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Abstract

Background Following solid organ transplantation, tacrolimus (TAC) is an essential drug in the immunosuppressive
strategy. Its use constitutes a challenge due to its narrow therapeutic index and its high inter- and intra-pharmacoki-
netic (PK) variability. As the contribution of the gut microbiota to drug metabolism is now emerging, it might be
explored as one of the factors explaining TAC PK variability. Herein, we explored the consequences of TAC administra-
tion on the gut microbiota composition. Reciprocally, we studied the contribution of the gut microbiota to TAC PK,
using a combination of in vivo and in vitro models.

Results TAC oral administration in mice resulted in compositional alterations of the gut microbiota, namely lower
evenness and disturbance in the relative abundance of specific bacterial taxa. Compared to controls, mice with a
lower intestinal microbial load due to antibiotics administration exhibit a 33% reduction in TAC whole blood exposure
and a lower inter-individual variability. This reduction in TAC levels was strongly correlated with higher expression of
the efflux transporter ABCBT (also known as the p-glycoprotein (P-gp) or the multidrug resistance protein 1 (MDR1))
in the small intestine. Conventionalization of germ-free mice confirmed the ability of the gut microbiota to down-
regulate ABCB1 expression in a site-specific fashion. The functional inhibition of ABCB1 in vivo by zosuquidar formally
established the implication of this efflux transporter in the modulation of TAC PK by the gut microbiota. Furthermore,
we showed that polar bacterial metabolites could recapitulate the transcriptional regulation of ABCBT by the gut
microbiota, without affecting its functionality. Finally, whole transcriptome analyses pinpointed, among others, the
Constitutive Androstane Receptor (CAR) as a transcription factor likely to mediate the impact of the gut microbiota on
ABCBI transcriptional regulation.

Conclusions We highlight for the first time how the modulation of ABCBT expression by bacterial metabolites results
in changes in TAC PK, affecting not only blood levels but also the inter-individual variability. More broadly, considering
the high number of drugs with unexplained PK variability transported by ABCB1, our work is of clinical importance
and paves the way for incorporating the gut microbiota in prediction algorithms for dosage of such drugs.
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Background

In kidney transplantation, lifelong immunosuppres-
sive therapy is required to prevent organ rejection [1].
Maintenance therapy typically consists of a triple-drug
regimen including corticosteroids, a calcineurin inhibi-
tor and an anti-metabolite [1] with the calcineurin inhibi-
tor tacrolimus (TAC) considered a pillar of the current
immunosuppressive strategy [2]. Despite its effectiveness,
maintaining optimal levels of TAC is arduous because
of its low therapeutic index. Additionally, the difficulty
resides in predicting the ideal drug dosage to reach the
desired therapeutic levels owing to huge inter- and intra-
individual pharmacokinetic (PK) variability 3, 4]. Avoid-
ing over- and under-dosage resulting in increased toxicity
on the one hand and graft rejection on the other hand is
essential to preserve a viable allograft and to avoid side
effects [1].

After oral administration, TAC reaches the small intes-
tine where the efflux transporter ABCB1 (ATP Bind-
ing Cassette Subfamily B Member 1, formerly known
as P-gp, MDR1) limits its intestinal absorption [5]. In
enterocytes and hepatocytes, cytochrome P450 (CYP) 3A
isoenzymes are responsible for TAC extensive and highly
variable pre-systemic metabolism [6], giving rise to at
least 15 metabolites [7]. Eventually, those metabolites are
excreted through the biliary route, and less than 0.5% of
the parent drug is recovered unchanged in the faeces or
urine [8].

Efforts in the field of pharmacogenetics highlighted
the consequence of single nucleotide polymorphisms in
TAC-processing transporter and enzyme genes on TAC
PK inter-individual variability, leading to new genotype-
based dosage recommendations (reviewed in Degraeve
et al.) [9]. Independently from host genetics, TAC PK is
also characterized by a significant intra-patient variability
associated to drug levels escaping the therapeutic range
[10] and identified as an important risk factor for graft
rejection [4, 11]. These elements explain why TAC man-
agement in clinical practice is still challenging, highlight-
ing the importance of identifying other sources of PK
variability.

The importance of the gut microbiota for explain-
ing the fate of immunosuppressive drugs in the organ-
ism is still largely understudied, although it is now
widely accepted that the complex ecosystem of intestinal
microbes dynamically takes part in drug metabolism [12].
Not only gut microorganisms express numerous enzymes
able to directly metabolize xenobiotics [13, 14], but also
they are able to influence the host PK phenotype through
different indirect processes [15, 16]. Inter-individual
differences in PK profiles might thus be explained by
between-subject differential microbiota composition or
function. On the other hand, contrary to the host genetic
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makeup, the microbiota is not inflexible and might thus
also be a source of intra-individual variability.

Studies have highlighted differences in the gut microbi-
ota composition of renal transplanted patients compared
to healthy individuals [17, 18], with significant changes
also observed in the microbiome of patients’ pre- com-
pared to post-transplantation samples [19], indicating a
potential interplay between microbiota, transplant status
and immunosuppressive pharmacotherapy. Additional
lines of evidence support our hypothesis of the exist-
ence and the likely importance of an interaction between
immunosuppressive therapy and the gut microbiota.
Indeed, case reports described alteration in TAC blood
concentrations after diarrhoea episodes [20, 21] or even
antibiotherapy [22, 23]. Moreover, a clinical pilot study
showed that TAC dose escalation during the first month
after transplantation was correlated with the initial abun-
dance of the bacterium Faecalibacterium prausnitzii [24].
Subsequently, in vitro experiments highlighted that many
bacteria from the Clostridiales order are able to metabo-
lize TAC into an inactive metabolite through a C-9 keto-
reduction of TAC [25].

In the current study, we aim at exploring (i) the con-
sequence of TAC administration on the gut microbiota
composition, and reciprocally (ii) the contribution of
the gut microbiota to TAC PK, using a combination of
in vitro and in vivo models.

Methods

In vivo studies

Animal strains and care

In all experiments, male C57Bl6 mice (7 weeks old,
obtained from Janvier Laboratories) were used, except in
the alternative antibiotic cocktail (ATB2) protocol where
female BALB/c mice (5 weeks old, obtained from Charles
River Laboratories) were used. Mice were kept in specific
pathogen-free (SPF) conditions. Mice were co-housed
(2-3 mice/cage) and maintained on a 12-h light—dark
cycle with ad libitum access to water and standard chow
diet (D12450]Ji, Research Diets, USA). Body weight and
food intake were monitored every 2 days. Several inde-
pendent experiments were carried out and, for each
experiment, mice were allocated into the different treat-
ment groups based on their body weight.

For the conventionalization protocol, male C57Bl6
germ-free (GF) mice were born and raised at the Ghent
Germ-free and Gnotobiotic mouse facility (Ghent Uni-
versity, LA2400451). They were maintained in a sterile
environment under controlled conditions (10-h light—
dark cycle) with ad libitum access to water and diet
(2018S, Envigo, USA). GF mice were housed and bred
in ‘open’ cages in positive-pressure GF isolators. Before
colonization, GF mice were exported from isolators to
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positive-pressure isocages and left to acclimatize for sev-
eral days. The conventionalisation protocol is described
in the Supporting Information.

Tacrolimus administration

TAC was suspended in a mix of water and propylene gly-
col (90:10), 3 to 5 days before the first administration and
kept at 4 °C. The stability of the solution was validated for
15 days. TAC was first dissolved in propylene glycol, then
the water was added. The suspension was homogenized
using an ultrasonic homogenizer 3 times for 15 s (QSon-
ica Q700 sonicator, QSonica LLC., USA). TAC concen-
tration was always checked before the first and after the
last gavage to control for the dose. TAC or the vehicle
was administered once a day (always at the same period)
by oral gavage. A dose of 3 mg of TAC/kg of body weight
was administered for 5 days, except in the dose determi-
nation study where different escalating doses (from 0.1
to 10 mg/kg of body weight) were tested (4 days of treat-
ment). Mice were fasted for minimum 4 h before the last
gavage because preliminary experiments demonstrated
a reduced variability in TAC PK in fasted state (data not
shown).

Antibiotic supplementation

The antibiotic (ATB) cocktail (adapted from lida et al
[26]) was composed of neomycin (1 g/L), vancomycin
(0.5 g/L) and meropenem (0.25 g/L). It was adminis-
tered via drinking water and renewed every other day.
In the adequate treatment groups, ATB administration
started 4 days before the first gavage (TAC or vehicle) to
ensure adequate microbial depletion and pursued during
the treatment period. This ATB cocktail is the one used
throughout the study, unless indicated otherwise.

The alternative antibiotic cocktail (ATB2) was com-
posed of neomycin (0.5 g/L) and ampicillin (1 g/L). It was
administered for 13 days via drinking water and renewed
every other day.

Zosuquidar supplementation
Zosuquidar (ZSQ) was suspended in aqueous 0.5%
methylcellulose (based on Matsuda et al. [27]). A sin-
gle dose of 30 mg/kg of body weight was administered
15 min before last TAC administration by oral gavage
(based on Kono et al. [28]).

