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Abstract: Mycophenolic acid (MPA) and trimethoprim-sulfamethoxazole (TMP-SMX) are commonly
prescribed together in certain groups of patients, including solid organ transplant recipients. How-
ever, little is known about the pharmacokinetic drug–drug interactions (DDIs) between these two
medications. Therefore, the present study aimed to determine the effects of TMP-SMX on MPA
pharmacokinetics in humans and to find out the relationship between MPA pharmacokinetics and gut
microbiota alteration. This study enrolled 16 healthy volunteers to take a single oral dose of 1000 mg
mycophenolate mofetil (MMF), a prodrug of MPA, administered without and with concurrent use
of TMP-SMX (320/1600 mg/day) for five days. The pharmacokinetic parameters of MPA and its
glucuronide (MPAG) were measured using high-performance liquid chromatography. The compo-
sition of gut microbiota in stool samples was profiled using a 16S rRNA metagenomic sequencing
technique during pre- and post-TMP-SMX treatment. Relative abundance, bacterial co-occurrence
networks, and correlations between bacterial abundance and pharmacokinetic parameters were
investigated. The results showed a significant decrease in systemic MPA exposure when TMP-SMX
was coadministered with MMF. Analysis of the gut microbiome revealed altered relative abundance
of two enriched genera, namely the genus Bacteroides and Faecalibacterium, following TMP-SMX
treatment. The relative abundance of the genera Bacteroides, [Eubacterium] coprostanoligenes group,
[Eubacterium] eligens group, and Ruminococcus appeared to be significantly correlated with systemic
MPA exposure. Coadministration of TMP-SMX with MMF resulted in a reduction in systemic MPA
exposure. The pharmacokinetic DDIs between these two drugs were attributed to the effect of
TMP-SMX, a broad-spectrum antibiotic, on gut microbiota-mediated MPA metabolism.

Keywords: mycophenolate mofetil; mycophenolic acid; trimethoprim-sulfamethoxazole; pharmacokinetics;
drug–drug interaction; gut microbiota
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1. Introduction

Mycophenolate mofetil (MMF), an ester-prodrug of mycophenolic acid (MPA), has
been the antiproliferative immunosuppressant of choice for the prevention of graft rejection
following solid organ transplantation [1,2]. It has also been increasingly used in some other
conditions, such as hematopoietic stem cell transplantation and autoimmune diseases [3,4].
After oral administration, the prodrug MMF is rapidly hydrolyzed to its biologically
active form, MPA, resulting in the first MPA peak plasma concentration. MPA is, then,
mainly metabolized by glucuronidation in the liver to an inactive metabolite MPA-7-O-
glucuronide (MPAG) and other minor metabolites. MPAG is partly excreted into bile [5–7],
some of which is deconjugated back to MPA by gut microbial β-glucuronidase and is
reabsorbed into blood circulation contributing to the second MPA peak in the MPA plasma
concentration-time profile [6,7]. Due to its complex pharmacokinetics, MPA is prone to
pharmacokinetic drug–drug interactions (DDIs) with several drugs, some of which are
often used in solid organ transplant recipients and some other conditions in which MPA is
indicated [7,8]. Significant pharmacokinetic DDIs between MPA and other coadministered
drugs may alter MPA exposure, potentially resulting in undesirable outcomes, i.e., the lack
of clinical efficacy or the development of adverse consequences [9,10].

The role of gut microbiota on MPA metabolism is well recognized [6,7], as the en-
terohepatic circulation is responsible for ~10–60% of overall systemic MPA exposure [11].
It is, therefore, perceivable that any medications significantly affecting the composition
and/or metabolic activities of gut microbiota are likely to cause pharmacokinetic DDIs
with MPA. Several studies suggest that quite a few drugs on the market may influence
the human gut microbiota either by inhibiting gut bacterial proliferation or altering the
composition of gut microbiota [12–14]. Theoretically, these drugs might have an impact
on systemic MPA exposure by impairing the conversion of MPAG to MPA by gut bac-
terial β-glucuronidase. Antibiotics that exhibit significant antimicrobial activity against
β-glucuronidase-producing anaerobic bacteria, such as norfloxacin and metronidazole,
have been shown to predominantly affect the enterohepatic recycling of MPA, as evidenced
by a significant reduction in the AUC6–12 or secondary peak of MPA [15].

Trimethoprim-sulfamethoxazole (TMP-SMX), a broad-spectrum antibiotic, is com-
monly prescribed for the prophylaxis of Pneumocystis pneumonia, one of the most com-
mon opportunistic infections in immunocompromised patients [16,17]. It is, thus, one of
the most common drugs concurrently prescribed with MPA and other immunosuppres-
sive agents during post-transplantation periods or in other MPA-indicated conditions [18].
TMP-SMX has been shown to affect the abundance, diversity, and composition of gut
microbiota [19,20]. Additionally, it exhibits antibacterial activity against β-glucuronidase-
positive bacteria [21]. Accordingly, the possible pharmacokinetic DDIs between MPA and
TMP-SMX could be attributed to the antibiotic’s ability to eliminate certain β-glucuronidase-
producing gut microbiota, some of which might play a role in the enterohepatic circulation
of MPA. However, there has been little investigation into the possible pharmacokinetic
DDIs between MPA and TMP-SMX; in other words, whether coadministration of TMP-SMX
with MMF would result in a substantial change in systemic MPA exposure in humans is still
uncertain [22]. Besides, there is still a gap of knowledge in terms of the specific types of gut
microbes, of which their β-glucuronidase is responsible for the enterohepatic circulation
of MPA.

Therefore, this study aimed at examining the effects of TMP-SMX on MPA pharma-
cokinetics in humans, as well as probable mechanisms of such a pharmacokinetic DDI by
focusing on the relationship between MPA pharmacokinetics and gut microbiota alteration.

2. Materials and Methods
2.1. Study Design and Population

This prospective, open-label, fixed-sequenced study enrolled adult volunteers aged
between 18 and 40 years with general good health based on medical history, physical exam-
ination, and basic laboratory tests (including, complete blood count, serum electrolytes,
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liver function test, and renal function test). Volunteers were excluded if they had a history
of drug allergies or contraindication to MMF, TMP-SMX, or other sulfa agents (such as sul-
fonamide or probenecid), as well as those who had known or suspected pregnancy, chronic
liver diseases, hematological disorders, or immunocompromised conditions. Individuals
who had taken any antibiotics within 3 months prior to enrollment or regularly consumed
alcohol-containing beverages, smoked cigarettes, or used an addictive substance were
also disqualified. This study protocol was approved by the Research Ethics Committee
of the Faculty of Medicine, Chiang Mai University (No. 102/2020 and 048/2021), and the
Institutional Biosafety Committee of the Faculty of Medicine, Chiang Mai University (No.
CMUIBC02012/2564). This study was prospectively registered at the Thai Clinical Trials
Registry (TCTR20200518005), and it was conducted in accordance with the Declaration
of Helsinki, the International Conference on Harmonization Guidelines for Good Clinical
Practice (ICH-GCP), as well as local applicable regulations. Sixteen study participants
provided written informed consent.

2.2. Drug Administration and Sample Collection

The study schema is depicted in Figure S1. In the first period, study participants received
a single dose of 1000 mg MMF (Cellcept®; F. Hoffmann-La Roche Ltd., Basel, Switzerland) on
Day 0. After a washout period of 9 days, study participants took 160/800 mg TMP-SMX
(Bactrim®; Patar Lab (2517) Co., Ltd., Pathum Thani, Thailand), twice daily, on Days 10–14.
In the second period, study participants received a single dose of 1000 mg MMF on Day 14.
All the participants were required to abstain from alcohol-containing beverages, cigarette
smoking, grapefruit juice, and any other medicinal products during the study period.

