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ABSTRACT

Introduction: Pharmacokinetic variability in disease state is common in clinical practice, but its underly-
ing mechanism remains unclear. Recently, gut microbiota has been considered to be pharmacokinetically
equivalent to the host liver. Although some studies have explored the roles of gut microbiota and host
Cyp450s in drug pharmacokinetics, few have explored their effects on pharmacokinetic variability, espe-
cially in disease states.

Objectives: In this study, we aim to investigate the effects of gut microbiota and host Cyp450s on phar-
macokinetic variability in mice with non-alcoholic steatohepatitis (NASH), and to elucidate the contribu-
tion of gut microbiota and host Cyp450s to pharmacokinetic variability in this setting.

Methods: The pharmacokinetic variability of mice with NASH was explored under intragastric and intra-
venous administrations of a cocktail mixture of omeprazole, phenacetin, midazolam, tolbutamide, chlor-
zoxazone, and metoprolol, after which the results were compared with those obtained from the control
group. Thereafter, the pharmacokinetic variabilities of all drugs and their relations to the changes in gut
microbiota and host Cyp450s were compared and analyzed.

Results: The exposures of all drugs, except metoprolol, significantly increased in the NASH group under
intragastric administration. However, no significant increase in the exposure of all drugs, except tolbuta-
mide, was observed in the NASH group under intravenous administration. The pharmacokinetic variabil-
ities of phenacetin, midazolam, omeprazole, and chlorzoxazone were mainly associated with decreased
elimination activity in the gut microbiota. By contrast, the pharmacokinetic variability of tolbutamide
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was mainly related to the change in the host Cyp2c65. Notably, gut microbiota and host Cyp450s exerted

minimal effects on the pharmacokinetic variability of metoprolol.

Conclusion: Gut microbiota and host Cyp450s co-contribute to the pharmacokinetic variability in mice

with NASH, and the degree of contribution varies from drug to drug. The present findings provide new

insights into the explanation of pharmacokinetic variability in disease states.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Pharmacokinetic variability is common in clinical practice and
in personalized medicine, constituting a major challenge in drug
therapy, especially for drugs with narrow therapeutic indexes [1].
Pharmacokinetics refers to the relationship between the plasma
profile of a drug and its dose. Theoretically and ideally, the plasma
profiles of drugs could be similar in patients receiving the same
dose regimen. However, in reality, even if the same drug dose is
administered, there is always a significant difference in the plasma
profiles between patients; this is known as pharmacokinetic vari-
ability [2]. Generally, pharmacokinetic variability is influenced by
a variety of factors in vivo or in vitro, such as the physiological sta-
tus of the body, gender, age, diseases, and external stimuli [3].
Among these factors, liver function is the main cause of pharma-
cokinetic variability. Drug-metabolizing enzymes and transporters
are distributed in the liver, and nearly all clinical drugs are metab-
olized through oxidation, reduction, hydrolysis, conjugation, and/
or biliary excretion [4-7]. Thus, the activities of liver Cyp450s
directly affect the metabolism of drugs in the body, which is the
primary factor considered for pharmacokinetic variability in clini-
cal medicine.

In recent years, studies on gut microbiota have increased in
number, becoming a hot topic in the field. The gut microbiota plays
a vital role in many processes, including the metabolism of
polysaccharides, production of essential vitamins, development
and differentiation of the host’s intestinal epithelium and immune
systems, and maintenance of tissue homeostasis [8-10]. In addi-
tion, commensal gut microbiota densities exceed 108 cells/mL in
the small intestine and 10! cells/mL in the large intestine [11].
The gut microbiota has 150-fold more coding genes than the
human genome and includes a rich repository of enzymes with
the potential to metabolize drugs [12]. In addition to the liver
drug-metabolizing enzymes of the host, the gut microbiota is
another important factor affecting pharmacokinetic variability
[13]. The gut microbiota can affect the bioavailability of drugs
through bacterial metabolism, bacterial transport, drug-
metabolizing enzymes, and regulation of intestinal transport pro-
teins [14]. Many studies have reported that the gut microbiota par-
ticipates in the pharmacokinetics of most drugs and regulates their
pharmacological and toxicological effects [15,16]. Thus, its influ-
encing ability is equivalent to that of the host liver and can be
regarded as the “second liver” [17].

Although some studies have explored the roles of host Cyp450s
and gut microbiota in drug pharmacokinetics, few have explored
their effects on pharmacokinetic variability, especially in disease
states [18-23]. Non-alcoholic fatty liver disease (NAFLD) is a
chronic liver disease that is the manifestation of metabolic syn-
drome in the liver, including simple steatosis, necrotizing inflam-
mation, fibrosis, and cirrhosis [24-26]. Non-alcoholic
steatohepatitis (NASH) is a necrotic inflammatory reaction in
NAFLD, which is the main cause of liver cirrhosis and liver-
related death [27]. NASH is also associated with metabolic risk fac-
tors, such as diabetes, dyslipidemia, obesity, atherosclerosis and, in
some cases, genetic predisposition [28,29]. Epidemiological studies
have shown that the global prevalence of NAFLD is approximately
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4%-46%, whereas that of NASH is approximately 3%-5%. In partic-
ular, the prevalence of NAFLD in China is as high as 32.9%, with
20%-40% of patients progressing to NASH [30,31]. Thus, it has seri-
ously endangered the health of the public, bringing about changes
in people’s lifestyles and diets [32]. The drug treatment of NASH is
mainly based on the pathogenesis to select appropriate drugs,
including insulin sensitizers, antioxidants, PPAR agonists, anti-
diabetic drugs, hypertensive drugs, and liver-protective drugs
[33,34]. NASH medications have many types, and the use of drugs
in combined disease state complicates the medication situation
[35,36]. Furthermore, NASH is closely related to the gut microbiota.
One of the mechanisms of NASH is related to the lipopolysaccha-
ride (LPS or endotoxin) derived from the gut microbiota via the
dysfunctional gut barrier to the portal vein and liver, thereby
inducing an inflammatory response through the activation of
inflammatory cells in the liver [37,38]. The gut microbiota in dis-
ease state is obviously different from that in healthy state, and
the effect of gut microbiota on pharmacokinetic variabilities can
be imagined. Although several studies have reported pharmacoki-
netic variabilities in NASH [39], the underlying mechanism
remains unclear.

The host liver is the primary site of drug metabolism, and the
gut microbiota is referred to as the “second liver” [40]. Therefore,
the pharmacokinetic variability for the individualized administra-
tion of NASH based on the influences of the host Cyp450s and
the gut microbiota can be identified from the perspectives of safety
and efficacy. However, a systematic research focusing on the
effects of host Cyp450s and gut microbiota on the pharmacokinetic
variability of NASH is lacking. Therefore, in this study, liver Cyp450
enzyme probe drugs, including omeprazole, phenacetin, midazo-
lam, tolbutamide, chlorzoxazone, and metoprolol, were selected
to examine the effects of gut microbiota and host Cyp450s on the
pharmacokinetic variabilities in mice with NASH. It should be
emphasized that although these drugs are not directly used to treat
NASH, they may be co-administered in corresponding comorbidi-
ties such as digestive ulcer, hyperglycemia, and hypertension,
among others, during the therapy of NASH. In addition, they are
the classical probe drug combinations commonly used in pharma-
cological studies to evaluate the activities of Cyp450 enzymes,
including Cyp2c29, Cypla2, Cyp3all, Cyp2c65, Cyp2Zel, and
Cyp2d22 [41,42]. Furthermore, these six drug metabolism
enzymes metabolize almost 90% of the clinically used drugs [43].
Given the foregoing reasons, the current cocktail approach could
fully reflect the metabolic status of the host Cyp450s or other co-
influencing factors such as gut microbiota, as well as provide a sci-
entific basis for the individual medication of NASH in clinical
settings.