Sample collection

Fresh faeces were collected and quickly frozen on dry
ice before storage at —80 °C until further analysis or use.
Whole blood samples were collected from the tail of
awake freely moving mice, at various time points (rang-
ing from 1 to 24 h="TO0, after last gavage). The blood sam-
pling strategy used to generate the concentration—time
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curve of TAC blood levels in mice is detailed in the Sup-
porting information. Before necropsy, mice were fasted
for minimum 4 h and anesthetized with ketamine-xyla-
zine or isoflurane. Hepatic and intestinal tissues were
quickly collected and frozen in liquid nitrogen before
storage at — 80 °C until further analysis.

In vitro studies

Cell culture
Human embryonic kidney cells (HEK293 cells) and
human epithelial colorectal adenocarcinoma cells

(Caco-2 cells) were cultured in Dulbecco’s modified Eagle
medium with high glucose and glutamine (Invitrogen,
UK) supplemented with 10% (v/v) of foetal bovine serum
and 1% (v/v) of antibiotic—antimycotic at 37 °C in the
presence of 5% of CO,. Caco-2 cell culture medium was
also supplemented with 1% non-essential amino acids.
Additional experiments on human colon carcinoma
(LS174T) cells, characterization of HEK293 transfected
cell lines and ABCBI functionality assay analyses are
described in the Supporting information.

Faecal water preparation

Faecal water (FW) was freshly prepared from frozen fae-
cal samples (protocol adapted from Potgens et al. [29]).
Briefly, faeces were diluted into phosphate-buffered
saline (PBS) (ratio 1 mg:5uL) and homogenized 4 min
at 30 Hz using a Tissue Lyser II (Qiagen, Germany). The
homogenate was centrifuged (10 min, 10,000 g, 4 °C). The
supernatant was centrifuged again (3 min, 2000 g, 4 °C)
and the subsequent supernatant was used as FW.

Caco-2 cell treatment

Caco-2 cells were seeded in 6-well plates at a density of
1x10° cells/well. After 48 h of growth, the medium was
renewed and 10% of medium was replaced by either
the FW from control mice (FWctl) or the FW from the
same mice after 7 to 10 days of ATB-mediated microbial
depletion (FWatb), or the ATB cocktalil itself (ATB), or
the vehicle (PBS) as control. After 48 h of exposure, cells
were washed and collected for RNA extraction and sub-
sequent gene expression analysis. Absence of cytotoxicity
of the FW was confirmed using a mitochondrial activity
assay (Cell Proliferation Reagent WST-1, Roche, Switzer-
land) following the manufacturer’s instructions.

Tacrolimus assay

Blood quantification of TAC was performed on a high-
performance liquid chromatography-tandem mass spec-
trometry (HPLC-MS/MS) method, as already described
elsewhere [30] and further optimized for the small
amounts of blood available in mouse PK studies. Briefly,
the Agilent HPLC 1290 Infinity system is coupled to the
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6460 Triple Quadrupole instrument. Fifty microlitres
of whole blood was pre-treated and vortexed with 50 pl
zinc sulfate 0.1 M, and 125 pl internal standard (asco-
mycin, 5 pg/L) in methanol. Samples were sonicated
for 5 min, before 5 min of centrifugation at 13,500 rpm.
Forty microlitres of the supernatant was injected into the
system. The precolumn used was the 10xX4 mm 3 pm
Mercury Phenomenex, and the analytical column was
the 4.6 x50 mm 1.8 um Agilent Zorbax Eclipse XDB C18,
maintained at 60 °C. The mobile phase of pump 1 con-
tained a mixture of H,O/methanol (40/60%), and pump
2 2 mM NH," acetate, and aqueous 0.5% formic acid/
methanol (5/95%). TAC retention time was 1.59 min.
The method is fully validated in terms of analytical per-
formance (limit of quantification: 0.5 ng/ml; impreci-
sion<5%) and ion suppression effects. The laboratory
participates to the TAC International Proficiency Testing
Scheme (ASI, London, UK).

Pharmacokinetic analysis

All data generated in this project (n=351 PK data)
were used to develop a population PK model of TAC in
mice at steady-state with an average number of obser-
vations per subject of 3.5. Population PK modeling of
TAC blood concentrations was performed with Mon-
olixSuite-2020R1 software (Lixoft, France) using the
stochastic approximation expectation—maximization
(SAEM) algorithm. Between-subject variability (eta)
was described using an exponential model and covari-
ance between random effects was investigated. Three
error models (i.e. proportional, additive and com-
bined) to describe the residual error were tested. The
influence of mouse treatment on PK parameters was
also investigated through its association with the eta of
PK parameters. Additional information on the building
of the population PK model (e.g. the precise descrip-
tion of number of measurements per time points) is
provided in the Supporting Information.

A one-compartment model, first-order absorption and
elimination with an additive error model best described
the data. Covariance between random effects of all PK
parameters was included and the group of treatment was
identified as a significant covariate for the apparent clear-
ance (CL/F) between-subject variability (p=1.72x107°).
Conditional modes of individual population PK param-
eters (volume of distribution (V), absorption rate con-
stant (Ka) and CL/F) were estimated using Markov chain
Monte Carlo (MCMC) convergence assessment. From
these primary PK parameters, individual values for the
area under the curve (AUC, ,, ;) and half-life (T%) were
derived.
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Gut microbiota analysis

Genomic DNA was extracted from faeces using a
QIAamp DNA Stool Mini Kit (Qiagen, Germany),
including a bead-beating step. Absolute quantification
of the total bacteria was performed by quantitative pol-
ymerase chain reaction (QPCR) using the primers Bac-
teria Universal P338f (ACTCCTACGGGAGGCAGC
AG) and P518r (ATTACCGCGGCTGCTGG) [31]. 16S
rRNA gene sequencing and ensuing bioinformatics and
biostatistics analyses (including amplicon sequence
variants (ASV) identification [32]) were performed as
previously described [29]. Full details are provided in
the Supporting Information.

Gene expression analysis

gPCR analysis

Total RNA from mouse hepatic and intestinal tissues or
from Caco-2 cells was isolated using the TriPure reagent
(Roche, Switzerland). cDNA was obtained by reverse
transcription of 1 pg of total RNA using the Goscript RT
Mix OligoDT kit (Promega, the Netherlands). Real-time
qPCR was performed with a CFX96 TouchTM instru-
ment and software (Biorad, USA) using SYBR Green
(Eurogentec, Belgium) for detection. All samples were
run in duplicate in a single 96-well reaction plate, and
data were analysed according to the 2724¢T method. The
purity of the amplified product was verified by analysing
the melt curve performed at the end of amplification. The
ribosomal protein L4 (Rp/4) was chosen as reference gene
for all mouse tissues. The primer sequences for the tar-
geted mouse genes are detailed in Table S1. The 18S ribo-
somal RNA (18S rRNA) was chosen as reference gene for
human cell analyses. The primer sequences for the tar-
geted human genes are detailed in Table S2.

Cellular whole transcriptome analysis

Caco-2 RNA samples were sequenced for a whole tran-
scriptome analysis using a 2X150 paired-end con-
figuration on a NovaSeq 6000 instrument (Macrogen,
Netherlands). Raw sequence data generated from Illu-
mina TruSeq Stranded library were processed using a
standard RNAseq pipeline. The Supporting Information
describes in full detail the sample preparation, sequenc-
ing method, bioanalysis workflow and biostatistics.

Statistical analysis

Data are presented as mean+SEM or as whiskers plots
with minimal and maximal values. Data distributions
were inspected for normality using the Shapiro—Wilk
normality test while outliers were checked using the
Grubbs test and removed (a=0.05). For normally dis-
tributed data, Student’s t-test (two groups) or one-way
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Fig. 1 Determination of tacrolimus (TAC) pharmacokinetics (PK) profile in mice. A Blood concentration of TAC according to the dose (n=10/group).
B TAC blood concentration—time curve at the selected dose of 3 mg/kg (24 mice providing each 3 measurements, n= 12 measurements/time

points covering 6-time points, as described in the Supplementary Methods)

ANOVA with Bonferroni post hoc tests (more than two
groups) was applied to evaluate the statistical signifi-
cance of differences between groups. For repeated meas-
ures, a repeated measures ANOVA with Bonferroni post
hoc tests was used. Equality of variance was checked
with either Fisher’s exact test (two groups) or Brown-
Forsythe’s test (more than two groups). When variance
equality was not verified, a Welch’s ¢ test or a Welch’s
ANOVA with Dunnett post hoc tests was applied (for
two groups or more than two groups, respectively). For
non-normally distributed data, a Mann—Whitney test
(two groups) or a Kruskal-Wallis test with Dunn’s post
hoc tests (more than two groups) was applied to evaluate
the statistical significance of differences between groups.
A two-way ANOVA followed by Bonferroni post hoc
tests was used to assess the significance of the influence
of two independent variables on one dependent variable.

To test the association between two continuous vari-
ables, a Pearson’s correlation test was used for normally
distributed data. In other cases, Spearman’s correla-
tion test was applied. Detailed statistical analyses of the
microbiota and the whole transcriptome dataset are
described in the Supporting Information. In any case,
p<0.05 was considered statistically significant. Statistical
analyses were carried out using GraphPad Prism v9.1.2
for windows (GraphPad Software, USA) and R.

