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Abstract: The pharmacokinetic variability of nifedipine widely observed in the clinic cannot be fully
explained by pharmacogenomics. As a new factor affecting drug metabolism, how the gut microbiota
affects the pharmacokinetics of nifedipine needs to be explored. Spontaneously hypertensive rats
(SHRs) have been commonly used in hypertension-related research and served as the experimental
groups; Wistar rats were used as control groups. In this study, the bioavailability of nifedipine de-
creased by 18.62% (p < 0.05) in the SHRs compared with the Wistar rats. Changes in microbiota were
associated with the difference in pharmacokinetics. The relative abundance of Bacteroides dorei was
negatively correlated with AUC0–t (r = −0.881, p = 0.004) and Cmax (r = −0.714, p = 0.047). Analysis
of serum bile acid (BA) profiles indicated that glycoursodeoxycholic acid (GUDCA) and glycochen-
odeoxycholic acid (GCDCA) were significantly increased in the SHRs. Compared with the Wistar rats,
the expressions of CYP3A1 and PXR were upregulated and the enzyme activity of CYP3A1 increased
in the SHRs. Spearman’s rank correlation revealed that Bacteroides stercoris was negatively correlated
with GUDCA (r =−0.7126, p = 0.0264) and GCDCA (r =−0.6878, p = 0.0339). Moreover, GUDCA was
negatively correlated with Cmax (r = −0.556, p = 0.025). In primary rat hepatocytes, GUDCA could
induce the expressions of PXR target genes CYP3A1 and Mdr1a. Furthermore, antibiotic treatments
in SHRs verified the impact of microbiota on the pharmacokinetics of nifedipine. Generally, gut
microbiota affects the pharmacokinetics of nifedipine through microbial biotransformation or by
regulating the enzyme activity of CYP3A1.

Keywords: gut microbiota; nifedipine; pharmacokinetics; SHR; CYP3A1

1. Introduction

Nifedipine is the earliest dihydropyridine calcium channel blocker used in antihy-
pertensive therapy, ref. [1] which is almost completely absorbed in the gastrointestinal
tract with the characteristics of low solubility and high intestinal permeability [2] and
predominantly metabolized by CYP3A in the liver [3]. A population study of nifedipine
indicated that great interindividual variability existed in the oral clearance of nifedipine [4].
In a double-blind trial, 49 patients received nifedipine 20 mg twice daily; after 2 or 4 weeks,
56% of patients required a higher dose (40 mg twice daily), indicating the interindividual
heterogeneity in drug response [5].

Pharmacokinetics are affected by the process of drug disposition in the body, including
absorption, distribution, metabolism, and excretion. The gut microbiota, as an important
factor affecting pharmacokinetics, has aroused widespread attention [6]. The human gut

Pharmaceutics 2023, 15, 2085. https://doi.org/10.3390/pharmaceutics15082085 https://www.mdpi.com/journal/pharmaceutics

https://doi.org/10.3390/pharmaceutics15082085
https://doi.org/10.3390/pharmaceutics15082085
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com
https://orcid.org/0000-0002-1787-4180
https://doi.org/10.3390/pharmaceutics15082085
https://www.mdpi.com/journal/pharmaceutics
https://www.mdpi.com/article/10.3390/pharmaceutics15082085?type=check_update&version=1


Pharmaceutics 2023, 15, 2085 2 of 21

is home to about 1013–1014 bacteria containing three million microbial genes, more than
100 times the number of human genes [7]. Gut microbiota as a metabolic “organ” can par-
ticipate in drug metabolism through direct or indirect interactions to alter its bioavailability,
activity, or toxicity and influence the individual’s response to drugs [8]. Direct interactions
include the conversion of part or all of the drugs to metabolites by microbiome-derived
enzymes [9]. Eggerthella lenta can reduce digoxin in vitro, and pharmacokinetic studies
in vivo revealed that diet could reduce the microbial metabolism of digoxin [10]. Moreover,
Bacteroides thetaiotaomicron can metabolize diltiazem into diacetyl diltiazem [11]. Indirect
interactions include the effects of microbial-derived metabolites on host metabolism [12].
Yang et al. [13] found the antibiotics-induced depletion of rat microbiota influenced the
expression of host drug-processing genes. Zhou et al. [14] reported that intestinal flora
affected the metabolism of CSA by altering the expression of CYP3A1, UGT1A1, and P-
GP. Secondary bile acids, enteric microbiome metabolites, were positively related to the
concentration of simvastatin [15].