Materials and methods
Chemicals and materials

Phenacetin (99.9%, T0778), acetaminophen (99.9%, TO0065),
tolbutamide (99.7%, T1054), metoprolol (99.8%, T0487), and chlor-
zoxazone (99.7%, T1650) were purchased from Target Molecule
Corp. (Massachusetts, USA); omeprazole (>99%, MB1692-S) from
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Dalian Meilun Biotech Co., Ltd. (Dalian, China); midazolam (5 mg/
mL, H10980025) from Jiangsu Enhua Pharmaceutical Co., Ltd. (Xuz-
hou, China); 4'-hydroxytolbutamide (100%,  H969850),
5'-hydroxyomepreole (95%, H948110), o'-hydroxymetoprolol
(100%, H948390), and 6’-hydroxychlorzoxazone (100%, H825120)
from Toronto Research Chemicals (Toronto, Canada);
1’-hydroxymidazolam (95%, 10385-1) from Cayman Chemicals
(Michigan, USA); and lamotrigine (100775-200401) from the
National Institutes for Food and Drug Control (Beijing, China).
Glycyrrhetic acid (>98%, B20412) was obtained from Yuanye
Biotechnology Co., Ltd. (Shanghai, China) and used as internal stan-
dard (IS). HPLC-grade acetonitrile and methanol were purchased
from Merck Company (Darmstadt, Germany); formic acid from
CNW Technologies (Dusseldorf, Germany); phosphate buffer saline
from Beijing Solarbio Science & Technology Co., Ltd. (Beijing,
China); ReadiUse NADPH Regenerating Kit from Wuhan PrimeTox
Bio-pharma Technology Co., Ltd. (Wuhan, China); and deionized
water from a Millipore Milli-Q Plus system (Bedford, USA).

NASH mouse model

Ethics statement

The C57BL/6] mice were purchased from Hunan SJA Laboratory
Animal Co., Ltd. (Changsha, China). The animals were maintained
in natural light-dark cycle conditions with controlled temperature
(22 £ 2 °C) and given food and drinking water freely. All mice were
housed at the Laboratory Animal Research Center of Central South
University. All experimental procedures have been approved ethi-
cally by the Administration Committee of Experimental Animals of
Central South University (No. 2021sydw0052, Changsha, China).

Construction of NASH mouse model

Thirty-two male C57BL/6] (25 + 3 g) mice were randomly
divided into a control group (n = 16) and a NASH model group
(n 16). The mice in the control group were fed with
methionine- and choline-supplement (MCS) diet, whereas the mice
in the NASH group were fed with methionine- and choline-
deficient (MCD) diet for five continuous weeks. The day after the
NASH modeling experiment, individual mouse fecal specimens
were collected for 16S rRNA gene sequencing analysis. After the
collection of pharmacokinetic blood samples, the mice were euth-
anized using carbon dioxide.

Biochemical assay

Up to 200 pL of mouse serum was sent to the Laboratory
Department of Xiangya Hospital (Hunan, China) for the detection
of liver function indexes and lipid profiles using a fully automatic
biochemical analyzer (AU5821, Beckman, USA).

Histopathological assay

The right liver lobes were removed, fixed in 4% paraformalde-
hyde, dehydrated, and then embedded in paraffin. Hematoxylin
and eosin (H&E) staining was performed in a routine histopatho-
logical examination. The degree of liver steatosis was examined
under a 200X and a 400X light microscope and then photographed.

16S rRNA sequencing for gut microbiota

The compositions of gut microbiota in the control and NASH
groups were determined via 16S rRNA genes analysis. DNA was iso-
lated from the frozen fecal samples using the E.Z.N.A.® Stool DNA Kit
(Omega Bio-tek, Norcross, GA, USA) in accordance with the manu-
facturer’s protocols. Then, PCR amplification of the V4 hypervariable
regions of the bacterial 16S rRNA gene was performed using univer-
sal primers incorporating the FLX Titanium adaptors and a barcode
sequence. Amplicons were extracted from 2% agarose gels and puri-
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fied using the Gene]ETTM Gel Extraction Kit (Thermo Scientific, Mas-
sachusetts, USA). Sequencing libraries were generated using the lon
Plus Fragment Library Kit 48 rxns (Thermo Scientific, Massachusetts,
USA) in accordance with the manufacturer’s recommendations. The
library quality was assessed on the Qubit@ 2.0 Fluorometer (Thermo
Scientific, Massachusetts, USA). The library was sequenced on an Ion
S5TM XL platform, and 400 bp/600 bp single-end reads were gener-
ated. Sequence analysis was performed using Uparse software.
Sequences with > 97% similarity were assigned to the same opera-
tional taxonomic units (OTUs). The representative sequence for each
OTU was screened for further annotation.

Pharmacokinetic study in mice with NASH

Pharmacokinetic study

The control and NASH groups (n = 8) were all administered a
mixture of probe drugs including phenacetin (10 mg/kg), omepra-
zole (10 mg/kg), metoprolol (10 mg/kg), midazolam (10 mg/kg),
tolbutamide (1 mg/kg), and chlorzoxazone (1 mg/kg) through
intragastric administration to investigate the influence of host
Cyp450s and gut microbiota. Capillary microsampling was per-
formed at 0, 0.08, 0.17, 0.25, 0.33, 0.5, 0.75, 1, 1.5, 2, 4, 6, 8, and
12 h, respectively. About 30 pL of caudal vein blood samples were
collected at each time point. To examine the influence of host
Cyp450s, probe drugs including phenacetin (5 mg/kg), omeprazole
(5 mg/kg), metoprolol (5 mg/kg), midazolam (5 mg/kg), tolbu-
tamide (1 mg/kg), and chlorzoxazone (1 mg/kg) were also intra-
venously administered to the control and NASH groups (n = 8
each group), respectively. The blood samples were collected
according to the above steps and stored in a —80 °C refrigerator
for ultra-high performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) analysis.

Blood sample preparation

The mouse blood samples (10 pL) were mixed with 100 pL ace-
tonitrile and 20 pL IS solution containing lamotrigine (10.2 ng/mL)
and glycyrrhetinic acid (23.3 ng/mL), which were vortex-mixed for
5 min and centrifuged at 20,379 g (4 °C) for 10 min to remove the
precipitated proteins. Next, 50 pL of the supernatant was transferred
to another clean tube containing 200 pL of solvents Aand B (v/v, 1:1).
The mixture was vortexed for 2 min and re-centrifuged at 20,379 g
(4 °C) for another 5 min. Finally, 100 pL of supernatant was trans-
ferred to a sample bottle for UPLC-MS/MS detection.