Results

Establishment of a PK model of oral TAC administration

in mice

One of the challenges associated with mouse models of
TAC PK is their lack of reproducibility that may arise,
among others, from the poor water solubility of TAC.
Thus, we first implemented a robust, clinically relevant,

mouse model of TAC PK. An optimized suspension for
TAC administration in mice was obtained with a mix
of water and propylene glycol (90:10). We administered
TAC solution to mice by oral gavage at different con-
centrations (ranging from 0.1 to 10 mg/kg) to select an
appropriate dosage. In human population, the absorp-
tion peak is reached rapidly, around 2 h after the drug
intake, with blood concentrations ranging from 10 to
40 ng/mL [3, 33]. With a dose of 3 mg/kg, similar lev-
els were obtained at 2 h after the last gavage with an
average of 39.1 ng/mL (Fig. 1A). Moreover, the PK data
were best described with a one-compartment model
with first-order absorption and elimination which fits
with most of human models [34, 35]. For all these rea-
sons, a dose of 3 mg/kg of body weight was further
selected for the rest of the experiments.

With this dose, we generated a full concentration—
time curve of TAC blood levels at steady-state (Fig. 1B).
The steady-state of a drug is achieved when the rate
of input is equal to the rate of elimination, universally
considered as equivalent to 5 times the half-life (corre-
sponding for TAC to~ 60 h in human [36]). Blood lev-
els at TOh and T2h were reproducible with the previous
experiment and the whole profile confirmed an absorp-
tion peak at 2 h after the last administration. A mono-
compartmental population PK model of TAC blood
concentrations in mice was developed by pooling all
the available PK data in order to derive individual pri-
mary (CL/F, V and Ka) and secondary (AUC,_,, , and
T%) PK parameters (Table 1).

Altogether, our results demonstrate that the estab-
lished TAC PK model is robust, expandable to humans
and, therefore, clinically relevant.
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Table 1 Tacrolimus (TAC) population pharmacokinetics (PK)

model
TAC PK model Mean 1IC95%
Primary PK parameters  CI/F 032L/h [0.29-0.35]
V 1.88L [1.68-2.08]
Ka 1.20h™! [1.08-1.32]
Derived PK parameters  AUC.,,;, 2744ngh/mL  [242.2-306.5]
TV 408 h [3.92-4.23]

TAC primary PK parameters (oral clearance (CI/F), volume of distribution

(V), absorption rate constant (Ka)) generated from a mono-compartmental
model and derived PK parameters (area under the curve (AUC, ,,},) and half-
life (T 2)) (n=351 blood samples obtained in 99 mice, as described in the
‘Pharmacokinetic analysis’ subsection of the ‘Methods’ section)

Gut microbiota composition evolves upon TAC treatment
To evaluate the potential impact of TAC oral admin-
istration on the gut microbiota composition, we com-
pared the faecal bacterial composition of mice treated
with TAC (TAC) or with the vehicle (CTL). Faeces were
collected at baseline (day 0) and after 2 and 5 days of
treatment.

At the ASV level, we compared differences in the
a-diversity induced by TAC treatment using differ-
ent computed indexes. As observed in Figure S1, TAC
treatment induced a significant reduction in the even-
ness of the gut microbiota as measured by Simpson’s
and Heip’s evenness indexes after 5 days of TAC oral
administration when compared to vehicle-treated
mice. TAC-treated mice had also significantly reduced
indexes combining richness and evenness (Shannon
and Simpson indexes) whereas TAC administration did
not affect the richness when considered solely (meas-
ured using Chaol and Observed ASV indexes).

As depicted on the principal component analysis
(PCA) plots looking at the PB-diversity, all mice had
similar microbiota composition at baseline, both at
the genus and family levels (Fig. 2A, B). After 5 days
of TAC treatment, the gut microbiota was significantly
affected at the genus level and results indicated that
TAC administration accounted for 15% of the variabil-
ity in the dataset (PERMANOVA, 1000 permutations,
p<0.05). We did not observe any significant change in
the total bacterial load of both CTL and TAC mice over
time (Figure S2).

Next, we identified the taxa for which the relative
abundance was significantly impacted by 5 days of TAC
administration (Fig. 2C, D, Figure S3). At the genus
level, the relative abundance of Akkermansia and Alis-
tipes were increased under TAC treatment, whereas
the relative abundance of Oscillibacter and Ruminococ-
cus 2 were decreased. At the family level, TAC treat-
ment caused an increase in the relative abundance of

Page 6 of 20

Rikenellaceae and Verrucomicrobiaceae, but a decrease
in the relative abundance of Clostridiales incertae sedis
XII, Lachnospiraceae and Ruminococcaceae.

Overall, our results indicate that TAC administration
affects both the a- and p-diversity metrics of the gut
bacterial composition. After 5 days of treatment, TAC-
treated mice had lower evenness, with a disturbed abun-
dance of specific bacteria.

ATB-mediated gut microbiota depletion affects TAC PK

and reduces TAC blood exposure

Reciprocally, we aimed to study the contribution of the
gut microbiota to TAC PK. Current broad-spectrum ATB
cocktails are often associated with reduced appetence
and must be therefore administered by gavage twice
daily to avoid impacting food intake and body weight
[37]. As TAC was also administered by gavage daily, for
ethical purposes, we therefore evaluated another broad-
spectrum ATB cocktail. The association of meropenem,
vancomycin, and neomycin administered for 4 days was
efficient at reducing bacterial load (~ 100-fold reduction)
while having no impact on body weight, food intake, and
water consumption (Figure S4).

Using this ATB cocktail, TAC blood concentrations in
control (TAC) and ATB-treated mice (TAC + ATB) were
compared at steady-state. ATB-mediated gut micro-
biota depletion caused a decrease in TAC blood levels
at all time points (Fig. 3A). Population PK-derived AUC
were then derived to better estimate the whole drug
blood exposure. ATB-treated mice showed significantly
lower TAC AUC when compared to mice treated with
TAC solely (TAC 195.4 vs TAC+ATB 131.1 ng h/mL)
(Fig. 3B). Moreover, Fisher’s exact test revealed a signifi-
cant reduction in the TAC AUC variance of the ATB-
treated mice (p=0.003).

These results show that the gut microbiota increases
TAC AUC and contributes to at least some extent to the
inter-individual variation.

Abcb1a expression in the small intestine

is microbiota-dependent and correlates with TAC whole
blood exposure

To decipher the underlying mechanisms by which bac-
teria affect TAC blood levels, we analysed the mRNA
expression levels of the key TAC-processing genes
(Cyp3all, Cyp3al3, and Abcbla) in the intestinal and
hepatic tissues (Fig. 4A, Figure S5). Two-way ANOVA
analyses were performed to evaluate significant ATB-
mediated gut microbiota reduction effect and/or TAC
effect (indicated on the graphs by # and $, respectively).
In the distal small intestine and in the liver, Cyp3all was
significantly decreased in ATB-treated mice, whereas
Cyp3al3 was unaffected (Figure S5). Such observation
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Fig. 2 Faecal microbiota composition evolves upon tacrolimus (TAC) treatment. A, B Principal component analysis (PCA) of the relative abundances
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argues against the implication of Cyp3all and Cyp3al3
in the ability of the gut microbiota to increase TAC
blood exposure. Interestingly, ATB-mediated gut micro-
biota reduction in mice was associated to an increased
expression of the efflux transporter Abcbla in the small
intestine (Fig. 4A). Besides, Abcbla expression level in
the proximal, median and distal segments of the small
intestine was significantly correlated with TAC AUC val-
ues (Fig. 4B). By contrast, Abcbla expression was signifi-
cantly reduced in the colon but not affected in the liver
upon ATB treatment.

As the ATB used for the microbiota depletion could
potentially affect directly Abcbla expression, we used an
alternative ATB cocktail (ATB2) on one side and an ATB-
independent experimental setting on the other side to
confirm the ability of the microbiota to modulate Abcbla
expression. The expression of Abcbla in the ileum was
increased by 2.1-fold in mice under ATB2 as compared
to the controls (Figure S6). In the second approach, we
investigated the impact of the conventionalization of
germ-free mice with a complex gut microbiota on the
expression of Abcbla. In the absence of a gut micro-
biota, Abcbla expression was increased all along the
small intestine as compared to the conventionalized mice
(CVZ) (Fig. 5). By contrast, Abcbla expression in the
colon and liver was not significantly different between
CVZ and GF mice.

Altogether, these observations certify that the expres-
sion of Abcbla in the small intestine is microbiota-
dependent, and this effect is site-specific. Consequently,
we reasoned that the increased Abcbl expression con-
stitutes a likely explanation for the reduced TAC blood
levels in ATB mice, as a higher intestinal efflux capacity
would lead to less intestinal absorption.

ABCB1A inhibition reverses the gut microbiota effect

on TACPK

To mechanistically decipher the contributing role of the
gut microbiota to TAC PK through ABCB1, we measured
TAC blood levels in mice harbouring a normal or ATB-
reduced microbiota, treated for 5 days with TAC, and
receiving the last day, 15 min before TAC administration,
a potent ABCB1 inhibitor, zosuquidar (ZSQ, also known
as LY335979) [38]. Under ZSQ supplementation, ATB-
treated mice showed a 75% increased TAC whole blood
exposure compared to control mice (TAC+ ZSQ 353.8 vs
TAC+ZSQ+ATB 617.5 ng.h/mL) (Fig. 6A, B) showing
that the functional inhibition of ABCB1A counteracted
the effect of the gut microbiota on TAC PK. An increased
inter-individual variance in the TAC AUC was observed
in TAC+ ZSQ+ ATB mice versus TAC + ZSQ mice (Fish-
er’s exact test, p=0.04).