Blood samples were drawn at pre-dose and 0.33, 0.67, 1, 1.5, 2, 4, 6, 8, 10, 12, 24, 36, and
48 h post-MMF administration in both periods and kept in ethylenediaminetetraacetic acid
disodium salts containing tubes. After that, the plasma was separated and stored at −20 ◦C
until analysis. Stool samples were collected from the participants on Day 0, Day 9, and Day
14, using a standard stool collection kit. Three episodes of stool sampling were indicated as
follows: Day 0 = pretreatment, Day 9 = post-MMF treatment but pre-TMP-SMX treatment,
and Day 14 = post-TMP-SMX treatment. The stool collection on Day 9 was intended to
be used as a confirmation ensuring that MMF treatment alone on Day 0 did not alter the
gut microbiota. As a result, any differences in gut microbiota between Day 0 and Day 14
were reasonably assumed to be the effect of TMP-SMX treatment on Day 10–14. The stool
samples were stored at −80 ◦C in RNAlaterTM reagent before DNA extraction.

2.3. Determination of MPA and MPAG

Plasma concentrations of MPA and MPAG were measured using high-performance
liquid chromatography (HPLC) following a modified approach of the previously described
method [23]. The carboxy butoxy ether mycophenolic acid (MPAC) was used as the
internal standard in this study. The separation of MPA, MPAG, and the internal standard
was carried out using Agilent Zorbax SB-C18 Analytical HPLC Column (4.6× 250 mm) and
an Agilent SB-C18 Guard Cartridge (4.6 × 12.5 mm). The mobile phase consisted of 20 mM
KH2PO4 (pH 2.7, adjusted with 85% phosphoric acid) (A) and acetonitrile (B). The gradient
conditions were as follows: 0–3 min (73% A), 3–4 min (73–50% A), 4–10 min (50–30% A),
and 10–15 min (73% A). The flow rate was maintained at 1.2 mL/min with a column
temperature of 45 ◦C. The UV detection wavelength was 254 nm. The standard curves for
MPA and MPAG were linear over the range of 0.25–128 µg/mL. To assess the accuracy and
precision, within-run and between-run measurements of MPA and MPAG concentrations
were performed on low (2 µg/mL), medium (16 µg/mL), and high (64 µg/mL) quality
control (QC) samples with 3 replicates for each, using calibration curves. Precision was
expressed using the coefficient of variation (% CV). The concentrations of MPA and MPAG
were found to be linear and accurate within the range of analysis with a CV % of less
than 15%.



Pharmaceutics 2023, 15, 1734 4 of 16

2.4. Pharmacokinetic Analysis

Pharmacokinetic parameters for MPA and MPAG were estimated by non-compartmental
analysis using PKanalix 2020R1 software (Lixoft, Antony, France). Values of maximum
concentration (Cmax) and time to reach maximum concentration (Tmax) were taken from the
observed concentration–time curve data. Individual estimates of the apparent terminal elim-
ination rate constant (λz) were obtained from the logarithmic-linear regression of terminal
portions of the plasma concentration–time curves. The area under the concentration–time
curve (AUC) of pre-specified time points (including AUC0–6, AUC6–12, and AUC0–12) and
AUC from the time of dosing (time 0) to the time of last measurable concentration (AUClast)
were calculated according to the linear trapezoidal rule. AUC from time 0 to infinity
(AUC0–∞) was then estimated from AUClast + Clast/λz. Moreover, apparent volume of
distribution (Vz/F), terminal elimination half-life (t1/2), and apparent clearance (CL/F)
were also then calculated.

All pharmacokinetic parameters of MPA and MPAG which were estimated from the
first period (a single dose of MMF alone) were compared with those from the second
period (a single dose of MMF during concurrent use of TMP-SMX). Statistical differences
in pharmacokinetic parameters between the two periods were tested with paired t-test or
Wilcoxon signed-rank test, as appropriate. p < 0.05 was considered to indicate statistical
significance. The statistical analyses were performed with SPSS Statistics software version
23 (IBM Corp., Armonk, NY, USA).

2.5. Bacterial DNA Extraction, PCR Amplification, and Sequencing

Total DNA from the stool samples of healthy volunteers was extracted using QIAamp®

Fast DNA Stool Mini Kit (Qiagen®, Hilden, Germany) following the manufacturer’s in-
structions. The quantity and quality of DNA were measured using a spectrophotometer
(NanoDrop®, Thermo Fisher Scientific, Wilmington, DE, USA). The DNA samples were sent
to the Novogene Bio Technology Co., Ltd. (Nanjing Sequencing Center, Nanjing, China) for the
V4 amplicon region sequencing analysis. The V4 hypervariable region in the 16S rRNA gene
was amplified using the specific forward primer 515F (5′-GTGCCAGCMGCCGCGGTAA-
3′) and reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′). After PCR amplifica-
tion, paired-end sequencing (2 × 250 bp) was performed using the Illumina NovaSeq
6000 platform, according to the standard instructions of the 16S genomic sequencing library
preparation protocol.

2.6. Gut Microbiome Analysis

The quality of raw paired-end reads was checked using FastQC software version
0.11.9 [24]. The raw sequencing data were processed and analyzed with the Quantitative
Insights Into Microbial Ecology 2 (QIIME2; version 2021.8.0) pipeline [25]. An alpha-
diversity was assessed by calculating the Shannon index. The statistical significance of
alpha-diversity between the two groups was examined using the Wilcoxon signed-rank
test. Bray-Curtis dissimilarity, weighted UniFrac, and unweighted UniFrac distances were
calculated to evaluate the beta-diversity of gut microbiota. The statistical significance of
beta-diversity between the two groups was examined using the PERMANOVA test. The
sequences were taxonomy classified against SILVA 16S rRNA gene reference database
release 138 [26,27]. All results of 16s rRNA gene sequencing after taxonomy classification
were assigned to each category of bacteria as phylum to genus level.

The relative abundance (%) of each bacterial genus was analyzed and expressed as
median (interquartile range; IQR). The Wilcoxon signed-rank test was used to detect taxa
with significantly different abundances between paired samples. Statistical corrections for
multiple comparisons were performed using the original false discovery rate (FDR) method
of Benjamini–Hochberg with desired false discovery rate (Q). The differential abundance
test between groups was done using linear discriminant analysis effect size (LEfSe) to
determine the feature (taxonomic units) with effect relevance [28]. A co-occurrence network
analysis of the main contributors and other genera in each treatment group was constructed
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based on Spearman’s rank correlation coefficient [29]. Moreover, the correlations between
the microbial abundances and pharmacokinetic parameters of MPA and MPAG were also
analyzed using Spearman’s rank correlation coefficient and visualized as a correlation
heatmap. Genera with an abundance of less than 1 percent were excluded from the correla-
tion analyses. Correlation between two parameters was interpreted as “weak” (r < 0.40),
“moderate” (r = 0.40–0.69), “strong” (r = 0.70–0.89), or “very strong” (r ≥ 0.90) [30]. RStudio
software version 1.3.1093 was used for statistical analyses, plotting, and visualization. All
statistical tests were two-tailed and a threshold for statistical significance was set at p < 0.05.

3. Results
3.1. Demographics of Study Participants

Sixteen healthy Thai volunteers (aged: 25 to 32 years; 62.5% male) were enrolled in
this study; their baseline characteristics are shown in Table 1. All study participants had
normal physical and laboratory values at enrollment. The whole-exome-based single nu-
cleotide polymorphisms (SNPs) phylogenetic analyses (Method S1) revealed no significant
differences in the genetic background information of the genes involved in the human gut
microbiota (Figure S2) and human immune system (Figure S3).

Table 1. Baseline characteristics of the study participants.