UPLC-MS/MS method

The AB Sciex Qtrap 6500" UPLC-MS/MS system (AB Sciex, Mas-
sachusetts, USA) was used to determine the concentration of the
probe drugs. Targeted analytes were separated using a Phenom-
enex Luna Cq5 100 A column (150 mm x 2.0 mm, 5 pum, Torrance,
CA, USA) at a flow rate of 0.35 mL/min. The mobile phase consisted
of solvent A (deionized water with 0.1% formic acid) and solvent B
(acetonitrile). The gradient elution program was as follows: 0-
0.2 min (10% B); 0.2-3.5 min (10%-90% B); 3.5-4.5 min (90% B);
4.5-4.6 min (90%-10% B); 4.6-8 min (10% B). The autosampler
temperature was maintained at 15 °C and the injection volume
was set at 2 pL. The mass spectrometer was operated in negative
or positive ion mode through multiple-reaction monitoring. The
detailed optimized MS/MS parameters are presented in Table 1.
Data acquisition was performed with the Analyst Software Version
1.6.3 (AB Sciex, Massachusetts, USA).

Determination of host Cyp450 activities and expressions
Liver microsomal enzyme activity

Mouse liver microsomes from each group were prepared
through differential centrifugation as previously described [44].
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Table 1

Detailed UPLC-MS/MS parameters for the determination of probe drugs, their main metabolites, and internal standard.
Targeted analytes Precursor — production (m/z) ESI model (Positive/Negative) CE(V) DP(V) CXP(V) EP(V)
Omeprazole 346.1 — 329.0 Positive 10 30 14 10
Phenacetin 180.1 —» 110.1 Positive 28 70 13 10
Midazolam 326.1 - 291.2 Positive 38 120 15 10
Tolbutamide 269.1 - 170.1 Negative =22 -55 -20 -10
Chlrozoxazone 168.1 —» 132.0 Negative -28 -80 -15 -10
Metoprolol 268.1 - 133.1 Positive 34 90 16 10
5-OH-Omeprazole 362.1 - 214.2 Positive 17 45 11 10
Acetaminophen 152.1 - 110.1 Positive 22.5 70 13 10
OH-Midazolam 342.1 - 324.1 Positive 30 50 10 10
OH-Tolbutamide 285.1 — 186.1 Negative -25 —60 -9 -10
6-OH-Chlorzoxazone 183.9 —» 120.0 Negative -25 -50 -12 -10
o-OH-Metoprolol 284.0 — 74.1 Positive 26 90 11 10
Lamotrigine (IS) 256.2 — 145.2 Positive 45 150 10 10
Glycyrrhetic (IS) 469.3 - 355.3 Negative -59 —158 -20 -10

Note: ESI: electrospray ion source; V: voltage; CE: collision energy; DP: declustering potential; CXP: cell exit potential; EP: entrance potential; IS: internal standard.

Incubation reactions of the experimental and control groups were
carried out in parallel. All microsomal incubations were performed
in a final incubation volume of 100 pL. The reaction medium con-
tained 49 pL of NADPH regenerating reagent (pH 7.4), 50 pL of
mouse liver microsomes (0.5 mg/mL), and 1 pL cocktail of sub-
strates (0.705 pg/mL phenacetin, 6.48 pg/mL omeprazole, 2.5 pg/
mL midazolam, 1.225 pg/mL tolbutamide, 1.675 pg/mL metopro-
lol, and 2.405 pg/mL chlorzoxazone). The mixture was incubated
at 37 °C. The incubation time for each probe drug was as follows:
1.5 min for midazolam; 10 min for phenacetin, omeprazole, and
chlorzoxazone; 15 min for metoprolol; and 20 min for tolbu-
tamide. The enzymatic reaction was stopped by adding 400 pL of
cold acetonitrile including IS. The mixture was centrifuged at
20,379 g for 5 min. Then, 200 pL of the supernatant was transferred
into a sample bottle for the determination of metabolites through
UPLC-MS/MS analysis.

Western blotting

Total protein was extracted from the control and NASH mouse
liver with RIPA buffer and PMSF. Protein content was determined
using a BCA protein assay reagent. Samples with 30 ug total protein
each were separated on 10% SDS PAGE gels and transferred onto
polyvinylidene difluoride membranes. The blots were probed with
rabbit anti-Cypla2 (Proteintech Group, Rosemont, USA), anti-
Cyp3a4 (Proteintech Group, Rosemont, USA), anti-Cyp2c19
(Abcam, Cambridge, UK), anti-Cyp2c9 (Bioworld, Bloomington,
USA), anti-Cyp2d6 (Proteintech Group, Rosemont, USA), mouse
anti-Cyp2e1l (Abcam, Cambridge, UK), and anti-tubulin (Zhengeng,
China). Signals were visualized by enhanced chemiluminescence
detection.

Detection of biotransformation ability of gut microbiota

Each fecal sample (about 1 g) was fully suspended in sterile
physiological saline (4 mL) and centrifuged at 1699 g for 10 min.
The supernatant was obtained and mixed evenly with the anaero-
bic culture solution (GAM broth, 1:9). After incubation for 24 h, the
gut microbiota work solution was obtained. The biotransformation
of the probe drugs by the gut microbiota was performed in an incu-
bation system containing 1 mL of the gut microbiota work solution
and 5 pL of the probe drug stock solution (1.996 pg/mL omepra-
zole, 1.835 pg/mL phenacetin, 2.604 pg/mL midazolam, 1.973 ug/
mL tolbutamide, 8.016 pg/mL chlorzoxazone, and 5.583 pg/mL
metoprolol). The incubation system was anaerobically incubated
at 37 °C for 72 h and stopped with the addition of 400 pL cold ace-
tonitrile including IS in a 100-pL incubation system. The samples
were centrifuged at 20,379 g for 10 min and detected by UPLC-
MS/MS.
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Statistical analysis

The pharmacokinetic parameters of the probe drugs were ana-
lyzed through non-compartmental assessment of the data with
the Drug and Statistical Software Version 3.2.2 (Clinical Drug Eval-
uation Center, Wannan Medical College, Anhui, China). The phar-
macokinetic variabilities of the probe drugs and the relation
between the gut microbiota and the host Cyp450 enzyme were
compared and analyzed. Statistical analyses were performed using
an unpaired Student’s t test in SPSS (IBM, v. 20.0) software. A Chi-
square test was applied for nonparametric statistics and significant
differences were analyzed using two-tailed tests (p < 0.05).