Using our population PK model, all the single effects
observed in our previous experiments were recapitulated
in a pooled analysis (Fig. 7). In comparison to TAC solely
group, ATB treatment significantly decreased TAC AUC,
whereas ZSQ supplementation was associated with a sig-
nificant increase in TAC AUC supporting its ABCB1A
inhibition activity. ZSQ effect was even more important
in mice under ATB treatment corroborating the implica-
tion of ABCBI1A in the ATB-mediated effect. In addition,
the effect of ABCB1A activity on the intra-group variabil-
ity was still observed: as the ABCB1A activity decreases
(TAC+ATB>TAC>TAC+ZSQ ~ TAC+ATB+7ZSQ),
the variability increases as evaluated by the Brown-For-
sythe’s test of equality of variance (p <0.001).

Altogether, these results formally demonstrate that the
modulation of TAC PK by the gut microbiota is mediated
through ABCBLI. These data also support a link between
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Fig. 6 ABCB1A inhibition reverses the gut microbiota effect on tacrolimus (TAC) pharmacokinetics (PK). A TAC blood concentration in control (TAC)
or antibiotic (ATB)-treated (TAC + ATB) mice under ABCB1 inhibitor, zosuquidar (ZSQ). ***p < 0.001. B TAC area under the curve (AUC) derived from
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ABCBI1 expression/activity, TAC exposure and inter-
individual variations.

Polar bacterial metabolites impact the transcriptional
regulation of ABCB1, but not directly its functionality

The gut microbiota is an important source of metabolites
and compounds. As we postulated that the impact of the
gut microbial depletion on ABCB1 expression/function-
ality might be mediated through bacterial metabolites,
we exposed cells to faecal water (FW).

First, we tested the impact of FW on the intrinsic
ABCBI1 efflux functionality. The intracellular accumula-
tion of rhodamine 123 (Rh123), a fluorescent-specific
substrate of ABCB1 [39, 40], was performed in HEK293
recombinant cells. Rh123 accumulation was compared
between control cells (Control plasmid) expressing low
basal levels of ABCB1 and stably transfected cells over-
expressing ABCB1 (ABCBI1 plasmid), pre-exposed or not
to FW for 15 min (Fig. 8A). As expected and as reflected
by the significantly lower intracellular fluorescence in
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levels of transporters, i.e. Caco-2 cells [41]. Caco-2 cells
are generally acknowledged as a suitable model for the
study of drug intestinal absorption/transport [40, 42,
43]. Cells exposed for 48 h to FW from SPF mice had
significantly lower mRNA expression level of ABCBI as
compared to cells treated with PBS (PBS) (Fig. 8B). This
result shows that exposing Caco-2 cells to polar metab-
olites arising from mouse faeces can modulate ABCBI
expression.

To evaluate if this response was bacteria-dependent,
we looked at the effect of FW when mice had an ATB-
mediated gut microbiota depletion. We exposed Caco-2
cells for 48 h to FW of the same mice before (FWctl) and
under ATB treatment (FWatb) (Fig. 8C). FW in normal
condition (FWectl) significantly reduced ABCBI mRNA
expression when compared to the control condition
(PBS). Conversely, FWatb significantly increased ABCBI
mRNA expression, as compared to the vehicle-treated
cells (PBS) and to the FWctl. Additionally, exposing cells
directly to the ATB cocktail (ATB) did not affect signifi-

A B C
ABCB1 functionality assay ABCB1 transcript expression ABCBT1 transcript expression
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Fig. 8 Polar bacterial metabolites impact the transcriptional regulation of ABCB1, but not directly its functionality. A ABCB1 substrate (rhodamine
123) intracellular accumulation (in relative fluorescent units, rfu.) with or without a 15 min pre-exposition to mouse faecal water (FW) in control
plasmid or in ABCB1-transfected cells (n=6/group, N=2). **p <0.001. B Comparison of the mRNA expression of ABCBT in control Caco-2 cells (PBS)
or cells exposed to mouse FW for 48 h (n=3/group, N=5). ***p <0.001. C Comparison of the mRNA expression of ABCBT in control Caco-2 cells
(PBS) or cells exposed for 48 h to FW from untreated mice (FWctl), or to FW from ATB-treated mice (FWatb), or to antibiotics (ATB) (n indicated on the
figure, for FW n=7 biological replicates). *p < 0.05 and.""p < 0.001 (paired t-test between FWctl and Fwatb)

ABCBI overexpressing cells, ABCB1 overexpressing cells
accumulated significantly less Rh123 when compared to
control cells under normal condition (PBS). However,
FW pre-exposure did not significantly affect the func-
tionality of ABCB1 as similar intracellular fluorescence
values were measured in both cell lines.

Then, we investigated whether FW exposure affects
ABCBI mRNA expression in an in vitro human colon
epithelial cancer cell model expressing physiological

cantly ABCBI expression, proving that the FWatb effect
was not directly mediated by the ATB.

Altogether, these data confirm our in vivo findings that
intestinal bacteria repress ABCBI expression and sug-
gest that this effect is mediated through bacteria-derived
polar metabolites and/or compounds. However, these
metabolites do not directly affect the intrinsic ABCB1
efflux functionality.
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Fig. 9 The nuclear receptor CAR may mediate the effect of the microbiome on ABCBT expression. Whole transcriptome analysis of control Caco-2
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each of the TF. ***p < 0.001, **p < 0.01, *p < 0.05. On the right, heatmap showing the log twofold change (LogFC) for each condition compared to
the control (PBS). *adjusted p < 0.05. B Comparison of the mRNA expression of CAR in these different conditions. *p < 0.05, **p <0.001 (paired t-test
between FWctl and Fwatb). C Spearman’s correlation between CAR and ABCBT mRNA expression levels in these conditions

CAR may mediate the effect of the microbiome on ABCB1
expression

The transcriptional regulation of ABCBI is complex and
involves many transcription factors (TF) [44]. To further
determine by which intracellular signalling pathway(s)
the microbiome affects ABCBI expression, we performed
a whole transcriptome analysis of the Caco-2 cells
exposed to PBS, FWctl, FWatb or ATB. 1736 genes were
differentially expressed between FWctl and FWatb condi-
tions, and 4367 genes were found to be significantly cor-
related with ABCBI. We focused our attention on the TF
previously identified by Chen et al. [45] and by Foley et al.
[46] that modulate the intestinal expression of ABCBI.
For each of those TF (with either inductive, repressive or
controversial effect on ABCBI expression), we computed
the correlation between their expression and ABCBI
mRNA levels and, in parallel, we examined their relative
expression profile in the different conditions as compared
to the controls (Fig. 9A). The Constitutive Androstane
Receptor (CAR) had the strongest significant correlation,
with a profile that mirrors the most the profile of ABCBI

in those cells (Fig. 9B, C). The reduction in FWctl con-
dition was also coherently associated with the change in
other TF (i.e. VDR, AKT1, RAF1 and TP53). Altogether,
the transcriptome analysis pinpoints CAR as a poten-
tial mediator of the effect of the microbiome on ABCBI
expression.

mRNA expression of CAR correlates with Abcb1alevels

in mouse intestine

Finally, as our in vitro results indicated that CAR
(encoded by Nr1i3 in mice) may be involved in the micro-
bial regulation of ABCBI expression, we measured its
expression in mice and determined the correlation with
Abcbla (Fig. 10A, B). ATB treatment increased Nrli3
expression in the median and distal small intestine and
strong significant positive correlations between Abcbla
and Nr1i3 expression were observed all along the intesti-
nal tract. This correlation was, by contrast, not observed
in the liver. Similarly, Nr1i3 expression was increased in
GF mice as compared to CVZ, and significant correla-
tions to Abcbla expression were observed in the small
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Fig. 10 mRNA expression of CAR correlates with AbcbTa levels in mouse intestine. In mice, the transcription factor CAR is encoded by the Nr1i3
gene. A Comparison of the mRNA expression of Nr1i3 in the proximal, median and distal small intestine; in the colon; and in the liver of control and
ATB-treated mice, with or without TAC treatment (n = 7-8/group). *significant ATB effect; *significant TAC effect; ***p <0.001, **p <0.01, and *p < 0.05.
B Spearman’s correlation between Nr1i3 and AbcbTa mRNA expression levels in the different tissues
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Fig. 11 Schematic summary of the bidirectional interactions between tacrolimus (TAC) and the gut microbiota. After oral administration, TAC
diffuses passively in the small intestine but the efflux transporter ABCB1A (encoded by Abcbla in mice) limits its absorption. Some of the drug
reaches the blood circulation and is then metabolized in the liver by CYP3A enzymes (encoded by Cyp3ali and Cyp3al3in mice). In the lumen, the
gut microbiota produces compounds/metabolites. Some of them have a repressive effect on Abcbla expression (red arrow), resulting in less efflux
activity. Moreover, TAC impacts the gut microbiota composition (blue arrow). Created with BioRender.com

intestine (Figure S7). Altogether, these in vivo results
are coherent with our previous in vitro observations and
further support the involvement of CAR in the modula-
tion of intestinal ABCBI expression by polar bacterial
metabolites.