Characteristics Value (n = 16)

Sex, n (%)
Male 10 (62.5%)
Female 6 (37.5%)

Age (year) 28.88 ± 2.66
Weight (kg) 59.19 ± 9.57
BMI (kg/m2) 21.52 ± 2.62
Heart rate (beats/min) 76.94 ± 11.35
Blood pressure; Systolic/Diastolic (mmHg) 118.63 ± 11.98/70.31 ± 8.61
Laboratory parameters
Complete blood count

Hemoglobin (g/dL) 13.10 ± 1.15
Hematocrit (%) 40.99 ± 3.88
White blood cell count (cells/µL) 6346.25 ± 1028.87
Platelets (cells/µL) 282,937.50 ± 55,789.45

Serum electrolytes
Na+ (mmol/L) 138.06 ± 1.69
K+ (mmol/L) 3.94 ± 0.22
Cl− (mmol/L) 100.44 ± 1.90
HCO3

− (mmol/L) 23.50 ± 1.46
Liver function test

Albumin (g/dL) 4.55 ± 0.16
Total bilirubin (mg/dL) 1.03 ± 1.35
Direct bilirubin (mg/dL) 0.40 ± 0.28
ALT (U/L) 17.25 ± 9.06
AST (U/L) 20.56 ± 6.41
ALP (U/L) 59.50 ± 17.68

Renal function test
BUN (mg/dL) 12.31 ± 2.85
Creatinine (mg/dL) 0.85 ± 0.19
eGFR (mL/min/1.73 m2) 109.78 ± 13.14

Categorical variables are expressed as numbers (percentages). Continuous variables are expressed as
mean ± standard deviation. Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; BMI, body mass index; BUN, blood urea nitrogen; eGFR, estimated glomerular
filtration rate.

3.2. Effect of TMP-SMX on the Pharmacokinetic Parameters of MPA and MPAG

The mean plasma concentration–time profiles of MPA and MPAG following the ad-
ministration of MMF alone and in concurrent use with TMP-SMX are illustrated in Figure 1.
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Following MMF administration, MPA peak plasma concentration was observed at 0.67 h
for both periods. The MPA plasma concentration–time profile showed a small decrease
in overall systemic MPA exposure when TMP-SMX was coadministered with MMF, as
compared to MMF given alone. The second peak of MPA was observed between 6 and 12 h
in both periods, with a slight decrease during the period of concomitant MMF-TMP-SMX
intake, when compared to MMF alone (Figure 1A). Figure 1B shows the MPAG plasma
concentration–time profile, which was rather different from its parent compound MPA.
MPAG reached the peak plasma concentration slower than MPA and declined more grad-
ually than MPA. A small increase in MPAG plasma concentrations between 8 and 24 h
was observed following coadministration of TMP-SMX with MMF when compared to
MMF alone.
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The pharmacokinetic parameters of MPA and MPAG in both periods are presented in
Table 2. We observed a significant decrease in MPA AUC0–∞ by ~27% when MMF was in con-
current use with TMP-SMX (39.45± 17.81 vs. 54.00± 27.33 µg·h/mL, p = 0.041), while MPAG
AUC0–∞ was significantly increased by ∼33% (719.23 ± 137.91 vs. 542.71 ± 225.14 µg·h/mL,
p = 0.016). MPA AUC6–12 was also decreased by∼30% (from 5.45± 3.22 to 3.79± 3.18 µg·h/mL)
when MMF was co-administrated with TMP-SMX, but this finding did not reach statistical
significance (p = 0.082). Other MPA pharmacokinetic parameters were not significantly
altered by the coadministration of TMP-SMX with MMF. Instead, MPAG CL/F was signifi-



Pharmaceutics 2023, 15, 1734 7 of 16

cantly decreased (2.31 ± 1.29 vs. 1.44 ± 0.28 L/h, p = 0.015) and, in turn, MPAG t1/2 was
significantly increased (11.49 ± 4.39 vs. 18.35 ± 8.32 h, p = 0.020), when TMP-SMX was
concurrently used with MMF.

Table 2. Pharmacokinetic parameters of MPA and MPAG following MMF administration with and
without TMP-SMX treatment.

Parameters
Mean ± Standard Deviation

p Value b

MMF MMF + TMP-SMX
MPA

Cmax (µg/mL) 25.89 ± 8.65 23.41 ± 9.99 0.446
Tmax (h) a 0.67 (0.33–1.5) 0.67 (0.33–2) 0.942

AUC0–6 (µg·h/mL) 33.03 ± 13.17 28.98 ± 12.38 0.227
AUC6–12 (µg·h/mL) 5.45 ± 3.22 3.79 ± 3.18 0.082
AUC0–12 (µg·h/mL) 38.48 ± 14.71 32.76 ± 13.31 0.119
AUC0-∞ (µg·h/mL) 54.00 ± 27.33 39.45 ± 17.81 0.041 *

Vz/F (L) 166.29 ± 69.83 161.58 ± 61.40 0.853
t1/2 (h) 6.25 ± 3.91 4.47 ± 2.98 0.122

CL/F (L/h) 22.51 ± 9.69 36.63 ± 34.27 0.104
MPAG

Cmax (µg/mL) 54.87 ± 30.36 52.67 ± 18.61 0.704
Tmax (h) a 1.5 (1–2) 1.5 (1–2) 0.963

AUC0–6 (µg·h/mL) 204.36 ± 110.23 201.57 ± 74.45 0.890
AUC6–12 (µg·h/mL) 96.04 ± 49.30 103.50 ± 37.46 0.582
AUC0–12 (µg·h/mL) 300.39 ± 157.32 305.07 ± 101.75 0.887
AUC0-∞ (µg·h/mL) 542.71 ± 225.14 719.23 ± 137.91 0.016 *

Vz/F (L) 36.32 ± 17.51 37.48 ± 16.77 0.797
t1/2 (h) 11.49 ± 4.39 18.35 ± 8.32 0.020 *

CL/F (L/h) 2.31 ± 1.29 1.44 ± 0.28 0.015 *
a Tmax is presented as the median (min-max). b p-value was obtained by the paired t-test or the Wilcoxon signed-
rank test: * p < 0.05. Abbreviations: AUC, area under the concentration–time curve (with pre-specified time
points); AUC0-∞, AUC from time 0 to infinity; CL/F, apparent clearance; Cmax, maximum concentration; MMF,
mycophenolate mofetil; MPA, mycophenolic acid; MPAG, mycophenolic acid-7-O-glucuronide; t1/2, terminal
elimination half-life; Tmax, time to reach maximum concentration; TMP-SMX, trimethoprim-sulfamethoxazole;
Vz/F, apparent volume of distribution.

3.3. Gut Microbiota Composition before and after TMP-SMX Treatment

Following bacterial DNA sequencing, pre-processing, and amplicon sequence variant
(ASV) identification, the number of sequences for each fecal sample from the 16 study
participants was between 91,835 and 147,842 reads, with a total of 15,236 different ASVs
assigned across all samples. The analysis did not indicate any significant differences in gut
microbiota between stool samples on Day 0 and Day 9 in terms of relative abundance and
diversity indices (Figure S4), confirming that gut microbiota was not altered by a single
dose of MMF on Day 0. Further analysis was, therefore, focused on the changes in gut
microbiota between stool samples on Day 0 (pretreatment) and Day 14 (post-TMP-SMX
treatment) exclusively.

Overall, the patterns of genus relative abundance profiles of gut microbiota in the
16 study participants showed some differences between pretreatment and post-TMP-SMX
treatment (Figure 2). The bacterial alpha-diversity analysis using the Shannon index did
not show any significant differences between the two groups (Figure 3A). However, a
significant distinction in beta-diversity was observed between pretreatment and post-
TMP-SMX treatment (unweighted Unifrac (qualitative), p = 0.0045; weighted Unifrac
(quantitative), p = 0.0375), indicating that the bacterial community structure was changed
after TMP-SMX treatment (Figure 3B).
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The top 20 most abundant bacterial genera in the pretreatment and post-TMP-SMX
treatment groups are shown in Table S1. The genera ranking lists were changed following
TMP-SMX treatment; the most abundant bacterial genus in the pretreatment group was
Bacteroides (accounting for 18.03%), while Prevotella was ranked as the most abundant
bacteria in the post-TMP-SMX treatment group (accounting for 12.54%). The top three
enriched genera (i.e., Bacteroides, Prevotella, and Faecalibacterium) were analyzed for their
differential relative abundance between pretreatment and post-TMP-SMX treatment. When
compared to pretreatment, the relative abundance of Bacteroides was significantly decreased
(18.03 ± 11.24% vs. 11.50 ± 5.79%, p = 0.016) after TMP-SMX treatment, while the relative
abundance of Faecalibacterium was significantly increased (4.83 ± 3.23% vs. 9.26 ± 6.35%, p
= 0.026). The relative abundance of Prevotella was not significantly changed (Figure 3C).
Among 25 species in the Bacteroides genus identified from the participants’ microbiome, the
Bacteroides plebeius was the most abundant Bacteroides spp. and was significantly decreased
after TMP-SMX treatment (6.23 ± 4.91% vs. 2.97 ± 2.14%, p = 0.014), when compared to
pretreatment (Table S2).