Results
Characteristics of host Cyp450s and gut microbiota in mice with NASH

NASH mouse model induced by MCD diet

The liver function indexes, including direct bilirubin (DBIL),
total bilirubin (TBIL), albumin (ALB), alkaline phosphatase (ALP),
v-glutamyl transpeptidase (y-GT), triglyceride (TG), high-density
lipid-cholesterol (HDL-c), and malondialdehyde (MDA), were sig-
nificantly higher in the MCD-induced NASH group than in the con-
trol group, whereas the low-density lipoprotein cholesterol (LDL-c)
level was significantly lower in the MCD-induced NASH group than
in the control group (Table 2). Compared with the control group,
H&E staining of liver tissues in the NASH group showed obvious
bullae steatosis with different sizes of lipid droplets (Fig. 1A). These

Table 2
Comparison of biochemical indexes between control and NASH mice.

Variables Control group NASH group Change trend
ALT (U/L) 303.624 £ 156.477 405.847 + 132.862 -
DBIL (pmol/L) 17.134 + 3.128 25.320 + 4.083*** T
TBIL (pmol/L) 25.092 +5.175 41.306 + 4.649*** 1
ALB (g/L) 38.330 + 4.513 49.912 + 2.199*** 1
ALP (U/L) 103.984 + 10.823 171.207 + 26.146™* 1
v-GT (U/L) 4.849 + 4.063 10.108 + 2.220** T
TG (mmol/L) 1.761 £ 0.307 2445 + 0.373* 7
TC (mmol/L) 3.727 £ 0.395 3.345 + 0.354 -
HDL-c (mmol/L) 0.449 + 0.137 0.775 + 0.214** T
LDL-c (mmol/L)  1.497 £ 0.270 1.092 + 0.282* !
MDA (pmol/g) 6.906 + 1.964 9.938 + 4.057 -

Note: ALT: alanine transaminase; DBIL: direct bilirubin; TBIL: total bilirubin; ALB:
albumin; ALP: alkaline phosphatase; y-GT: gamma-glutamyl transpeptidase; TG:
triglyceride; TC: total cholesterol; HDL-c: high-density lipoprotein cholesterol; LDL-
c: low-density lipoprotein cholesterol; MDA: malondialdehyde. Data are mean + SD,
n = 8; *p < 0.05, **p < 0.01, ***p < 0.001 versus control group. —: not significant. 1:
significantly increased. |: significantly decreased.
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phenomena are consistent with the characteristics of mice with
MCD-induced NASH, indicating the success of the mouse model.

Changes of Cyp450 enzyme activity and expression in mice with NASH

Compared with the control group, the expression levels of
Cypla2, Cyp2c65, Cyp3all, Cyp2c29, and Cyp2el in the NASH
group were significantly downregulated (Fig. 2A-G). Meanwhile,
the activities of Cypla2, Cyp2c65, Cyp3all, and Cyp2c29 in the
NASH group significantly reduced by 44.33%, 51.14%, 34.02%, and
24.12%, respectively (Fig. 2H-M). The activities of Cyp2el and
Cyp2d22 in the NASH group exhibited downward trends, but the
differences were not statistically significant. Results showed that
the enzyme activity and expression of mice with NASH induced
by MCD diet were lower than those of normal mice.

Changes of gut microbiota in mice with NASH

The changes of gut microbiota in the control and NASH groups
were analyzed by 16S rRNA gene sequencing. Similar sequences
(>97%) were divided into OTUs. Species annotation was conducted
according to the 16S rRNA gene database. Significant separation
was observed between the control and NASH groups (Fig. 1B).
Sequence alignment was performed using an RDP classifier to com-
pare the differences in gut microbiota between the two groups at
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different classification levels. We selected the top 10 species with
the largest abundance at each classification level (Phylum, Class,
Order, Family, Genus) in each group. Compared with the control
group, the proportion of species in the NASH group at each classi-
fication level changed (Fig. 1C-G). The alpha diversity analysis
index of different samples under the threshold of 97% agreement
was counted. The Chao1 index was used to estimate the total num-
ber of species contained in the community and the Shannon index
represents the total number of classifications in the sample.
Results showed that the Chaol and Shannon indices of the NASH
group were significantly lower than those of the control group
(Fig. 1H, 1), indicating that the gut microbiota composition of the
mice with NASH induced by MCD diet decreased in varying
degrees.

Pharmacokinetic variability co-influenced by host Cyp450s and gut
microbiota in mice with NASH

The exposure of the probe drugs, except metoprolol, was signif-
icantly higher in the NASH group than in the control group after
intragastric administration. The pharmacokinetic parameters,
including AUC and C,,.x, of the probe drugs changed in different
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Fig. 1. Comparison of gut microbiota between control and NASH mice. (A): H&E staining for liver tissues (scale bar: 50 uM for the top and 20 uM for the bottom row); (B):
Unweighted UniFrac principal coordinate analysis; (C-G): Most abundant taxa at the phylum (C), class (D), order (E), family (F), and genus (G) levels; (H-I): Chao1 (H) and
Shannon (I) alpha diversity metrics were reduced in NASH mice. Data are mean + SD, n = 8; *p < 0.05, **p < 0.01, ***p < 0.001 versus control group.
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p < 0.001 versus control group.

degrees. Moreover, their respective metabolites showed significant
changes. The details are described as follows.

Omeprazole

The exposure of omeprazole in the NASH group was signifi-
cantly higher than that in the control group, and AUC.12n) and
AUC(0-infinity) significantly increased. Meanwhile, CLz/F significantly
decreased. Its metabolite 5-OH-omeprazole showed an obvious

opposite change compared with the parent drug (Table 3 and
Fig. 3A, B).

Phenacetin

The exposure of phenacetin in the NASH group was significantly
higher than that in the control group, and AUCo_12n), AUC(o-infinity)»
and Cpax significantly increased. Meanwhile, CLz/F significantly
decreased. The exposure of acetaminophen was also significantly

Table 3

Pharmacokinetic parameters of analytes between control and NASH mice by intragastric administration.