Discussion
The clinical use of TAC is currently a real challenge due
to its narrow therapeutic index and its high inter- and
intra-individual PK variability. In the present study, we
explored the contribution of the gut microbiota to this
PK variability, as well as the reciprocal effect of TAC oral
administration on the gut microbiota composition. We
developed a robust and clinically relevant model of TAC
oral administration in mice and we showed that TAC
rapidly induces changes in the faecal microbiota compo-
sition. We also highlighted that the gut microbiota mod-
ulates TAC intestinal absorption. Indeed, polar microbial
compounds cause the reduction of ABCBI expression
in the small intestine, contributing to higher inter-indi-
vidual variability. Lastly, our analyses emphasize that the
underlying intracellular signalling mechanism(s) may
involve the modulation of the nuclear receptor CAR by
these polar bacterial metabolites (Fig. 11).

As we aimed to study the bidirectional interac-
tion between the gut microbiota and TAC PK, we first

evaluated the impact of TAC administration on the gut
microbiota composition. We found out that both the
a-diversity (mainly the evenness) and the B-diversity of
the intestinal microbiota were altered, while the rela-
tive abundance of specific taxa was affected. However,
the compositional nature of gut microbiota composition
measurements makes impossible to distinguish an abso-
lute increase in a specific taxon under TAC treatment
from a relative increase due to the relative decrease of
other taxa [47]. Like in the present study, previous studies
in mice also reported an increased relative abundance of
Alistipes and decreased relative abundances of Clostridi-
ales, Lachnospiraceae and Ruminoccocaceae under TAC
[48, 49]. However, they did not observe change in the
relative abundance of Oscillibacter, while Akkerman-
sia and Verrucomicrobioaceae were either unaffected
Zhang et al. [48] or decreased [49]. The lack of control
for the excipient effect when using trade formulation
could explain these discrepancies between our results
and these previous studies. Similar to our findings, most
human studies show a decrease of the evenness under
TAC-based therapy [19, 50]. Contrary to human clinical
studies that consistently showed an increase in Firmi-
cutes and Proteobacteria after transplantation in patients
treated with TAC [19, 50], we did not observe any signifi-
cant changes in those phyla after TAC administration in
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mice. However, existing human studies looking at the gut
microbiota changes in renal transplantation are consid-
ering both the transplantation and the immunotherapy
effect (reviewed in Winichakoon et al. [51]). Indeed, in
patients, it is highly challenging to isolate the specific
effect of TAC administration from other inherent patient
singularities (transplantation surgery, other co-medi-
cations and pathologies, dietary habits, graft function,
etc.). Forslund and colleagues were able to disentangle
in other contexts the specific effect of medication on the
gut microbiota from the effect ensuing from the disease
status, with integrated multi-omics analyses and large
cohorts [52, 53]. In our context, one way to go to deci-
pher TAC-specific effect would be to compare the faecal
microbiota of patients with similar treatments, only dif-
fering for their dose of TAC.

TAC meets several criteria for a potential contribution
of the gut microbiota to its PK, as described by Spano-
gianopoulos et al., namely an oral administration, a low
absorption and a biliary elimination [54]. Accordingly, a
direct biotransformation of TAC by intestinal commensal
bacteria has been previously reported in an ex vivo set-
ting with high TAC concentrations and extended incu-
bation times [25]. One could thus expect that a reduced
intestinal load generated by ATB administration would
lead to a diminished bacterial TAC biotransformation
and, consequently, higher TAC blood levels. Surprisingly,
we observed a decreased TAC whole blood exposure in
mice with an ATB-depleted microbiota. Thenceforth,
even if the direct contribution of the gut microbiota to
TAC metabolism cannot be discarded, its importance in
the PK of the drug seems to be minor in vivo. Coherently,
a pilot study conducted in 10 kidney transplant recipi-
ents demonstrated that, even if the bacteria-derived TAC
metabolite is found in patients, it constitutes, at most,
only 5% of the parent drug [55].

Beyond direct drug metabolism, the gut microbiota is
also known to affect drugs through indirect mechanisms
including the modulation of host gene expression [54,
56]. Originally, the first PK components that were dis-
covered as influenced by the gut microbiota are the CYP
factors [57, 58]. Consistently, we found out that Cyp3all
hepatic expression is reduced under ATB-mediated
microbiota depletion. Upon combined administration of
ATB and ZSQ, TAC AUC was even more increased in the
ATB-treated mice when compared to the control group.
ZSQ has been shown in vitro to also inhibit CYP3A
(Ki~ 3.8 uM); its affinity for CYP3A is more than 60 times
lower than for ABCB1 (Ki~59 nM) [38]. Consequently,
an unspecific inhibitory effect on CYP3A is very unlikely
at the administered dose. One possible explanation for
this increase is that, with the inhibition of ABCBI1A
activity by ZSQ, more TAC is absorbed. Consequently, a
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higher amount of TAC reaches the liver in both the con-
trol and ATB-treated mice but leads to a saturation of
hepatic metabolism only in ATB-treated mice. Indeed,
the lower cyp3all expression in ATB-treated mice
reduces their hepatic biotransformation capacity causing
CYP3A metabolism saturation when ABCBI1A is inhib-
ited. It may explain why TAC blood levels observed in
this group are even higher when compared to the group
of mice treated with TAC+ZSQ solely.

Thereafter, our results demonstrate that the efflux
transporter ABCBI1, rather than the CYP, seems to be
responsible for the modulation of TAC PK by the intes-
tinal microbiota. Accordingly, we found out that Abcbla
expression in all segments of the small intestine, where
the drug is mainly absorbed, correlated with TAC AUC.
Previous works have shown that Abcbla intestinal
expression is indeed altered in GF or ATB-treated mice
[15, 43, 59]. However, those studies were not always
consistent in their findings, with increase [59], decrease
[43] or no change [15] reported. Also, our data show
a decrease of Abcbla expression in the colon of ATB-
treated mice. In agreement with our findings, in their
study, Foley and colleagues also put forward an induc-
tive effect of the microbiota on Abcbla expression in
the colon, through the use of ATB-treated and GF mice
[60]. Taken together, our results point out a site-specific
modulation of Abcbla expression by the gut microbiota,
with opposite effects in the upper and distal part of the
intestinal tract.

Importantly, we were able to recapitulate the in vivo
effect of the depletion of the microbiota on intestinal
expression of ABCBI in an in vitro setting on human cells,
using polar bacterial metabolites. This strongly suggests
that in vivo, bacterial metabolites may also drive and be
responsible for such effect and that similar mechanisms
are involved both in mice and humans. The regulation of
ABCBI expression is under the control of numerous TF
[44]. Among the many TF able to interact with response
elements in the ABCBI promotor, the nuclear recep-
tors PXR (Pregnane X Receptor), CAR and VDR (Vita-
min D Receptor) bind to the steroid xenobiotic receptor
element, after heterodimerization with the retinoic X
receptor [44]. Some bacterial metabolites are commonly
admitted as being ligands of these nuclear receptors. As
examples, lithocholic acid, a secondary bile acid, is ligand
of PXR and VDR [61], while indole-3-propionic acid, a
bacterial metabolite derived from tryptophan, is also a
PXR ligand [62, 63]. Foley and colleagues highlighted that
some bacterial metabolites (butyrate and secondary bile
acids in combination) modulate the expression of numer-
ous TF involved in the regulation of ABCBI in the colon
[46]. However, by which mechanism(s) polar bacterial
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metabolites may downregulate ABCBI in the small intes-
tine remains speculative at this stage.

Our experiments provide several pieces of evidence
suggesting the implication of CAR in the regulation of
ABCBI by the gut microbiota. First, using an untargeted
approach, we found out that CAR displayed the strong-
est significant correlation with ABCBI, with a profile that
mirrors the most the one of ABCBI in an in vitro setting.
Similarly, CAR expression closely mirrored the expres-
sion of ABCBI in vivo. Secondly, the induction of ABCBI
upon ATB is observed in the small intestine, but not in
the colon, while CAR expression level is much higher in
the small intestine than in the colon (our own data and
[64]). The differential microbial regulation of ABCBI
between the two intestinal regions may result from tissue
specificities in the pattern of TF expressed and therefore
involved. Furthermore, CAR is known to be expressed
in Caco-2 cells unlike PXR [65] and CAR was previously
identified by Chen and colleagues as a major regulator of
ABCBI expression in small intestine T cells, unlike PXR
or VDR [45]. All the elements combined led us to iden-
tify CAR, rather than PXR, as the most likely TF to be
involved.

Undoubtedly, the modulation of ABCB1I expression by
the microbiome cannot be restricted to CAR. Among
other important TF, the expression profile of VDR,
AKT1, FOS and JUNB exhibited a strong positive cor-
relation with ABCBI even if these associations were not
as strong as observed for CAR. As mentioned above,
VDR has been previously shown to induce the intestinal
expression of ABCBI, notably in vitro following its acti-
vation by the lithocholic acid [63]. The role of AKT1, a
downstream element of the phosphoinositide-3-kinase
(PI3K) cascade, in the upregulation of ABCBI is strongly
established in cancer models in link with chemothera-
peutic resistance mechanism [44]. Focusing on FOS and
JUNB, they are, with JUND and JUN, constituents of the
transcription factor complex AP-1. The difficulty with
these AP-1 components resides in the fact that their
effect on ABCBI expression is controversial, with both
inducing and repressing effects described [44, 46]. Cor-
relation with ABCBI expression was positive, negative or
absent for FOS and JUNB, JUN, JUND, respectively, mak-
ing the overall interpretation of the AP-1 complex diffi-
cult at this stage. Furthermore, we cannot exclude that,
beside the transcription factors presented in Fig. 9, some
of the 4367 genes associated to ABCBI could be involved
in the transcriptional intestinal regulation of ABCBI
through a pathway not yet characterized. Undeniably,
further studies will be necessary to completely elucidate
the underlying molecular mechanisms.