3.4. Co-Occurrence Network of the Highly Abundant Genera in Gut Microbiota

A co-occurring of the 20 most abundant bacterial genera in the pretreatment versus
post-TMP-SMX treatment groups was carried out based on Spearman’s rank correlation
(Figure 4). The patterns of co-occurrence genera networks were marked differences between
pretreatment and post-TMP-SMX treatment. Compared to the pretreatment samples,
more negative relationships of the genera in the post-TMP-SMX treatment samples were
noticeably observed. The co-occurrence analysis results were consistent with the reduction
in beta-diversity found in the samples following TMP-SMX treatment (Figure 3B).
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statistical corrections using the original false discovery rate (FDR) method of Benjamini–Hochberg
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We, then, focused on the potential influence of the two main contributors, whose
abundance was significantly changed following TMP-SMX treatment, on the overall gut
microbiota. For pretreatment samples, the abundance of the enriched genus, Bacteroides,
significantly showed a strong positive correlation with Blautia (r = 0.71, p = 0.002) and
moderately positive correlations with several genera including Alistipes (r = 0.63, p = 0.009),
Roseburia (r = 0.54, p = 0.031) and uncultured genus in family Lachnospiraceae (r = 0.50,
p = 0.049). Moreover, the abundance of Faecalibacterium significantly showed strongly
positive correlations with genera Subdoligranulum (r = 0.89, p < 0.001) and Sutterella (r = 0.74,
p = 0.001) and moderately positive correlations with [Eubacterium] coprostanoligenes group
(r = 0.54, p = 0.031), respectively (Table S3). In contrast, after TMP-SMX treatment, the
decreased abundance of the genus Bacteroides significantly exhibited moderately positive
correlations with genera Clostridia UCG-014 (r = 0.54, p = 0.029) and Muribaculaceae (r = 0.52,
p = 0.041), but it showed strongly and moderately negative correlations with genera
Prevotella (r = −0.73, p = 0.001) and UCG-002 (family Oscillospiraceae) (r = −0.62, p = 0.011),
respectively. Moreover, the increased abundance of the genus Faecalibacterium significantly
exhibited a strong positive correlation with [Eubacterium] eligens group (r = 0.74, p = 0.001)
and moderately positive correlations with genera UCG-002 (family Oscillospiraceae) (r = 0.61,
p = 0.013), Parabacteroides (r = 0.57, p = 0.023) and Fusicatenibacter (r = 0.56, p = 0.024). In
contrast, it demonstrated strongly negative correlations with genera Clostridia UCG-014
(r = −0.85, p < 0.001) and Muribaculaceae (r =−0.78, p < 0.001) as well as moderately negative
correlations with uncultured genus in family Lachnospiraceae (r = −0.60, p = 0.015) and
genus Agathobacter (r = −0.50, p = 0.047) (Table S4).

3.5. Correlation between Gut Microbiota and the Pharmacokinetic Parameters of MPA and MPAG

The correlations between gut microbiota and MPA or MPAG pharmacokinetics were
determined based on the bacterial abundance ratio of post-TMP-SMX treatment to pretreat-
ment and the pharmacokinetic parameter ratio of the second period (MMF + TMP-SMX)
to the first period (MMF alone) (Figure 5). The detailed results of Figure 5, Spearman’s
coefficient (r), and p-values are summarized in Table S5.

For MPA, the AUC6–12 ratio exhibited moderately positive correlations with the genera
Bacteroides, [Eubacterium] eligenes group, and [Eubacterium] coprostanoligenes group abun-
dance ratios (r = 0.67, p = 0.004; r = 0.61, p = 0.012; r = 0.52, p = 0.041, respectively). In
addition, the AUC0–∞ ratio exhibited moderately positive correlations with the genera
Ruminococcus and Bacteroides abundance ratios (r = 0.53, p = 0.035; r = 0.52, p = 0.041, respec-
tively). In contrast, the abundance ratios of these two bacteria were significantly negatively
correlated with the CL/F ratio (r = −0.53, p = 0.035; r = −0.52, p = 0.041, respectively).

For MPAG, the genera Bacteroides, [Eubacterium] coprostanoligenes group, and [Eubac-
terium] eligenes group abundance ratios were significantly negatively correlated with the
AUC0–∞ ratio (r = −0.55, p = 0.026; r = −0.62, p = 0.011; r = −0.59, p = 0.017, respectively),
but positively correlated with the CL/F ratio (r = 0.55, p = 0.026; r = 0.62, p = 0.011; r = 0.59,
p = 0.017, respectively). The genera Muribaculaceae and Ruminococcus abundance ratios
markedly appeared to have significantly negative correlations with the ratio of several
MPAG pharmacokinetic parameters, including AUC0–12 (r = −0.70, p = 0.003; r = −0.68,
p = 0.004, respectively), AUC6–12 (r =−0.66, p = 0.005; r =−0.67, p = 0.005, respectively), and
AUC0–6 (r = −0.52, p = 0.037; r = −0.56, p = 0.024, respectively). The genera Muribaculaceae
and Ruminococcus abundance ratios were also significantly positively correlated with the
Vz/F ratio (r = 0.63, p = 0.009; r = 0.61, p = 0.012, respectively).
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post-TMP-SMX treatment to pretreatment (rows) and the MPA or MPAG pharmacokinetic parameters
ratio of the second period (MMF + TMP-SMX) to the first period (MMF alone) (columns). Positive
correlations are illustrated using a gradient of blue colors, whereas negative correlations are illustrated
using a gradient of red colors; the darker the color is, the stronger the Spearman’s rank correlation is.
Correlations with p-values that are statistically significant are noted by an asterisk (*); * p < 0.05 and
** p < 0.01. Only the top 20 most abundant genera across the samples were included in this analysis.

4. Discussion

The present study observed a significant reduction in MPA AUC0–∞ by around 27%
when TMP-SMX was concurrently administered with MMF in adult volunteers who are in
good health. After concurrent dosing, an approximate 30% reduction in MPA AUC6–12 was
also observed, whereas other MPA pharmacokinetic parameters were somewhat identical
between the two periods. Based on our observation, it may be reasonable to postulate
that oral administration of TMP-SMX, a broad-spectrum antibiotic, might predominantly
affect the enterohepatic circulation of MPA, thereby reducing systemic MPA exposure,
while the primary absorption of MPA following MMF administration was not signifi-
cantly altered. The possible pharmacokinetic DDI mechanism of TMP-SMX and MPA may
be due, at least in part, to the TMP-SMX’s action on the alteration of β-glucuronidase-
producing gut microbes, thereby suppressing the conversion of MPAG back to MPA in
the intestine. Previous studies also noted a significant change in MPA pharmacokinet-
ics following oral administration of some other antibiotics, such as ciprofloxacin [31–33],
norfloxacin [15], metronidazole [15,32], amoxicillin/clavulanic acid [32–34], tobramycin
plus cefuroxime [35], and vancomycin [36]. Most studies found that these antibiotics
significantly reduce systemic MPA exposure while having little impact on MPA primary
absorption [15,31–35].
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In this study, we observed a significant alteration in the gut microbial community
structure on the genus level after TMP-SMX treatment in the volunteers. The relative
abundance of some enriched genera, such as Bacteroides, was substantially altered after
TMP-SMX treatment, and such an alteration was shown to be significantly correlated
with a reduction in systemic MPA exposure. The literature supports our results that the
genus Bacteroides is one of the likely key contributors to gut microbiota-mediated MPA
metabolism. First, the genus Bacteroides has recently been identified as the main contributor
to the gut β-glucuronidase pool, encoding ~55% of all β-glucuronidase enzymes [37,38].
Among 200 genera previously identified from the human microbiome [39], only the genus
Bacteroides exhibited a strong correlation with the β-glucuronidase level [40]. Second, the
genus Bacteroides encodes the main mL1- and some L1-β-glucuronidases, two of which are
the major types of β-glucuronidases in breaking down drug-glucuronide conjugates in the
gastrointestinal tract [31,37,41–43]. Third, it has been recently observed that hematopoietic
cell transplant patients with high MPA enterohepatic circulation have a significantly greater
abundance of Bacteroides species in stool than those with low MPA enterohepatic circula-
tion [44]. Besides the genus Bacteroides, the genera [Eubacterium] coprostanoligenes group,
[Eubacterium] eligens group, and Ruminococcus of the phylum Firmicutes also appeared to be
significantly correlated with systemic MPA exposure. Some bacterial species in these gen-
era, such as E. eligens and R. gnavus, are characterized as the L1 β-glucuronidases-encoding
bacteria [45,46]. Considering our findings and the literature, some bacterial genera/species
may play an important role in gut microbiota-mediated MPA metabolism.