Analytes Groups  AUC(g-12n), ng-h/mL AUC(0.infinity, Ng-h/mL  Crax, ng/mL Timax D ti2, h CLz/[F, L/h/kg
Omeprazole Control 525.43 + 67.62 549.67 + 59.45 758.00 + 242.89 0.11 £ 0.04 433278 18,362.04 + 1,836.04
NASH 1765.71 + 684.29*** 1821.70 + 731.27*** 965.67 + 340.37 0.22 £0.16 2.67 £1.07 7116.28 + 5250.54™**
5-OH-omeprazole  Control 73.49 + 28.59 74.04 + 28.25 229.98 £ 93.95 0.10 £ 0.03 0.51 £ 0.31 89248.71 + 124294.64
NASH 36.46 + 11.66* 57.26 + 28.94 53.00 + 16.46*** 0.15 £ 0.10 1.50 + 0.73* 215121.12 + 104444.70
Phenacetin Control 134.92 + 42.61 143.64 + 41.11 199.33 + 106.23 0.10 £ 0.03 4.59 + 1.87 75382.89 + 24126.47
NASH 231.43 + 126.05* 314.64 + 197.88* 423.95 £ 319.05* 0.10 £ 0.03 7.78 £ 3.88 42948.82 + 23087.23™
Acetaminophen Control  609.00 *+ 215.27 1291.43 + 679.24 712.14 + 243.35 0.11 £ 0.04 6.23 + 3.88 14547.78 + 3328.31
NASH 1277.79 + 677.38* 1291.43 + 679.24 1042.67 + 623.48 0.28 £0.25 1.72 £ 1.04* 9374.47 + 3743.18*
Midazolam Control  302.17 + 58.88 303.44 + 58.44 358.29 + 135.28 0.13 £ 0.07 2.13 £ 0.66 34263.46 + 8162.03
NASH 1518.64 + 790.20*** 1521.71 + 791.59*** 988.17 + 655.44** 0.24 £ 0.145 1.54 £ 0.31 11891.56 + 14110.88**
OH-midazolam Control  2561.26 + 558.16 2574.50 + 556.76 1123.71 + 225.50 037 £0.28 1.48 + 0.35 4032.33 + 805.79
NASH 10885.25 + 4549.00"**  11510.02 + 5062.40***  2347.17 + 962.87**  0.96 + 0.40"* 2.61+£0.71* 1289.74 + 1256.38***
Tolbutamide Control  3069.03 + 3378.87 3123.13 £ 3422.15 669.43 + 508.15 0.98 £ 1.45 1.78 £ 0.47 742.03 + 557.94
NASH 21686.36 + 15503.09** 56355.58 + 49559.98*  2471.67 + 2023.48* 5.67 £ 1.51***  28.07 + 24.80** 33.46 + 24.09**
OH-Tolbutamide Control 324.32 + 258.43 329.04 + 260.28 56.17 + 28.47 2.14 £ 0.90 1.66 + 0.74 3024.55 + 4818.47
NASH 1339.71 + 1043.23* 1630.81 + 1040.30* 159.04 + 91.64* 11.33 £ 1.63***  10.94 + 8.48* 251.87 £ 300.30
Chlorzoxazone Control  250.06 + 88.36 271.46 + 99.36 276.37 + 105.55 0.14 £ 0.04 430+ 223 3.99 +0.98
NASH 602.00 + 267.84** 629.87 + 251.86** 571.87 +299.33* 0.19 £ 0.09 344 £2.74 1.88 + 0.88***
6-OH- Control  224.10 + 35.78 510.70 + 602.95 64.96 + 27.38 0.26 £ 0.12 29.58 + 48.45 292 +1.86
chlorzoxazone
NASH 266.55 + 114.43 484.46 + 348.08 49.313 £ 24.289 3.10 £3.58 1030 £7.93 3.48 + 2.66
Metoprolol Control  317.71 + 128.62 328.84 +127.43 216.40 + 93.22 0.12 £ 0.09 2.52 £ 0.69 3.41+1.20
NASH 413.45 £ 218.46 453.42 £ 298.21 189.13 + 88.97 0.27 £ 0.32 2.60 £ 1.44 292+ 159
o-OH-metoprolol Control 59.11 + 21.21 61.32 £ 21.90 47.40 + 17.72 2.77 £1.51 0.14 + 0.09 2.77 £1.51
NASH 68.28 + 40.72 70.39 + 43.97 37.77 £ 11.34 1.70 £ 1.01 0.23 £0.23 1.70 + 1.01

Note: AUC(0-12 h): area under the plasma concentration-time curve from 0 to 12 h; AUC(0-infinity): area under the plasma concentration-time curve from 0 to infinity h;
Cmax: maximal concentration; t1/2: eliminate half-life; Tmax: time to peak concentration; CLz/F: blood clearance. Data are mean + SD, n = 8; *p < 0.05, **p < 0.01, ***p < 0.001

versus control group.
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higher in the NASH group than in the control group (Table 3 and
Fig. 3C, D).

Midazolam

The exposure of midazolam in the NASH group was significantly
higher than that in the control group, and AUC(q_12n), AUC(q-infinity)»
and Cpax significantly increased. Meanwhile, CLz/F significantly
decreased. The exposure of OH-midazolam was also significantly
higher in the NASH group than in the control group (Table 3 and
Fig. 3E, F).

Tolbutamide

The exposure of tolbutamide in the NASH group was signifi-
cantly higher than that in the control group, and AUC(.12n)
AUC(0infinity) Cmax» Tmax and ty;y significantly increased. Mean-
while, CLz/F significantly decreased. The exposure of OH-
tolbutamide was also significantly higher in the NASH group than
in the control group (Table 3 and Fig. 3G, H).

Chlorzoxazone

The exposure of chlorzoxazone in the NASH group was signifi-
cantly higher than that in the control group, and AUC(-12n)
AUC(0.infinityy and Cmax significantly increased. Meanwhile, CLz/F
significantly decreased. However, the exposure of 6-OH-
chlorzoxazone showed no obvious changes in the two groups
(Table 3 and Fig. 31, J).

Metoprolol

No significant changes in metoprolol and o-OH-metoprolol
exposures were found in the two groups. The parameters, includ-
iﬂg the AUC(0_12h), AUC(O—inﬁnity)v Cmax- Trax t1 25 and CLZ/F, of meto-
prolol and o-OH-metoprolol showed no statistically significant
differences between the NASH and control groups (Table 3 and
Fig. 3K, L).

Pharmacokinetic variability mainly influenced by the host Cyp450s in
mice with NASH

Compared with that of the control group, the pharmacokinetics
of the NASH group during intravenous administration showed no
significant differences, except for higher exposures of tolbutamide,
OH-tolbutamide, and OH-midazolam.

No significant changes were noted in the exposure and pharma-
cokinetic parameters of omeprazole, phenacetin, midazolam,
chlorzoxazone, and metoprolol or their metabolites (Table 4 and
Fig. 3a-e, i-1). However, the exposure of tolbutamide in the NASH
group was significantly higher than that in the control group, and
the AUC(0-12n), AUC(0-infinity), and Tmax Of tolbutamide were signifi-
cantly higher than those in the control group. Meanwhile, CLz/F
significantly decreased (Table 4 and Fig. 3g). The pharmacokinetic
parameters, including the AUC and Cp,ax, of OH-tolbutamide and
OH-midazolam also significantly increased (Table 4 and Fig. 3f, h).

Pharmacokinetic variability related to host Cyp450s and gut
microbiota alterations in mice with NASH

The ratio of AUCetabolite t0 AUCparent drug €an reflect the activity
of the corresponding Cyp450 enzyme in vivo. Combined with the
results of Cyp450 enzyme activity and protein expression in vitro,
the relationship between the host Cyp450 enzyme and the phar-
macokinetic variability in mice with NASH could be analyzed
(Table 5). Compared with that in the control group, Cyp2c65 in
the NASH group showed reduced activity after intragastric and
intravenous administrations, which is consistent with the reduced
enzyme activity and protein expression in vitro. This result sug-
gests that the pharmacokinetic variability of tolbutamide was
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mainly caused by the changes in host Cyp450 enzymes. The activ-
ities of Cypla2, Cyp3all, and Cyp2el enzymes did not change
in vivo but decreased in vitro, suggesting that the pharmacokinetic
variabilities of phenacetin, midazolam, and chlorzoxazone were
affected by the changes in the gut microbiota in NASH. The activity
of Cyp2d22 changed neither in vivo nor in vitro, indicating that the
metabolism of metoprolol was hardly affected by the host Cyp450s
and gut microbiota. Although the activity of Cyp2¢29 significantly
decreased in vivo and in vitro, no significant difference was
observed in the pharmacokinetics of intravenous administration,
suggesting that the pharmacokinetic variability of omeprazole
was caused by other influencing factors.

