
metabolite levels contributed by the microbiota (due
to microbial metabolism in the cecum and metabolite
absorption, MPA©). The model was created using the
MatLab 2017b SimBiology Toolbox (MathWorks).

Initial parameter values - Initial parameter values
were chosen based on the results of model fitting to
germ-free and conventional mouse data administered
brivudine, and are provided in Table 1.

Serum metabolite exposure prediction — To distin-
guish host and bacterial contributions to the systemic
exposure of a drug metabolite, drug metabolites in the
central compartment derived from either host or
microbiome were modeled as separate metabolites
(M and MPA€). Microbial contribution to the sys-
temic metabolite exposure was calculated as the ratio
between areas under the curve of the microbial M®4¢
levels and total metabolite levels (the sum of microbial
and host contributions, M7+MP2°) in the central
compartment.

Sensitivity analysis — Local sensitivity analysis was
performed to assess the effects of each parameter
change on the total drug and drug metabolite expo-
sure in the central compartment and cecum.
Parameters that correspond to GI tract propagation
(kp1-kps) were sampled from a normal distribution
with mean and standard deviation = mean/2 of the
initial values from Table 1. All other parameters
were sampled from a lognormal distribution in the
base 10, which covered a range of values between
10~* and 10*. The model behavior was simulated for
10,000 sets of parameter values with the sbiosimu-
late function in MatLab.

Model simulation - To investigate microbiota
contribution to the systemic drug metabolite expo-
sure under different scenarios of drug availability in
the GI tract, the model behavior was simulated for
different drug initial absorption to propagation
ratios and bacterial to host drug conversion ratios.
To determine the relationship between initial
absorption to propagation conversion ratios
and percent of drug dose absorbed into the central
compartment, the behavior of a simplified model
that assumed that the drug remains either in the
central compartment or in the small intestine was
simulated. The ratio between the maximum amount
of drug in the two compartments was calculated for
each tested initial absorption to propagation ratios.
The sbiosimulate function was used to determine the
model behavior across all combinations of the para-
meter values in the range [0.01 1-10 100] for absorp-
tion to propagation ratio and for bacterial to host
drug conversion ratios. All other parameters were set
to the initial values from Table 1. For each model
run, the area under the curve of the drug metabolite
in the central compartment was calculated. The bac-
terial contribution was calculated as the ratio
between microbial drug metabolite absorbed from
cecum to the central compartment, and total drug
metabolite in the central compartment.

Drug side effects analysis — To estimate the occur-
rence of constipation as a side effect of commonly
used therapeutic drugs, side effect information was
downloaded from the SIDER database'” (file med-
dra_all_se.tsv.gz). The side effect column was fil-
tered with a search term “constipation”, and the
number of unique filtered compounds was divided
by the total number of compounds in the database
to calculate the frequency of the side effect.

The model and the code are available at https://
github.com/mszimmermann/PBPK_host-micro
biome_model.
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