Coadministration of TMP-SMX with MMF altered not only the pharmacokinetics of
MPA but also MPAG, as shown by significant increases in MPAG AUC0–∞ and MPAG
t1/2, and a decrease in MPAG CL/F. This observation alerted us to the possibility of other
pathways involved in pharmacokinetic DDIs between TMP-SMX and MPA. For instance,
the excretion of MPAG involves several transport mechanisms including P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP), multi-drug resistant protein 2 (MRP2), and
organic anion-transporting polypeptide (OATP) [9,47]. These transporters potentially have
a significant overlap of inhibitors with the bile salt export pump (BSEP/ABCB11) [48],
which might be inhibited by sulfamethoxazole [49]. Therefore, it is not outside the realm of
possibility that the inhibition of some transporters responsible for the excretion of MPAG
may play a role in TMP-SMX-MPA/MPAG interactions. However, it is too early to draw
any conclusions based on the available evidence. Further investigation is required to
understand more specific mechanisms attributable to TMP-SMX-MPA/MPAG interactions
other than gut microbiota-mediated MPA metabolism.

Lastly, the study’s findings should be interpreted in light of its limitations. First and
foremost, the β-glucuronidase activity in stool samples, as well as the levels of MPA and
MPAG in the intestinal lumen, were not measured in this study. Hence, whether the
alteration of β-glucuronidase-producing bacteria after TMP-SMX treatment as observed in
this study would significantly affect the bacterial β-glucuronidase activity and/or MPA-
MPAG metabolism in the intestine was not confirmed. Second, the present investigation
was conducted in healthy volunteers, whose gut microbiota composition may differ from
some other populations with certain diseases/conditions [50,51]. Further research may
be necessary to determine the clinical significance and implication of the findings in
those populations.

5. Conclusions

In conclusion, the coadministration of TMP-SMX with MMF could result in a decrease
in systemic MPA exposure in humans. The pharmacokinetic DDI between these two
medications might be attributable, at least in part, to the broad-spectrum antibiotic’s action
altering gut microbiota-mediated MPA metabolism. TMP-SMX altered the composition of
gut microbiota, notably by lowering the relative abundance of the major β-glucuronidase-
producing bacteria, such as the genus Bacteroides. Our findings suggest that clinicians
should be aware of potential pharmacokinetic DDIs when administering TMP-SMX during
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MMF therapy. Further studies are required to determine any clinical relevance of such
pharmacokinetic DDIs in some specific groups of the population, such as solid organ
transplant recipients, for whom these two medications are frequently prescribed together.
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microbiota; Figure S3: A phylogenetic tree constructed from SNPs detected in the 340 immune genes
known to play roles in human gut microbiota; Figure S4: Gut microbiota composition between Day 0
(Pretreatment) and Day 9 (Post-MMF treatment but pre-TMP-SMX treatment); Table S1: Top 20 most
abundant bacterial genera in gut microbiota between pretreatment and post-TMP-SMX treatment
groups; Table S2: Abundance of Bacteroides species identified from the microbiome at pretreatment
and post-TMP-SMX treatment; Table S3: Co-occurrence analysis of the highly abundant genera in
gut microbiota at pretreatment using Spearman correlation; Table S4: Co-occurrence analysis of the
highly abundant genera in gut microbiota at post-TMP-SMX treatment using Spearman correlation;
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the first period (MMF alone). References [24,52–62] are cited in the Supplementary Materials.

Author Contributions: N.D.: methodology, software, investigation (for gut microbiome analysis), val-
idation, data curation, formal analysis, visualization, and writing—original draft. P.T. (Patcharawadee
Thongkumkoon): methodology, software, investigation (for gut microbiome analysis and pharma-
cokinetic analysis), validation, data curation, formal analysis, and writing—review and editing. N.S.:
methodology, investigation (for pharmacokinetic analysis), and writing—review and editing. S.D.:
methodology, software, investigation (for gut microbiome analysis), and writing—review and editing.
W.S.: investigation (for the conduct of clinical study), data curation, formal analysis, visualization,
and writing—review and editing. S.T.: methodology, software, investigation (for human genetic
analysis), and writing—review and editing. P.T. (Parameth Thiennimitr): methodology, resources,
supervision (for gut microbiome analysis), and writing—review and editing. M.N.T.: methodology,
investigation (for the conduct of clinical study), and writing—review and editing. J.B.: methodology,
investigation (for the conduct of clinical study), and writing—review and editing. P.K.: resources, su-
pervision (for pharmacokinetic analysis), and writing—review and editing. N.K.: conceptualization,
methodology, investigation (for the conduct of clinical study), supervision, project administration,
funding acquisition, and writing—original draft. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the Health Systems Research Institute (Grant No. 64-075) and
the Faculty of Medicine Research Fund, Chiang Mai University (Grant No. 098-2563).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, the International Conference on Harmonization Guidelines for Good Clinical Practice
(ICH-GCP), as well as local applicable regulations, and approved by the Research Ethics Committee
of the Faculty of Medicine, Chiang Mai University (No. 102/2020 and No. 048/2021) and the Institu-
tional Biosafety Committee of the Faculty of Medicine, Chiang Mai University (CMUIBC02012/2564).

Informed Consent Statement: Informed consent was obtained from all participants involved in
the study.

Data Availability Statement: The data used during the current study, including 16S rRNA sequenc-
ing data, will be available in the NCBI Sequence Read Archive (SRA) database under the Bioproject
ID PRJNA932165 (https://www.ncbi.nlm.nih.gov/sra/PRJNA932165) (accessed on 8 February 2023).
This paper does not report any original code. Any additional information required to reanalyse the
data reported in this paper is available from the corresponding author upon reasonable request.

https://www.mdpi.com/article/10.3390/pharmaceutics15061734/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15061734/s1
https://www.ncbi.nlm.nih.gov/sra/PRJNA932165


Pharmaceutics 2023, 15, 1734 14 of 16

Acknowledgments: We would like to express our sincere appreciation to Dumnoensun Pruksakorn
for his kind support and supervision throughout this study project. We appreciate the gut microbiome
analysis advice provided by Sawannee Sutheeworapong. We would like to thank Parunya Chaiyawat
and Peraphan Pothacharoen for their supervision in pharmacokinetic analytical advice. Thanks are
extended to the Suandok Repository Unit, Center of Multidisciplinary Technology for Advanced
Medicine (CMUTEAM), and Pharmacology Department’s staff for their administrative and technical
assistance. This research was partially supported by Chiang Mai University.

Conflicts of Interest: The authors have no conflict of interest relevant to the content of this article.
The funders had no role in the design of the study and collection, analyses, or interpretation of data
as well as in the writing of the manuscript, or in the decision to publish the results.