Considering the influence of the gut microbiota, we analyzed its
biotransformation ability with regard to the probe drugs. The
results showed that gut microbiota did not metabolize tolbutamide
and metoprolol but metabolized omeprazole, phenacetin, midazo-
lam, and chlorzoxazone. The metabolism rates of omeprazole, phe-
nacetin (p < 0.05), midazolam (p < 0.05), and chlorzoxazone were
lower in the NASH group compared with the control group (Fig. 4).

In sum, the higher exposures of omeprazole, phenacetin, mida-
zolam, and chlorzoxazone in the NASH group than in the control
group were mainly due to changes in the gut microbiota. The phar-
macokinetic variability of tolbutamide was mainly caused by the
changes in host Cyp450 enzymes. However, the pharmacokinetic
variability of metoprolol was not affected by either factor. The
results are summarized in Table 6 and the detailed logical judg-
ment process is shown in Fig. 5.

Discussion

The host Cyp450 enzymes and the gut microbiota are important
factors affecting pharmacokinetics. Diseases such as NASH usually
affect the activity of host Cyp450s and the abundance or composi-
tion of gut microbiota [45,46], thus affecting pharmacokinetic vari-
ability. The activity and expression of the main host Cyp450s
(Cyp2c29, Cypla2, Cyp3all, Cyp2c65, and Cyp2el) involved in
the drug metabolism of omeprazole, phenacetin, midazolam,
tolbutamide, and chlorzoxazone were significantly lower in the
NASH group than in the control group. Previous studies support
our findings. To elucidate, Li et al. reported that the activity and
expression of Cyp450 enzymes, including Cypla2, Cyp3all, and
Cyp2c29, decreased in the NASH group induced by MCD diet
[47,48]. It is worth mentioning that the host Cyp450s involved in
those studies were considered individually, whereas six host
Cyp450s were simultaneously investigated in our study, which
are responsible for the metabolism of over 90% of clinically used
drugs [43]. The category and quantity of the gut microbiota in
the NASH group significantly reduced, and the composition and
abundance were significantly different from those in the control
group. Meanwhile, NASH significantly decreased the alpha diver-
sity index (Chao1 and Shannon) of the gut microbiota. Some previ-
ous studies support our results. For instance, Ye et al. found that
MCD diet increased Firmicutes population but decreased Pro-
teobacteria and Bacteroidetes populations [49]. Kai et al. found a
decrease in the alpha diversity index (Chao1) in the NASH group
[50]. However, our study was more comprehensive and systematic
because we considered the host CYP450 enzymes and the gut
microbiota.

Changes in the host Cyp450 activity and gut microbiota caused
by NASH might give rise to pharmacokinetic variability. Therefore,
the same drug under different administration routes may have dif-
ferent pharmacokinetic variabilities because of the different effects
of the host Cyp450s and gut microbiota under different drug
administration pathways. Generally, pharmacokinetics is influ-
enced by the host Cyp450s and the gut microbiota under intragas-



J. Guo, Y. Xu, Li-jie Chen et al.

Table 4

Pharmacokinetic parameters of probe drugs between control and NASH mice by intravenous administration.
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Analytes Groups  AUC(o-12n), ng-h/mL AUC(0-infinity) Ng-h/mL Cpnax, Ng/mML Tmax, h tiz, h CLz/[F, L/h/kg
Omeprazole Control  335.64 + 61.51 436.49 + 128.46 307.00 + 60.89 0.17 £ 0.11 9.21 +8.38 10.91 + 4.41
NASH 586.75 + 178.81** 654.77 + 15047 294.57 £ 95.30 0.24 + 0.09 5.89 £ 547 8.02 £1.98
5-OH-omeprazole Control  77.67 + 63.23 87.05 + 66.82 113.15 £ 105.36 0.12 £ 0.07 9.36 + 4.21 116.94 + 119.32
NASH 33.53 +21.78 43.26 +22.92 21.54 + 20.58 0.28 £ 0.25 9.72 +3.13 144.01 £ 67.17
Phenacetin Control  7017.39 + 3514.16 7190.82 + 3361.43 9648.33 + 4219.11 0.11 £ 0.04 4.76 + 3.48 0.90 £ 0.59
NASH 7714.58 + 3764.24 7857.32 +3965.15 10555.71 £5268.20 0.15+0.12 3.26 £ 1.85 0.80 + 0.42
Acetaminophen Control  81.98 £ 9.56 156.44 + 65.85 52.93 +7.734 0.21 £+ 0.07 2992 +11.59 37.72+16.85
NASH 128.52 + 42.13** 168.30 + 38.61 64.46 + 13.84 0.25+0.13 12.46 £ 12.23 31.02 + 6.58
Midazolam Control  3203.76 + 1650.28 3206.56 * 1649.65 3594.29 + 1708.41 0.11 £ 0.04 0.81 £0.21 1.97 £ 0.99
NASH 4749.76 + 2566.02 4755.99 + 2567.31 5352.50 + 2465.10 0.12 £ 0.09 1.21 + 0.45 1.31 £ 0.61
OH-midazolam Control  1836.54 + 490.21 2130.84 + 824.13 428.86 + 86.04 1.32 £ 0.59 3.81+1.72 2.55 + 0.64
NASH 3561.41 + 1190.62** 3857.57 + 1372.45* 694.88 + 189.24** 1.50 + 0.38 2.84+1.59 1.45 + 0.54**
Tolbutamide Control  25583.23 + 6932.28 26403.97 + 7552.17 7807.14 + 1459.56 0.36 + 0.44 2.10 £ 036 0.20 £ 0.05
NASH 58276.69 + 11536.71***  129682.45 + 63485.35"**  9076.25 + 3163.69 0.16 £ 0.10 12.96 + 8.82**  0.05 + 0.03***
OH-Tolbutamide Control  1329.61 + 330.20 1414.25 + 333.57 227.00 + 35.12 292 £1.20 2.64 +1.89 0.75 £ 0.21
NASH 2658.69 + 1322.89* 3218.168 + 1371.781* 398.50 + 180.36* 8.00 + 2.53** 3,99 +2.47 0.38 £ 0.20*
Chlorzoxazone Control  1694.57 + 1024.63 1700.78 + 1018.04 3318.00 + 2218.99 0.14 £ 0.10 1.07 + 1.83 4.09 + 2.50
NASH 1714.34 + 580.13 1757.71 + 610.534 3081.43 £ 1836.52 0.14 £ 0.11 1.15 + 0.68 3.12+ 095
6-OH-chlorzoxazone  Control  123.34 + 45.67 229.62 + 195.23 117.40 £ 49.59 0.17 £ 0.10 12.94 + 18.21 32.43 + 18.09
NASH 119.76 + 33.28 270.50 + 236.25 58.43 + 22.65 025+ 034 31.13 £ 43.61 26.46 + 15.86
Metoprolol Control  3949.38 + 1727.20 3975.79 £ 1719.27 5518.33 + 2476.02 0.08 + 0.00 2.02 +1.30 1.52 £ 0.75
NASH 8342.53 + 4802.86 8391.23 + 4795.22 11991.43 £ 8308.01 0.12 + 0.09 1.83+£0.73 0.81 £ 0.50
o-OH-metoprolol Control  47.31 £ 8.80 76.52 + 56.13 21.36 + 3.42 021 £ 0.15 5.55 + 4.57 84.64 + 34.11
NASH 64.10 + 28.85 128.15 + 191.56 14.95 + 4.53 1.03 + 1.33 6.34 + 8.22 77.34 £ 35.26