Our work clearly establishes the contribution of the
gut microbiota to TAC PK. The following arguments
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support our conclusion that the effect reported on
Abcbla (mice)/ABCBI(human) expression is mediated
by the gut microbiota and not resulting from the ATB
themselves: (i) a different cocktail of ATB also induced
Abcbla expression, (ii) treatment of two intestinal cell
lines with ATB did not change ABCBI levels (Caco-2
cells, Fig. 8, and LS174T cells, Figure S8), (iii) polar bacte-
rial metabolites from ATB-free mice were able to recapit-
ulate the impact of the gut microbiota on ABCBI levels,
(iv) GF mice and ATB-treated mice display similar induc-
tion of Nrli3, potentially responsible for the induction of
Abcbla.

Our work also provides a possible explanation for TAC
PK variability. As mentioned earlier, identifying factors
explaining intra- and inter-individual variabilities in TAC
PK remains a major challenge in TAC therapy manage-
ment and a way to better control immunosuppression in
daily practice.

While clinical reports have described important varia-
tions in TAC blood levels after ATB [22, 23], TAC high
intra-individual variability has been identified as a risk
factor for the graft outcome [4, 11]. Importantly, the
above-mentioned TAC PK fluctuations observed under
antibiotherapy could not be attributed to direct drug-
drug interactions (ie. CYP and/or ABCBI1 induction/
inhibition). Alternatively, our study indicates that, by
unbalancing the gut microbiota and consequently their
derived metabolites, antibiotherapy has the potential
to affect ABCBI expression, as shown here in the small
intestine and by Foley et al. in the colon [60], and to fur-
ther explain the observed PK changes. Consequently,
we believe that therapeutic drug monitoring must be
strongly intensified during any antibiotherapy, no mat-
ter if a direct drug-drug interaction is expected or not.
Moreover, dietary habits are an important param-
eter influencing the gut microbiota composition and its
derived metabolome [66]. In renal transplantation, the
post-transplant period is conducive to changes in food
habits due to the improved renal function resulting in the
alleviation of dietary restrictions [67]. Therefore, drastic
nutritional changes under stabilized treatment should
be considered cautiously and might also be worth to be
accompanied by therapeutic drug monitoring. Whether
major dietary changes influences TAC intra-individual
PK through the gut microbiota is one of the questions
opened by our work.

Apart from the intra-individual variability in TAC PK,
high inter-individual variability is also observed in clin-
ics and derives from several factors (i.e. genetics, demo-
graphics, drug-drug interactions, etc.) [9]. Our work
demonstrates that the gut microbiota is also one of those
factors. Here, the reduced inter-individual variability in
TAC AUC when the gut microbiota is depleted by ATB
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is particularly interesting. As the gut microbiota varies
from one individual to another, it might explain a part of
the variability observed in ABCBI expression in the small
intestine, the site of drug absorption, thereby affecting
drug disposition. Translating these observations in clin-
ics will be particularly challenging and deserves to be
explored more deeply. Yet, we believe that incorporat-
ing a variable assessing the impact of FW from patients
on ABCBI expression in the algorithm-informed dosage
decision has the potential to improve the prediction of
TAC appropriate dosage.

The formulation developed for the purpose of this
study allowed us to administrate TAC in mice in a repro-
ducible manner. The composition of the vehicle was
relatively simple, with only two components. The admin-
istration of the vehicle to CTL mice allowed us to con-
trol for its own effect on the gut microbiota composition.
However, this formulation is not a perfect reflect of the
clinical reality where more complex formulations with
extended-release liberation are used. Extended-release
formulations are developed to reduce the drug release
rate, and with such a formulation, the absorption of TAC
spreads all along the small intestine. Henceforth, it seems
reasonable to think that our observations are expendable
to extended-release formulations since we showed that
ABCBI expression changes occurred in all segments of
the small intestine. The mouse model on its own consti-
tutes another limitation of our study. Although it allowed
the identification of an indirect mechanism, undescribed
so far, for the contribution of the gut microbiota to TAC
PK, the integration of our discovery in the current dose
prediction algorithm warrants further clinical studies.

As part of the ABC transporter family, the main func-
tion of ABCB1 is to protect the body by limiting the
disposition of exogenous compounds, including drugs,
through its efflux activity [44]. Because ABCBI limits
the intestinal absorption of hundreds of drugs, our study
paves the way for compounds within various pharma-
cological classes [44]. Indeed, the clinical consequence
of the gut microbiota effect on ABCBI would not be
restricted to TAC. It has the potential to be extended to
other substrates of ABCBLI for which PK variability ham-
pers their clinical use and requires therapeutic monitor-
ing. For instance, provided additional experimental and
clinical validations, the concept that we are bringing
forward might be extended to pharmacological classes
such as other immunosuppressants (e.g. cyclosporine,
sirolimus), antidepressants (e.g. sertraline, citalopram,
venlafaxine), antipsychotics (e.g. amisulpiride, risperi-
done), and antiretrovirals (e.g. dolutegravir, bictegravir).
Of notice, the prediction of the relevance of microbial
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modulation of ABCB1 for the PK of these drugs will need
to consider the absorption site of the drug.

Conclusions

By combining in vitro and in vivo strategies, our pre-
clinical study allowed us to highlight the bidirectional
interactions between the immunosuppressive drug TAC
and the gut microbiota. We show that TAC administra-
tion can affect the gut microbiota composition within
a few days of treatment. Reversely, we pinpoint that the
gut microbiota affects TAC absorption through the tran-
scriptional down-regulation of the efflux transporter
ABCBLI in the small intestine. Polar bacterial metabolites
are responsible for this effect, probably via the modula-
tion of TF including but not restricted to CAR, control-
ling ABCBI transcription. We are bringing forward a
new mechanistic path linking the gut microbiota, the
expression of ABCBI and drug PK, here in the specific
case of TAC. The perspectives of this work are broad and
of clinical importance, considering the high number of
other ABCBI substrate drugs requiring therapeutic drug
monitoring.

Abbreviations

18S rRNA  18S ribosomal RNA

ABCB1 ATP Binding Cassette Subfamily B, Member 1
ASV Amplicon sequence variant

ATB Antibiotic

ATB2 Alternative antibiotic cocktail

AUC Area under the curve

Caco-2 Human epithelial colorectal adenocarcinoma cells
CAR Constitutive androstane receptor

CL/F Apparent clearance

CTL Control

cvz Conventionalized

CYP Cytochrome P450

FW Faecal water

GF Germ-free

HEK293 Human embryonic kidney cells

HPLC High-performance liquid chromatography
Ka Absorption rate constant

LogFC Log twofold change

LS174T Human colon carcinoma cells

MS Mass spectrometry

Nr1i3 Nuclear receptor subfamily 1 group |, member 3
PBS Phosphate-buffered saline

PCA Principal component analysis

PI3K Phosphoinositide-3-kinase

PK Pharmacokinetics

PXR Pregnane X receptor

gPCR Quantitative polymerase chain reaction
Rh123 Rhodamine 123

Rpl4 Ribosomal protein L4

SEM Standard error of the mean

SPF Specific pathogen-free

T Half-life

TAC Tacrolimus

TF Transcription factor

\% Volume of distribution

VDR Vitamin D receptor

Z5Q Zosuquidar



Degraeve et al. Microbiome (2023) 11:138

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/540168-023-01578-y.

Additional file 1: Supplementary methods. Supplementary tables.

Additional file 2: Supplementary Figures.

Acknowledgements

We thank Halima El-Hamdaoui, Bouazza Es Saadi, Dr Gabriel Stillemans,
Emilia Hoste, Layla Catalani, Dr Serge Moudio, Kevin-Alexandre Delongie, Dr
Morgane Thibaut, Dr Sarah Pétgens, Romain Tricot, Martin Nicolas and Dr
Audrey Neyrinck for skilled assistance. We are grateful towards Pr Dimitri Van
der Linden and Brieuc Van Nieuwenhuyse for providing the LS174T cells. We
also thank the University of Minnesota Genomics Centre for performing the
165 rRNA gene sequencing.

Authors’ contributions

Conception and design of the work were performed by L.B.B and L.E. Data
collection was carried out by A.L.D. Data analysis and interpretation were
performed by A.LD, L.E and L.B.B. Tacrolimus dosage method and technical
support was provided by V.H. The germ-free experiment was performed in
collaboration with V.A and LV. The whole transcriptome analysis was carried
out by AL and LG. Funding was acquired by L.E, with contribution from L.B.B.
Drafting the article was performed by A.LD, L.E and L.B.B. All authors carried
out the critical revision of the article. All authors approved the version to be
published.

Funding

A.LD.is a Research Fellow from the FNRS (FR.S.-FNRS). This work was sup-
ported by the Fonds de la Recherche Scientifique — FNRS under Grant No
F450919F. This work was also completed with the financial support of the
Biocodex Microbiota Foundation and the French community of Belgium
(WBI program) through FSR action (UCLouvain). This project has also received
funding from the FWO and FR.S.-FNRS under the Excellence of Science (EOS)
programme (EOS Project No. 40007505) and the Louvain Foundation.