References
1. Enderby, C.; Keller, C.A. An overview of immunosuppression in solid organ transplantation. Am. J. Manag. Care 2015, 21, s12–s23.

[PubMed]
2. Ritter, M.L.; Pirofski, L. Mycophenolate mofetil: Effects on cellular immune subsets, infectious complications, and antimicrobial

activity. Transpl. Infect. Dis. 2009, 11, 290–297. [CrossRef]
3. Mok, C.C.; Tse, S.M.; Chan, K.L.; Ho, L.Y. Effect of immunosuppressive therapies on survival of systemic lupus erythematosus: A

propensity score analysis of a longitudinal cohort. Lupus 2018, 27, 722–727. [CrossRef] [PubMed]
4. Davulcu, E.A.; Vural, F. Immunosuppressive agents in hematopoietic stem cell transplantation. Trends Transplant. 2017, 10, 1–3.

[CrossRef]
5. Holt, C.D. Overview of immunosuppressive therapy in solid organ transplantation. Anesthesiol. Clin. 2017, 35, 365–380. [CrossRef]

[PubMed]
6. Staatz, C.E.; Tett, S.E. Clinical Pharmacokinetics and Pharmacodynamics of Mycophenolate in Solid Organ Transplant Recipients.

Clin. Pharmacokinet. 2007, 46, 13–58. [CrossRef]
7. Lamba, V.; Sangkuhl, K.; Sanghavi, K.; Fish, A.; Altman, R.B.; Klein, T.E. Pharm GKB Summary: Mycophenolic acid pathway.

Pharm. Genom. 2014, 24, 73–79. [CrossRef]
8. Kiang, T.K.L.; Ensom, M.H.H. Therapeutic drug monitoring of mycophenolate in adult solid organ transplant patients: An

update. Expert Opin. Drug Metab. Toxicol. 2016, 12, 545–553. [CrossRef]
9. Benjanuwattra, J.; Pruksakorn, D.; Koonrungsesomboon, N. Mycophenolic Acid and Its Pharmacokinetic Drug-Drug Interactions

in Humans: Review of the Evidence and Clinical Implications. J. Clin. Pharmacol. 2020, 60, 295–311. [CrossRef] [PubMed]
10. Shaw, L.M.; Figurski, M.; Milone, M.C.; Trofe, J.; Bloom, R.D. Therapeutic drug monitoring of mycophenolic acid. Clin. J. Am. Soc.

Nephrol. 2007, 2, 1062–1072. [CrossRef] [PubMed]
11. Sherwin, C.M.T.; Fukuda, T.; Brunner, H.I.; Goebel, J.; Vinks, A.A. The evolution of population pharmacokinetic models to describe

the enterohepatic recycling of mycophenolic acid in solid organ transplantation and autoimmune disease. Clin. Pharmacokinet.
2011, 50, 1–24. [CrossRef] [PubMed]

12. Maier, L.; Pruteanu, M.; Kuhn, M.; Zeller, G.; Telzerow, A.; Anderson, E.E.; Brochado, A.R.; Fernandez, K.C.; Dose, H.; Mori, H.;
et al. Extensive impact of non-antibiotic drugs on human gut bacteria. Nature 2018, 555, 623–628. [CrossRef] [PubMed]

13. Yang, L.; Bajinka, O.; Jarju, P.O.; Tan, Y.; Taal, A.M.; Ozdemir, G. The varying effects of antibiotics on gut microbiota. AMB Express
2021, 11, 116. [CrossRef]

14. Vich Vila, A.; Collij, V.; Sanna, S.; Sinha, T.; Imhann, F.; Bourgonje, A.R.; Mujagic, Z.; Jonkers, D.M.A.E.; Masclee, A.A.M.; Fu, J.;
et al. Impact of commonly used drugs on the composition and metabolic function of the gut microbiota. Nat. Commun. 2020,
11, 362. [CrossRef]

15. Naderer, O.J.; Dupuis, R.E.; Heinzen, E.L.; Wiwattanawongsa, K.; Johnson, M.W.; Smith, P.C. The Influence of Norfloxacin and
Metronidazole on the Disposition of Mycophenolate Mofetil. J. Clin. Pharmacol. 2005, 45, 219–226. [CrossRef]

16. Jha, V. Post-transplant infections: An ounce of prevention. Indian J. Nephrol. 2010, 20, 171–178. [CrossRef]
17. Martin, S.I.; Fishman, J.A. Pneumocystis Pneumonia in Solid Organ Transplantation. Am. J. Transplant. 2013, 13, 272–279.

[CrossRef]
18. Bullingham, R.E.S.; Nicholls, A.J.; Kamm, B.R. Clinical Pharmacokinetics of Mycophenolate Mofetil. Clin. Pharmacokinet. 1998, 34,

429–455. [CrossRef] [PubMed]
19. Willmann, M.; Vehreschild, M.J.G.T.; Biehl, L.M.; Vogel, W.; Dörfel, D.; Hamprecht, A.; Seifert, H.; Autenrieth, I.B.; Peter, S.

Distinct impact of antibiotics on the gut microbiome and resistome: A longitudinal multicenter cohort study. BMC Biol. 2019,
17, 76. [CrossRef] [PubMed]

20. Mavromanolakis, E.; Maraki, S.; Samonis, G.; Tselentis, Y.; Cranidis, A. Effect of Norfloxacin, Trimethoprim-Sulfamethoxazole
and Nitrofurantoin on Fecal Flora of Women with Recurrent Urinary Tract Infections. J. Chemother. 1997, 9, 203–207. [CrossRef]

21. Fazza, O.; Favard Ennachachibi, M.; Ennassiri, H.; Hmyene, A. Antibiotic Susceptibility of β-Glucuronidase-Positive Escherichia
coli Isolated from Poultry Products in Morocco. Int. J. Food Sci. 2023, 2023, 7862168. [CrossRef]

22. Hoffmann-La Roche Ltd. CellCept® mycophenolate Mofetil [Product Monograph]. Available online: https://www.rochecanada.
com/PMs/CellCept/CellCept_PM_E.pdf (accessed on 20 May 2022).

https://www.ncbi.nlm.nih.gov/pubmed/25734416
https://doi.org/10.1111/j.1399-3062.2009.00407.x
https://doi.org/10.1177/0961203317739129
https://www.ncbi.nlm.nih.gov/pubmed/29087260
https://doi.org/10.15761/TiT.1000240
https://doi.org/10.1016/j.anclin.2017.04.001
https://www.ncbi.nlm.nih.gov/pubmed/28784214
https://doi.org/10.2165/00003088-200746010-00002
https://doi.org/10.1097/FPC.0000000000000010
https://doi.org/10.1517/17425255.2016.1170806
https://doi.org/10.1002/jcph.1565
https://www.ncbi.nlm.nih.gov/pubmed/31814154
https://doi.org/10.2215/CJN.03861106
https://www.ncbi.nlm.nih.gov/pubmed/17702714
https://doi.org/10.2165/11536640-000000000-00000
https://www.ncbi.nlm.nih.gov/pubmed/21142265
https://doi.org/10.1038/nature25979
https://www.ncbi.nlm.nih.gov/pubmed/29555994
https://doi.org/10.1186/s13568-021-01274-w
https://doi.org/10.1038/s41467-019-14177-z
https://doi.org/10.1177/0091270004271555
https://doi.org/10.4103/0971-4065.73431
https://doi.org/10.1111/ajt.12119
https://doi.org/10.2165/00003088-199834060-00002
https://www.ncbi.nlm.nih.gov/pubmed/9646007
https://doi.org/10.1186/s12915-019-0692-y
https://www.ncbi.nlm.nih.gov/pubmed/31533707
https://doi.org/10.1179/joc.1997.9.3.203
https://doi.org/10.1155/2023/7862168
https://www.rochecanada.com/PMs/CellCept/CellCept_PM_E.pdf
https://www.rochecanada.com/PMs/CellCept/CellCept_PM_E.pdf


Pharmaceutics 2023, 15, 1734 15 of 16

23. Gao, J.-W.; Peng, Z.-H.; Li, X.-Y.; Sun, B.; Guo, Y.-K.; Liu, G.-L. simultaneous determination of mycophenolic acid and its
metabolites by HPLC and pharmacokinetic studies in rat plasma and bile. Arch. Pharmacal Res. 2011, 34, 59. [CrossRef] [PubMed]

24. Andrews, S. FastQC: A Quality Control Tool for High throughput Sequence Data. Available online: https://www.bioinformatics.
babraham.ac.uk/projects/fastqc (accessed on 20 May 2022).