Note: AUC(o-12n): area under the plasma concentration-time curve from 0 to 12 h; AUC(q.infinity): area under the plasma concentration-time curve from 0 to infinity h; Cpx:
maximal concentration; ty,: eliminate half-life; T.x: time to peak concentration; CLz/F: blood clearance. Data are mean + SD, n = 8; *p < 0.05, **p < 0.01, ***p < 0.001 versus

control group.

Table 5
Comparison of activities and expressions of Cyp450 enzymes determined through different methods.
CyP4505 AUCmetabolite/AUCparent drug by AUCmetabolite/AUCparent drug by Incubation by Protein
intragastric administration intravenous administration liver microsomes expression
(in vivo) (in vivo) (in vitro) (in vitro)
Control NASH Change trend Control NASH Change trend Control NASH Control NASH
Cyp2c29 0.138 + 0.046 0.031 £ 0.022*** ! 0.241 £ 0.210 0.063 + 0.034* ! - ! - !
Cypla2 4612 +1.017 5.075 + 1.245 - 0.015 + 0.008 0.019 + 0.009 - - ! - !
Cyp3all 8.540 + 1.215 7.950 * 1.945 - 0.697 £ 0.331 0.956 + 0.582 - - ! - 1
Cyp2c65 0.137 £ 0.056 0.065 + 0.027** | 0.071 £ 0.035 0.034 + 0.019* 1 - ! - 1
Cyp2el 0.986 + 0.327 0.632 + 0.527 0.093 + 0.039 0.090 + 0.055 - - - - !
Cyp2d22 0.175 £ 0.090 0.167 + 0.033 - 0.013 £ 0.005 0.009 + 0.007 - - - - -

Note: Data are mean + SD; *p < 0.05, **p < 0.01, ***p < 0.001 versus control group. —: not significant. |: significantly decreased.

tric administration. By contrast, drugs bypass the intestine and
directly enter the bloodstream under intravenous administration,
thereby avoiding intestinal absorption. In this case, pharmacoki-
netics is mainly affected by the host [51]. Based on the above logic,
under intragastric administration, the exposure and pharmacoki-
netic parameters of omeprazole, phenacetin, midazolam, tolbu-
tamide, and chlorzoxazone were considerably higher in the NASH
group than in the control group. For their main metabolites, the
pharmacokinetics of 5-OH-omeprazole, acetaminophen, OH-
midazolam, and OH-tolbutamide also significantly changed. How-
ever, the pharmacokinetics of metoprolol and o-OH-metoprolol
showed no significant change. Under intravenous administration,
the exposure and pharmacokinetic parameters of tolbutamide,
OH-toluamide, and OH-midazolam in the NASH group were much
higher than those in the control group, whereas those of omepra-
zole, phenacetin, midazolam, chlorzoxazone, metoprolol, and their
metabolites did not obviously vary between the two groups. Com-
paring the pharmacokinetics results between these two adminis-
tration routes, we found that the pharmacokinetics of
omeprazole, phenacetin, midazolam, chlorzoxazone, and their
metabolites in the NASH group significantly changed under intra-
gastric administration but not under intravenous administration.
The pharmacokinetics of tolbutamide and its metabolite
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(OH-tolbutamide) significantly changed under the two administra-
tion routes. The pharmacokinetics of metoprolol and its metabolite
(o-OH-metoprolol) showed no significant changes between the
two administration routes. Considering these results, we specu-
lated that the pharmacokinetic variabilities of omeprazole, phena-
cetin, midazolam, and chlorzoxazone in the NASH group are
mainly caused by changes in the gut microbiota, while the phar-
macokinetic variability of tolbutamide may be mainly due to
changes in the host Cyp450 enzymes. Meanwhile, the pharmacoki-
netic variability of metoprolol was neither affected by the host
Cyp450s nor by the gut microbiota.

We further analyzed the different measurement values of host
Cyp450 activities between the groups to explain the relation of
the pharmacokinetic variability of these drugs with the changes
in the host Cyp450s and gut microbiota from another side. Previ-
ous studies reported that the ratio of AUCnetanotite 10 AUCparent drug
of the probe drugs can reflect the activity of the corresponding
Cyp450 enzymes in vivo [52]. However, these ratios via intragastric
or intravenous administration were inevitably affected by the host
factors and gut microbiota. By contrast, determination of the host
Cyp450 activity by in vitro human liver microsomal incubation
was relatively accurate. Therefore, using the results of Cyp450
enzymes in vitro as a reference, we can divide their relationships
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Fig. 4. Comparison of biotransformation of probe drugs by gut microbiota between control and NASH mice. Data are mean + SD, n = 8; *p < 0.05 versus control group.

Table 6

Pharmacokinetic variabilities of NASH group compared with control group and judgment of related influencing factors.

Drugs PK changes (ig) PK changes (iv)

Cyp450s changes AUCnetabotite/ AUCparent drug

Main influencing
factors

Gut microbiota

Parent drug Metabolite Parent drug Metabolite  Activity Expression ig iv Biotransformation Host/gut
microbiota

Omeprazole AUCT, AUC|, Cpax I, t1y  AUC-12mT  — Cyp2c29] Cyp2c29, | | Yes gut microbiota
Clz/F| 2l

Phenacetin AUCT, Cmax 1, AUCT, ty2 |, Clz/ - AUC(g-12n)T Cypla2| Cypla2] - —  Yes gut microbiota
CLz[F| F|

Midazolam AUCT, Cmax 1, AUCT, Cmax 1, - AUCT, Cax T,CLz/  Cyp3all] Cyp3alil] — — Yes gut microbiota
CLZ/FL Tmax T: t1/21- Fl

CLz/F|

Chlorzoxazone AUCT, Ciax T, - - - Cyp2el— Cyp2el] — — Yes gut microbiota
CLz/[F|

Tolbutamide AUCT, Cmax 1, AUCT, Cmax T, AUCT, ti27,  AUCT, Cax I, Tmax  Cyp2c65)  Cyp2c65] | | No host
Tmax T tij21, Tmax T, ti21 CLz/F| 1,CLz/F|
CLz/F|