Availability of data and materials

The datasets supporting the conclusions of this article are available in the SRA
repository (project ID: PRINA877868), for the raw sequences from 16S rRNA
gene sequencing, and in the Gene Expression Omnibus repository (accession
number: GSE224034), for the whole transcriptome data.

Declarations

Ethics approval and consent to participate

The animal experiments were approved by and performed in accordance
with the regulations of the local ethics committees from the UCLouvain
(LA1230316, 2018/UCL/MD/41, and LA1230314,2010/UCL/MD/022) and
Ghent University Faculty Medicine and Health Sciences (LA1400637, ECD22-
44). Housing conditions were as specified by the Belgian Law of 29 May
2013, regarding the protection of laboratory animals, and in accordance with
European animal regulations.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

1Department of Integrated PharmacoMetrics, PharmacoGenomics and Phar-
macoKinetics, Louvain Drug Research Institute, Université catholique de
Louvain, Brussels, Belgium. “Metabolism and Nutrition Research Group,
Louvain Drug Research Institute, Université catholique de Louvain, Brussels,
Belgium. 3Louvain centre for Toxicology and Applied Pharmacology, Institut
de Recherche Expérimentale et Clinique, Université catholique de Louvain,
Brussels, Belgium. 4Depar‘[men‘[ of Clinical Chemistry, Cliniques Universitaires
Saint-Luc, Brussels, Belgium. *Computational Biology and Bioinformatics Unit

Page 18 of 20

(CBIO), de Duve Institute, Université catholique de Louvain, Brussels, Belgium.
5Department of Internal Medicine and Pediatrics, Ghent University, Ghent, Bel-
gium. ’VIB-UGent Center for Inflammation Research, Ghent, Belgium. 8Ghent
Gut Inflammation Group (GGIG), Ghent, Belgium. °WELBIO department, WEL
Research Institute, Wavre, Belgium.

Received: 1 February 2023 Accepted: 17 May 2023
Published online: 06 July 2023

References

1. Holt CD. Overview of immunosuppressive therapy in solid organ trans-
plantation. Anesthesiol Clin. 2017;35(3):365-80.

2. Lentine K, Smith J, Hart A, Miller J, et al. OPTN/SRTR 2020 annual data
report: kidney. Am J Transplant. 2022;22:21-136.

3. Velickovic-Radovanovic RM, Paunovic G, Mikov M, Djordjevic V, et al.
Clinical pharmacokinetics of tacrolimus after the first oral administration
in renal transplant recipients on triple immunosuppressive therapy. Basic
Clin Pharmacol Toxicol. 2010;106(6):505-10.

4. Gonzales HM, McGillicuddy JW, RohanV, Chandler JL, et al. A comprehen-
sive review of the impact of tacrolimus intrapatient variability on clinical
outcomes in kidney transplantation. Am J Transplant. 2020;20(8):1969-83.

5. SaekiT, Ueda K, Tanigawara Y, Hori R, et al. Human P-glycoprotein trans-
ports cyclosporin A and FK506. J Biol Chem. 1993;268(9):6077-80.

6. Lloberas N, Elens L, Llaudo |, Padullés A, et al. The combination of
CYP3A4*22 and CYP3A5*3 single-nucleotide polymorphisms determines
tacrolimus dose requirement after kidney transplantation. Pharmaco-
genet Genomics. 2017;27(9):313-22.

7. lwasaki K, Shiraga T, Matsuda H, Nagase K; et al. Further metabolism
of FK506 (tacrolimus). Identification and biological activities of the
metabolites oxidized at multiple sites of FK506. Drug Metab Dispos.
1995;23(1):28-34.

8. Moller A, Iwasaki K, Kawamura A, Teramura Y, et al. The disposition of
14C-labeled tacrolimus after intravenous and oral administration in
healthy human subjects. Drug Metab Dispos. 1999,27(6):633-6.

9. Degraeve AL, Moudio S, Haufroid V, Chaib Eddour D, et al. Predictors of
tacrolimus pharmacokinetic variability: current evidences and future
perspectives. Expert Opin Drug Metab Toxicol. 2020;16(9):769-82.

10. Shuker N, van GelderT, Hesselink DA. Intra-patient variability in tacrolimus
exposure: causes, consequences for clinical management. Transplant Rev
(Orlando). 2015;29(2):78-84.

11. Del Bello A, Congy-Jolivet N, Danjoux M, Muscari F, et al. High tacrolimus
intra-patient variability is associated with graft rejection, and de novo
donor-specific antibodies occurrence after liver transplantation. World J
Gastroenterol. 2018;24(16):1795-802.

12. Weersma RK, Zhernakova A, Fu J. Interaction between drugs and the gut
microbiome. Gut. 2020;69(8):1510-9.

13. Zimmermann M, Zimmermann-Kogadeeva M, Wegmann R, Goodman
AL. Mapping human microbiome drug metabolism by gut bacteria and
their genes. Nature. 2019,570(7762):462-7.

14. Javdan B, Lopez JG, Chankhamjon P, Lee YJ, et al. Personalized map-
ping of drug metabolism by the human gut microbiome. Cell.
2020;181(7):1661-79.

15. Fu ZD, Selwyn FP, Cui JY, Klaassen CD. RNA-Seq profiling of intestinal
expression of xenobiotic processing genes in germ-free mice. Drug
Metab Dispos. 2017;45(12):1225-38.

16. Yang H, ZhangY, Zhou R, WuT, et al. Antibiotics-induced depletion of rat
microbiota induces changes in the expression of host drug-processing
genes and pharmacokinetic behaviors of CYPs probe drugs. Drug Metab
Dispos. 2023;51(4):509-20.

17. Souai N, Zidi O, Mosbah A, Kosai |, et al. Impact of the post-transplant
period and lifestyle diseases on human gut microbiota in kidney graft
recipients. Microorganisms. 2020;8(11):1724-42.

18. Guirong YE, Minjie Z, Lixin YU, Junsheng YE, et al. Gut microbiota in renal
transplant recipients, patients with chronic kidney disease and healthy
subjects. Nan Fang Yi Ke Da Xue Xue Bao. 2018;38(12):1401-8.

19. Lee JR, Muthukumar T, Dadhania D, Toussaint NC, et al. Gut microbial
community structure and complications after kidney transplantation: a
pilot study. Transplantation. 2014,98(7):697-705.


https://doi.org/10.1186/s40168-023-01578-y
https://doi.org/10.1186/s40168-023-01578-y

Degraeve et al. Microbiome

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

38.

39.

40.

41.

(2023) 11:138

Sato K, Amada N, Sato T, Miura S, et al. Severe elevations of FK506 blood
concentration due to diarrhea in renal transplant recipients. Clin Trans-
plant. 2004;18(5):585-90.

Lemahieu W, Maes B, Verbeke K, Rutgeerts P, et al. Cytochrome P450 3A4
and P-glycoprotein activity and assimilation of tacrolimus in transplant
patients with persistent diarrhea. Am J Transplant. 2005;5(6):1383-91.
Shullo MA, Schonder K, Teuteberg JJ. Elevated tacrolimus levels associ-
ated with intravenous azithromycin and ceftriaxone: a case report.
Transplant Proc. 2010;42(5):1870-2.

Zheng Y, Masand A, Wagner M, Kapur S, et al. Identification of antibiotic
administration as a potentially novel factor associated with tacrolimus
trough variability in kidney transplant recipients: a preliminary study.
Transplant Direct. 2019;5(9):e485.

Lee JR, Muthukumar T, Dadhania D, Taur Y, et al. Gut microbiota and tac-
rolimus dosing in kidney transplantation. PLoS ONE. 2015;10(3):e0122399.
Guo'Y, Crnkovic CM, Won KJ, Yang X, et al. Commensal gut bacteria con-
vert the immunosuppressant tacrolimus to less potent metabolites. Drug
Metab Dispos. 2019;47(3):194-202.

lida N, Dzutsev A, Stewart CA, Smith L, et al. Commensal bacteria control
cancer response to therapy by modulating the tumor microenvironment.
Science. 2013;342(6161):967-70.

Matsuda Y, Konno 'Y, Hashimoto T, Nagai M, et al. In vivo assessment of the
impact of efflux transporter on oral drug absorption using portal vein-
cannulated rats. Drug Metab Dispos. 2013;41(8):1514-21.

Kono 'Y, Kawahara I, Shinozaki K, Nomura |, et al. Characterization of
P-glycoprotein inhibitors for evaluating the effect of P-glycoprotein on
the intestinal absorption of drugs. Pharmaceutics. 2021;13(3):388-405.
Potgens SA, Thibaut MM, Joudiou N, Sboarina M, et al. Multi-compart-
ment metabolomics and metagenomics reveal major hepatic and
intestinal disturbances in cancer cachectic mice. J Cachexia Sarcopenia
Muscle. 2021;12(2):456-75.

De Meyer M, Haufroid V, Kanaan N, Darius T, et al. Pharmacogenetic-
based strategy using de novo tacrolimus once daily after kidney
transplantation: prospective pilot study. Pharmacogenomics.
2016;17(9):1019-27.

Ovreds L, Forney L, Daae FL, Torsvik V. Distribution of bacterioplankton in
meromictic Lake Saelenvannet, as determined by denaturing gradient
gel electrophoresis of PCR-amplified gene fragments coding for 16S
rRNA. Appl Environ Microbiol. 1997,63(9):3367-73.

Edgar RC. UNOISE2: improved error-correction for lllumina 16S and ITS
amplicon sequencing. BioRxiv. 2016:081257.