25. Bolyen, E.; Rideout, J.R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.; Arumugam, M.;
Asnicar, F. Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 2019, 37,
852–857. [CrossRef]

26. Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; Glöckner, F.O. The SILVA ribosomal RNA gene
database project: Improved data processing and web-based tools. Nucleic Acids Res. 2012, 41, D590–D596. [CrossRef] [PubMed]

27. Yilmaz, P.; Parfrey, L.W.; Yarza, P.; Gerken, J.; Pruesse, E.; Quast, C.; Schweer, T.; Peplies, J.; Ludwig, W.; Glöckner, F.O. The SILVA
and “all-species living tree project (LTP)” taxonomic frameworks. Nucleic Acids Res. 2014, 42, D643–D648. [CrossRef] [PubMed]

28. Segata, N.; Izard, J.; Waldron, L.; Gevers, D.; Miropolsky, L.; Garrett, W.S.; Huttenhower, C. Metagenomic biomarker discovery
and explanation. Genome Biol. 2011, 12, R60. [CrossRef] [PubMed]

29. Dodge, Y. Spearman Rank Correlation Coefficient. In The Concise Encyclopedia of Statistics; Springer: New York, NY, USA, 2008; pp.
502–505.

30. Schober, P.; Boer, C.; Schwarte, L.A. Correlation Coefficients: Appropriate Use and Interpretation. Anesth. Analg. 2018, 126,
1763–1768. [CrossRef]

31. Kodawara, T.; Masuda, S.; Yano, Y.; Matsubara, K.; Nakamura, T.; Masada, M. Inhibitory effect of ciprofloxacin on β-glucuronidase-
mediated deconjugation of mycophenolic acid glucuronide. Biopharm. Drug Dispos. 2014, 35, 275–283. [CrossRef]

32. Borrows, R.; Chusney, G.; James, A.; Stichbury, J.; Tromp, J.V.; Cairns, T.; Griffith, M.; Hakim, N.; McLean, A.; Palmer, A.; et al.
Determinants of Mycophenolic Acid Levels after Renal Transplantation. Ther. Drug Monit. 2005, 27, 442–450. [CrossRef]

33. Borrows, R.; Chusney, G.; Loucaidou, M.; James, A.; Tromp, J.V.; Cairns, T.; Griffith, M.; Hakim, N.; McLean, A.; Palmer, A.;
et al. The Magnitude and Time Course of Changes in Mycophenolic Acid 12-Hour Predose Levels during Antibiotic Therapy in
Mycophenolate Mofetil-Based Renal Transplantation. Ther. Drug Monit. 2007, 29, 122–126. [CrossRef]

34. Ratna, P.; Mathew, B.S.; Annapandian, V.M.; Saravanakumar, K.; Basu, G.; Tamilarasi, V.; Fleming, D.H. Pharmacokinetic Drug
Interaction of Mycophenolate with Co-Amoxiclav in Renal Transplant Patients. Transplantation 2011, 91, e36–e38. [CrossRef]

35. Schmidt, L.E.; Rasmussen, A.; Nørrelykke, M.R.; Poulsen, H.E.; Hansen, B.A. The effect of selective bowel decontamination on
the pharmacokinetics of mycophenolate mofetil in liver transplant recipients. Liver Transplant. 2001, 7, 739–742. [CrossRef]

36. Taylor, M.R.; Flannigan, K.L.; Rahim, H.; Mohamud, A.; Lewis, I.A.; Hirota, S.A.; Greenway, S.C. Vancomycin relieves mycophe-
nolate mofetil-induced gastrointestinal toxicity by eliminating gut bacterial β-glucuronidase activity. Sci. Adv. 2019, 5, eaax2358.
[CrossRef] [PubMed]

37. Candeliere, F.; Raimondi, S.; Ranieri, R.; Musmeci, E.; Zambon, A.; Amaretti, A.; Rossi, M. β-Glucuronidase Pattern Predicted
From Gut Metagenomes Indicates Potentially Diversified Pharmacomicrobiomics. Front. Microbiol. 2022, 13, 826994. [CrossRef]

38. Pollet, R.M.; D’Agostino, E.H.; Walton, W.G.; Xu, Y.; Little, M.S.; Biernat, K.A.; Pellock, S.J.; Patterson, L.M.; Creekmore, B.C.;
Isenberg, H.N.; et al. An Atlas of β-Glucuronidases in the Human Intestinal Microbiome. Structure 2017, 25, 967–977.e5. [CrossRef]
[PubMed]

39. Methé, B.A.; Nelson, K.E.; Pop, M.; Creasy, H.H.; Giglio, M.G.; Huttenhower, C.; Gevers, D.; Petrosino, J.F.; Abubucker, S.; Badger,
J.H.; et al. A framework for human microbiome research. Nature 2012, 486, 215–221. [CrossRef]

40. Elmassry, M.M.; Kim, S.; Busby, B. Predicting drug-metagenome interactions: Variation in the microbial β-glucuronidase level in
the human gut metagenomes. PLoS ONE 2021, 16, e0244876. [CrossRef]

41. Zhang, J.; Zhang, J.; Wang, R. Gut microbiota modulates drug pharmacokinetics. Drug Metab. Rev. 2018, 50, 357–368. [CrossRef]
42. Gloux, K.; Berteau, O.; El Oumami, H.; Béguet, F.; Leclerc, M.; Doré, J. A metagenomic β-glucuronidase uncovers a core adaptive

function of the human intestinal microbiome. Proc. Natl. Acad. Sci. USA 2011, 108 (Suppl. S1), 4539–4546. [CrossRef]
43. Dabek, M.; McCrae, S.I.; Stevens, V.J.; Duncan, S.H.; Louis, P. Distribution of β-glucosidase and β-glucuronidase activity and of

β-glucuronidase gene gus in human colonic bacteria. FEMS Microbiol. Ecol. 2008, 66, 487–495. [CrossRef]
44. Saqr, A.; Carlson, B.; Staley, C.; Rashidi, A.; Al-Kofahi, M.; Kaiser, T.; Holtan, S.; MacMillan, M.; Young, J.-A.; Jurdi, N.E.; et al.

Reduced Enterohepatic Recirculation of Mycophenolate and Lower Blood Concentrations Are Associated with the Stool Bacterial
Microbiome after Hematopoietic Cell Transplantation. Transplant. Cell. Ther. 2022, 28, 372.e1–372.e9. [CrossRef] [PubMed]

45. Beaud, D.; Tailliez, P.; Anba-Mondoloni, J. Genetic characterization of the β-glucuronidase enzyme from a human intestinal
bacterium, Ruminococcus gnavus. Microbiology 2005, 151, 2323–2330. [CrossRef] [PubMed]

46. Biernat, K.A.; Pellock, S.J.; Bhatt, A.P.; Bivins, M.M.; Walton, W.G.; Tran, B.N.T.; Wei, L.; Snider, M.C.; Cesmat, A.P.; Tripathy,
A.; et al. Structure, function, and inhibition of drug reactivating human gut microbial β-glucuronidases. Sci. Rep. 2019, 9, 825.
[CrossRef] [PubMed]

47. Christians, U.; Strom, T.; Zhang, Y.L.; Steudel, W.; Schmitz, V.; Trump, S.; Haschke, M. Active Drug Transport of Immunosuppres-
sants: New Insights for Pharmacokinetics and Pharmacodynamics. Ther. Drug Monit. 2006, 28, 39–44. [CrossRef]