Metoprolol — - - - Cyp2d22— Cyp2d22- - - No Neither

Note: The results in the table are from the NASH group vs. the control group in mice. —: not significant. 1: significantly increased. |: significantly decreased. ig: intragastric
administration. iv: intravenous administration. Based on the results of Cyp450 enzymes in vitro as the standard, combined with the results of Cyp450 enzymes in vivo, their
relationships can be roughly divided into three categories: 1) if the results were consistent, the pharmacokinetic variabilities were mainly related to the host alteration; 2) if
the results were inconsistent, the pharmacokinetic variabilities were mainly related to the gut microbiota; and 3) if the results did not change, the pharmacokinetics were less

affected by both factors.

into three types to compare the differences between the results of
Cyp450 enzyme activity determined in vivo. First, if the enzyme
activities in vitro and in vivo showed the same trend, the pharma-
cokinetic variability in NASH mainly caused the change in host
Cyp450s. Second, if the enzyme activities were inconsistent
in vitro and in vivo, the pharmacokinetic variability in NASH was
mainly caused by the change in gut microbiota. Third, if no differ-
ence existed between these enzyme activities, then the pharma-
cokinetics variability was less affected by both factors. In the
present study, the activity of Cyp2c65 in vivo was similar to that
in vitro, suggesting that the pharmacokinetic variability of tolbu-
tamide was mainly caused by changes in the host Cyp450s.
Although the activity of Cyp2c29 significantly decreased in vivo
and in vitro, no significant difference existed in the pharmacokinet-
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ics of intravenous administration, suggesting that the pharmacoki-
netic variability of omeprazole was related to the changes in gut
microbiota. The in vivo and in vitro activities of Cyp1a2, Cyp3all,
and Cyp2el were inconsistent, indicating that the pharmacokinetic
variabilities of phenacetin, midazolam, and chlorzoxazone were
mainly related to the changes in gut microbiota. In addition, the
biotransformation experiments showed that gut microbiota can
metabolize omeprazole, phenacetin, midazolam, and chlorzoxa-
zone. The metabolic rates of the normal control group were higher
than those of the NASH group, which supports our inference from
the other side. The activity of Cyp2d22 did not change, indicating
that metoprolol metabolism was not affected by either factor.
Regarding the study of pharmacokinetic variability under NASH,
only morphine was reported. The Cy.x and AUC of morphine-3-
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glucuronic acid and morphine-6-glucuronic acid significantly
increased in patients with NASH, and the changes are related to
the increased expression of the transporter multidrug resistance-
associated protein 3 (MRP3) [39]. Meanwhile, the influence of
the host Cyp450s and gut microbiota was not considered in the
study. For other studies, the analysis of the influencing factors of
pharmacokinetic variability was mostly based on single host
Cyp450s or the gut microbiota. Few studies simultaneously consid-
ered these two factors.

The cocktail probe is superior to the single-probe approach in
terms of efficiency, in saving mice and costs, and in terms of
obtaining more information from the same procedure. This study
mainly referred to the previously published Cyp450 enzyme probe
cocktail method [53-55]. The most common probes for Cypla2 are
phenacetin and caffeine; those for Cyp3all are midazolam and
dapsone; those for Cyp2c65 are tolbutamide and warfarin; those
for Cyp2c29 are omeprazole and mephenytoin; that for Cyp2el is
chlorzoxazone; and those for Cyp2d22 are metoprolol and dex-
tromethorphan. Based on a group of probe drugs commonly used
by researchers [56], phenacetin, midazolam, omeprazole, tolbu-
tamide, chlorzoxazone, and metoprolol were selected as the pre-
sent probes. Notably, the potential interaction between probe
drugs is one of the most frequent concerns [57]. However, some
experiments already demonstrated that no metabolic interaction
occurs when these drugs are administered simultaneously in rela-
tively low dosages [58]. The interactions between the probes can
be reduced or controlled by regulating the drug doses. Many previ-
ous studies used the cocktail method to determine the activity of
Cyp450 enzymes. Similarly, our selection of the probe drugs was
based on a combination that had been used frequently in past
studies. Thus, the drug metabolic interactions were controllable.

Some limitations need to be noted. Intravenous administration
was used rather than gavage in germ-free or pseudo-germ-free
mice to rule out the influence of gut microbiota. Germ-free or
pseudo-germ-free mice are usually used to study the gut micro-
biota [59], but these animals require special breeding conditions
or continuous antibiotic administration, respectively. Germ-free
mice are ideal models but are very expensive [60]. For
pseudo-germ-free mice, there might be concerns about drug-drug
interactions between the probes and the antibiotics. Thus, intra-
venous administration effectively meets the needs of the present
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research. Furthermore, although intravenous administration is
more convenient and quicker and not more expensive than sterile
mice, the influence of enterohepatic circulation on the pharma-
cokinetic variability cannot be completely avoided; the same holds
true for germ-free mice despite the absence of gut microbiota. In
general, enterohepatic circulation may prolong the pharmacologi-
cal effect of certain drugs and drug metabolites. Of particular
importance is the potential amplifying effect of enterohepatic vari-
ability in defining differences in the bioavailability, apparent vol-
ume of distribution, and clearance of a given compound. In
plasma concentration-time curves, enterohepatic circulation is
often associated with multiple peaks and long apparent half-
lives, which are more pronounced in drugs excreted through the
gut [61]. Genetic abnormalities, disease states, orally administered
adsorbents, and certain co-administered drugs all affect entero-
hepatic circulation. The gut microbiota is also a newly discovered
factor affecting enterohepatic circulation [61,62]. The six probe
drugs used in the present study are not excreted mainly through
the gut and there is a relative dearth of information about the
influence of enterohepatic circulation on these drugs, so we spec-
ulated that enterohepatic circulation might not contribute much
to these drugs’ pharmacokinetic variabilities in NASH mice. Even
so, these phenomena need to be validated progressively in a single
drug in germ-free or pseudo-germ-free mice or further in a clinical
disease state to provide better clinical advice.

In summary, we observed the changes in host Cyp450 enzymes
and gut microbiota that lead to pharmacokinetic variability in mice
with NASH. Results show that the degree of their respective influ-
ence varies from drug to drug. NASH is a common type of disease
or a risk factor for many metabolic diseases, such as hypertension
and diabetes [63]. The medications given to patients with NASH or
those with NASH symptoms are often complex in clinical settings.
Therefore, the dosages of most drugs need to be adjusted according
to their pharmacokinetic variabilities in vivo in order to meet their
therapeutic concentration or to avoid toxicity. The factors leading
to the pharmacokinetic variability of individual drugs are often dif-
ferent. Thus, the influence of the host or the gut microbiota in
accordance with different medications should be analyzed. The
pharmacokinetic variability of individual drugs requires specific
analyses and cannot be generalized (Fig. 6). In the future, with
the development and popularization of microbial sequencing and
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high-throughput sequencing technology, the influence of the host
and gut microbiota should be considered during the individualized
treatment of NASH and its complications.

Conclusion

The exposures of most drugs were increased and the pharma-
cokinetic variabilities of most drugs were found in mice with
NASH. The gut microbiota and the host co-influenced the pharma-
cokinetic variability of drugs in mice with NASH, with the degree of
contribution varying from drug to drug. Given these findings, the
influence of the host and the gut microbiota should be simultane-
ously considered in personalized medicine.
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