Chen YH, Zheng KL, Chen LZ, Dai YP, et al. Clinical pharmacokinetics

of tacrolimus after the first oral administration in combination with
mycophenolate mofetil and prednisone in Chinese renal transplant
recipients. Transplant Proc. 2005;37(10):4246-50.

Antignac M, Barrou B, Farinotti R, Lechat P, et al. Population pharmacoki-
netics and bioavailability of tacrolimus in kidney transplant patients. Br J
Clin Pharmacol. 2007;64(6):750-7.

Zuo XC, Ng CM, Barrett JS, Luo AJ, et al. Effects of CYP3A4 and CYP3A5
polymorphisms on tacrolimus pharmacokinetics in Chinese adult renal
transplant recipients: a population pharmacokinetic analysis. Pharmaco-
genet Genomics. 2013;23(5):251-61.

Venkataramanan R, Swaminathan A, Prasad T, Jain A, et al. Clinical phar-
macokinetics of tacrolimus. Clin Pharmacokinet. 1995;29(6):404-30.
Reikvam DH, Erofeev A, Sandvik A, GrcicV, et al. Depletion of murine
intestinal microbiota: effects on gut mucosa and epithelial gene expres-
sion. PLoS ONE. 2011;6(3):e17996.

Dantzig AH, Law KL, Cao J, Starling JJ. Reversal of multidrug resistance by
the P-glycoprotein modulator, LY335979, from the bench to the clinic.
Curr Med Chem. 2001;8(1):39-50.

Dessilly G, Elens L, Panin N, Capron A, et al. ABCB1 1199G>A genetic
polymorphism (Rs2229109) influences the intracellular accumulation

of tacrolimus in HEK293 and K562 recombinant cell lines. PLoS ONE.
2014,9(3):.e91555.

Grewal GK, Kukal S, Kanojia N, Madan K, et al. In vitro assessment of the
effect of antiepileptic drugs on expression and function of ABC transport-
ers and their interactions with ABCC2. Molecules. 2017;22(10):1484-500.
Seithel A, Karlsson J, Hilgendorf C, Bjorquist A, et al. Variability in mRNA
expression of ABC- and SLC-transporters in human intestinal cells:
comparison between human segments and Caco-2 cells. Eur J Pharm Sci.
2006;28(4):291-9.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 19 of 20

DaiY, Wang M, Zhong D, Xu X. Bacillus subtilis plays a role in the
inhibition of transporter ABCB1 in Caco-2 cells. Epilepsy Res.
2022;183:106925-32.

Enright EF, Govindarajan K, Darrer R, MacSharry J, et al. Gut microbiota-
mediated bile acid transformations alter the cellular response to multid-
rug resistant transporter substrates in vitro: Focus on P-glycoprotein. Mol
Pharm. 2018;15(12):5711-27.

Silva R, Vilas-Boas V, Carmo H, Dinis-Oliveira RJ, et al. Modulation of
P-glycoprotein efflux pump: induction and activation as a therapeutic
strategy. Pharmacol Ther. 2015;149:1-123.

Chen ML, Huang X, Wang H, Hegner C, et al. CAR directs T cell adaptation
to bile acids in the small intestine. Nature. 2021;593(7857):147-51.

Foley SE, Dente MJ, Lei X, Sallis BF, et al. Microbial metabolites orchestrate
a distinct multi-tiered regulatory network in the intestinal epithelium that
directs P-Glycoprotein expression. mBio. 2022;13(4):e0199322.

Gloor GB, Macklaim JM, Pawlowsky-Glahn V, Egozcue JJ. Microbiome
datasets are compositional: and this is not optional. Front Microbiol.
2017;8:2224.

Zhang Z, Liu L, Tang H, Jiao W, et al. Immunosuppressive effect of the gut
microbiome altered by high-dose tacrolimus in mice. Am J Transplant.
2018;18(7):1646-56.

Jiao W, Zhang Z, Xu 'Y, Gong L, et al. Butyric acid normalizes hyperglyce-
mia caused by the tacrolimus-induced gut microbiota. Am J Transplant.
2020,20(9):2413-24.

Zaza G, Dalla Gassa A, Felis G, Granata S, et al. Impact of maintenance
immunosuppressive therapy on the fecal microbiome of renal trans-
plant recipients: comparison between an everolimus- and a standard
tacrolimus-based regimen. PLoS One. 2017;12(5):e0178228.

Winichakoon P, Chaiwarith R, Chattipakorn N, Chattipakorn SC. Impact

of gut microbiota on kidney transplantation. Transplant Rev (Orlando).
2022;36(1):100668.

Forslund K, Hildebrand F, Nielsen T, Falony G, et al. Disentangling type 2
diabetes and metformin treatment signatures in the human gut micro-
biota. Nature. 2015;528(7581):262-6.

Forslund SK, Chakaroun R, Zimmermann-Kogadeeva M, Marko L, et al.
Combinatorial, additive and dose-dependent drug-microbiome associa-
tions. Nature. 2021;600(7889):500-5.

Spanogiannopoulos P, Bess EN, Carmody RN, Turnbaugh PJ. The microbial
pharmacists within us: a metagenomic view of xenobiotic metabolism.
Nat Rev Microbiol. 2016;14(5):273-87.

GuoYY, Lee H, Edusei E, Albakry S, et al. Blood profiles of gut bacterial
tacrolimus metabolite in kidney transplant recipients. Transplant Direct.
2020;6(10): e601.

Klaassen CD, Cui JY. Mechanisms of how the intestinal micro-

biota alters the effects of drugs and bile acids. Drug Metab Dispos.
2015;43(10):1505-21.

TodaT, Saito N, lkarashi N, Ito K, et al. Intestinal flora induces the expres-
sion of Cyp3a in the mouse liver. Xenobiotica. 2009;39(4):323-34.

Claus SP, Ellero SL, Berger B, Krause L, et al. Colonization-induced host-gut
microbial metabolic interaction. mBio. 2011;2(2):200271-10.

Larsson E, Tremaroli V, Lee YS, Koren O, et al. Analysis of gut microbial
regulation of host gene expression along the length of the gut and regu-
lation of gut microbial ecology through MyD88. Gut. 2012;61(8):1124-31.
Foley SE, Tuohy C, Dunford M, Grey MJ, et al. Gut microbiota regulation of
P-glycoprotein in the intestinal epithelium in maintenance of homeosta-
sis. Microbiome. 2021;9(1):183.

Staudinger JL, Goodwin B, Jones SA, Hawkins-Brown D, et al. The nuclear
receptor PXR is a lithocholic acid sensor that protects against liver toxic-
ity. Proc Natl Acad Sci U S A. 2001,98(6):3369-74.

Venkatesh M, Mukherjee S, Wang H, Li H, et al. Symbiotic bacterial
metabolites regulate gastrointestinal barrier function via the xenobiotic
sensor PXR and Toll-like receptor 4. Immunity. 2014;41(2):296-310.
Tachibana S, Yoshinari K, Chikada T, Toriyabe T, et al. Involvement of Vita-
min D receptor in the intestinal induction of human ABCB1. Drug Metab
Dispos. 2009;37(8):1604-10.

Bookout AL, Jeong Y, Downes M, Yu RT, et al. Anatomical profiling of
nuclear receptor expression reveals a hierarchical transcriptional network.
Cell. 2006;126(4):789-99.

Bruck S, Strohnmeier J, Busch D, Drozdzik M, et al. Caco-2 cells - expression,
regulation and function of drug transporters compared with human
jejunal tissue. Biopharm Drug Dispos. 2017;38(2):115-26.



Degraeve et al. Microbiome (2023) 11:138 Page 20 of 20

66. Armet AM, Deehan EC, O'Sullivan AF, Mota JF, et al. Rethinking
healthy eating in light of the gut microbiome. Cell Host Microbe.
2022;30(6):764-85.

67. Sabbatini M, Ferreri L, Pisani A, Capuano |, et al. Nutritional management
in renal transplant recipients: a transplant team opportunity to improve
graft survival. Nutr Metab Cardiovasc Dis. 2019;29(4):319-24.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

o thorough peer review by experienced researchers in your field

e rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations

e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	Gut microbiome modulates tacrolimus pharmacokinetics through the transcriptional regulation of ABCB1
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Methods
	In vivo studies
	Animal strains and care
	Tacrolimus administration
	Antibiotic supplementation
	Zosuquidar supplementation
	Sample collection

	In vitro studies
	Cell culture
	Faecal water preparation
	Caco-2 cell treatment

	Tacrolimus assay
	Pharmacokinetic analysis
	Gut microbiota analysis
	Gene expression analysis
	qPCR analysis
	Cellular whole transcriptome analysis

	Statistical analysis

	Results
	Establishment of a PK model of oral TAC administration in mice
	Gut microbiota composition evolves upon TAC treatment
	ATB-mediated gut microbiota depletion affects TAC PK and reduces TAC blood exposure
	Abcb1a expression in the small intestine is microbiota-dependent and correlates with TAC whole blood exposure
	ABCB1A inhibition reverses the gut microbiota effect on TAC PK
	Polar bacterial metabolites impact the transcriptional regulation of ABCB1, but not directly its functionality
	CAR may mediate the effect of the microbiome on ABCB1 expression
	mRNA expression of CAR correlates with Abcb1a levels in mouse intestine

	Discussion
	Conclusions
	Anchor 36
	Acknowledgements
	References