48. Karlgren, M.; Bergström, C.A.S. CHAPTER 1 How Physicochemical Properties of Drugs Affect Their Metabolism and Clearance.
In New Horizons in Predictive Drug Metabolism and Pharmacokinetics; The Royal Society of Chemistry: London, UK, 2016; pp. 1–26.

https://doi.org/10.1007/s12272-011-0107-2
https://www.ncbi.nlm.nih.gov/pubmed/21468916
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1093/nar/gks1219
https://www.ncbi.nlm.nih.gov/pubmed/23193283
https://doi.org/10.1093/nar/gkt1209
https://www.ncbi.nlm.nih.gov/pubmed/24293649
https://doi.org/10.1186/gb-2011-12-6-r60
https://www.ncbi.nlm.nih.gov/pubmed/21702898
https://doi.org/10.1213/ANE.0000000000002864
https://doi.org/10.1002/bdd.1894
https://doi.org/10.1097/01.ftd.0000167885.17280.6f
https://doi.org/10.1097/FTD.0b013e31803111d5
https://doi.org/10.1097/TP.0b013e31820a6a79
https://doi.org/10.1053/jlts.2001.26365
https://doi.org/10.1126/sciadv.aax2358
https://www.ncbi.nlm.nih.gov/pubmed/31457102
https://doi.org/10.3389/fmicb.2022.826994
https://doi.org/10.1016/j.str.2017.05.003
https://www.ncbi.nlm.nih.gov/pubmed/28578872
https://doi.org/10.1038/nature11209
https://doi.org/10.1371/journal.pone.0244876
https://doi.org/10.1080/03602532.2018.1497647
https://doi.org/10.1073/pnas.1000066107
https://doi.org/10.1111/j.1574-6941.2008.00520.x
https://doi.org/10.1016/j.jtct.2022.04.018
https://www.ncbi.nlm.nih.gov/pubmed/35489611
https://doi.org/10.1099/mic.0.27712-0
https://www.ncbi.nlm.nih.gov/pubmed/16000722
https://doi.org/10.1038/s41598-018-36069-w
https://www.ncbi.nlm.nih.gov/pubmed/30696850
https://doi.org/10.1097/01.ftd.0000183385.27394.e7


Pharmaceutics 2023, 15, 1734 16 of 16

49. Pedersen, J.M.; Matsson, P.; Bergström, C.A.S.; Hoogstraate, J.; Norén, A.; LeCluyse, E.L.; Artursson, P. Early identification of
clinically relevant drug interactions with the human bile salt export pump (BSEP/ABCB11). Toxicol. Sci. 2013, 136, 328–343.
[CrossRef]

50. Guirong, Y.E.; Minjie, Z.; Lixin, Y.U.; Junsheng, Y.E.; Lin, Y.; Lisha, S. Gut microbiota in renal transplant recipients, patients with
chronic kidney disease and healthy subjects. Nan Fang Yi Ke Da Xue Xue Bao 2018, 38, 1401–1408. [CrossRef]

51. Blum, K. Gut Microbiome Altered in Kidney Transplant Recipients. Available online: https://www.kidneynews.org/view/post/
education-12/gut-microbiome-altered-in-kidney-transplant-recipients-.xml (accessed on 15 May 2022).

52. Mohammadpour, A. Evaluation of a modified salt-out method for DNA extraction from whole blood lymphocytes: A simple and
economical method for gene polymorphism. Pharm. Biomed. Res. 2018, 4, 28–32.

53. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnet J. 2011, 17, 10–12. [CrossRef]
54. Hall, A.B.; Tolonen, A.C.; Xavier, R.J. Human genetic variation and the gut microbiome in disease. Nat. Rev. Genet. 2017, 18,

690–699. [CrossRef]
55. Spor, A.; Koren, O.; Ley, R. Unravelling the effects of the environment and host genotype on the gut microbiome. Nat. Rev.

Microbiol. 2011, 9, 279–290. [CrossRef]
56. Goodrich, J.K.; Davenport, E.R.; Beaumont, M.; Jackson, M.A.; Knight, R.; Ober, C.; Spector, T.D.; Bell, J.T.; Clark, A.G.; Ley, R.E.

Genetic Determinants of the Gut Microbiome in UK Twins. Cell Host Microbe 2016, 19, 731–743. [CrossRef] [PubMed]
57. Blekhman, R.; Goodrich, J.K.; Huang, K.; Sun, Q.; Bukowski, R.; Bell, J.T.; Spector, T.D.; Keinan, A.; Ley, R.E.; Gevers, D.; et al. Host

genetic variation impacts microbiome composition across human body sites. Genome Biol. 2015, 16, 191. [CrossRef] [PubMed]
58. Lopera-Maya, E.A.; Kurilshikov, A.; van der Graaf, A.; Hu, S.; Andreu-Sánchez, S.; Chen, L.; Vila, A.V.; Gacesa, R.; Sinha, T.; Collij,

V.; et al. Effect of host genetics on the gut microbiome in 7738 participants of the Dutch Microbiome Project. Nat. Genet. 2022, 54,
143–151. [CrossRef]

59. Cook, D.E.; Andersen, E.C. VCF-kit: Assorted utilities for the variant call format. Bioinformatics 2017, 33, 1581–1582. [CrossRef]
[PubMed]

60. Minh, B.Q.; Schmidt, H.A.; Chernomor, O.; Schrempf, D.; Woodhams, M.D.; von Haeseler, A.; Lanfear, R. IQ-TREE 2: New Models
and Efficient Methods for Phylogenetic Inference in the Genomic Era. Mol. Biol. Evol. 2020, 37, 1530–1534. [CrossRef] [PubMed]

61. Kalyaanamoorthy, S.; Minh, B.Q.; Wong, T.K.F.; von Haeseler, A.; Jermiin, L.S. ModelFinder: Fast model selection for accurate
phylogenetic estimates. Nat. Methods 2017, 14, 587–589. [CrossRef]

62. Hoang, D.T.; Chernomor, O.; von Haeseler, A.; Minh, B.Q.; Vinh, L.S. UFBoot2: Improving the Ultrafast Bootstrap Approximation.
Mol. Biol. Evol. 2018, 35, 518–522. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/toxsci/kft197
https://doi.org/10.12122/j.issn.1673-4254.2018.12.01
https://www.kidneynews.org/view/post/education-12/gut-microbiome-altered-in-kidney-transplant-recipients-.xml
https://www.kidneynews.org/view/post/education-12/gut-microbiome-altered-in-kidney-transplant-recipients-.xml
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1038/nrg.2017.63
https://doi.org/10.1038/nrmicro2540
https://doi.org/10.1016/j.chom.2016.04.017
https://www.ncbi.nlm.nih.gov/pubmed/27173935
https://doi.org/10.1186/s13059-015-0759-1
https://www.ncbi.nlm.nih.gov/pubmed/26374288
https://doi.org/10.1038/s41588-021-00992-y
https://doi.org/10.1093/bioinformatics/btx011
https://www.ncbi.nlm.nih.gov/pubmed/28093408
https://doi.org/10.1093/molbev/msaa015
https://www.ncbi.nlm.nih.gov/pubmed/32011700
https://doi.org/10.1038/nmeth.4285
https://doi.org/10.1093/molbev/msx281

	Introduction 
	Materials and Methods 
	Study Design and Population 
	Drug Administration and Sample Collection 
	Determination of MPA and MPAG 
	Pharmacokinetic Analysis 
	Bacterial DNA Extraction, PCR Amplification, and Sequencing 
	Gut Microbiome Analysis 

	Results 
	Demographics of Study Participants 
	Effect of TMP-SMX on the Pharmacokinetic Parameters of MPA and MPAG 
	Gut Microbiota Composition before and after TMP-SMX Treatment 
	Co-Occurrence Network of the Highly Abundant Genera in Gut Microbiota 
	Correlation between Gut Microbiota and the Pharmacokinetic Parameters of MPA and MPAG 

	Discussion 
	Conclusions 
	References