Bile acids are an important class of microbially produced metabolites [16]. Gut micro-
biota mediates the production of bile acids via bile salt hydrolases (BSH), hydroxysteroid
dehydrogenases (HSDH), 7-α-HSDH, 7-α-dehydroxylase, and taurine metabolism. Bile
acids, as the endogenous ligands of some nuclear receptors, including PXR, farnesoid X re-
ceptor (FXR), vitamin D3 receptor (VDR), and G-protein-coupled bile acid receptor (TGR5),
can regulate related signal pathways and not only affect their synthesis and secretion but
also alter host metabolism [17,18]. Secondary bile acids LCA and 3-keto-LCA have been
reported to be agonists of PXR, and the activation of the PXR–CYP3A4 axis in the liver can
promote drug metabolism [19].

Hypertension is the most prevalent chronic disease and is also a preventable risk
factor for stroke, heart failure, and other serious cardiovascular and cerebrovascular dis-
eases [20]. Blood pressure control rates need to be improved effectively [21,22]. An increas-
ing body of evidence supports the correlation between gut microbiota and hypertension in
patients [23–26] and animal models [27–29]. SHRs (spontaneously hypertensive rats) are
an ideal model for the study of human primary hypertension, which was established by
selective inbreeding and acquired the trait of spontaneous hypertension and polygenic [30].

Considering that the pharmacokinetic variability of nifedipine has not been fully
explained, while microbial metabolism as a potential mechanism needs to be further
explored [31], the objective of this study is to explore how gut microbiota directly or
indirectly affects the pharmacokinetics of nifedipine.

2. Materials and Methods
2.1. Materials

Materials used in this study were nifedipine (N7634, 100%; Sigma, St. Louis, MO,
USA); nitrendipine (B27254, >98%; YuanYe, Shanghai, China); and dehydronifedipine (ZTL-
N-074, >98%; SHANGHAI ZZBIO Co., Ltd., Shanghai, China). The sources of antibodies
were as follows: CYP3A1 (sc-53246, Santa Cruz Biotechnology, Dallas, TX, USA); PXR
(ab192579, Abcam, Cambridge, MA, USA); and GAPDH monoclonal antibody (60004-1-Ig,
Proteintech, Wuhan, China).

2.2. Pharmacokinetic Study in Wistar Rats and SHRs
2.2.1. Animals

Male 8-week-old SHRs and Wistar rats weighing about 200× g (certificate: SCXK
(JING) 2016-0006) were purchased from the Beijing Vital River Laboratory Animal Tech-
nology Co., Ltd. (Beijing, China). All animals were kept in a 12 h light and dark cycle,
temperature 21–22 ◦C, humidity 50–70%, and freely allowed laboratory animal maintenance
feed (#MD17121, Medicience Ltd., Yangzhou, China) and water. Blood pressure was mea-
sured after 2 weeks of adaptive feeding, while systolic blood pressure (SBP) > 150 mmHg
of SHRs was available for the study. The rats were divided into two groups: Wistar rats
(control group) and SHRs (experimental group), n = 14 for each group. At 12 weeks,
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stool and serum samples were collected before pharmacokinetic experiments and stored at
−80 ◦C until analysis. All animal experiments were approved by the experimental animal
management committee and ethics committee of Central South University and complied
with relevant rules and regulations (permit number 2020sydw1052).

2.2.2. Pharmacokinetic Experiments

The two groups of rats were treated with the same method: after fasting overnight,
20 mg/kg of nifedipine (0.5% CMC–Na solution as solvent) was given to the rats by
intragastric gavage. Blood samples were taken from the rats at 0, 0.167, 0.33, 0.5, 0.75, 1,
2.33, 4, 6, 8, and 24 h [32]. After the pharmacokinetic experiments, the rats were sacrificed by
intraperitoneal injection of pentobarbital. The blood samples were centrifuged at 1681× g
at 4 ◦C for 10 min to isolate plasma to determine the concentration of nifedipine.

2.2.3. UPLC-MS/MS

Compounds were extracted from the plasma samples using the albumen precipitation
method. UPLC-MS/MS detection was performed on ACQUITY UPLC M-Class (Waters
Corp., Milford, MA, USA) and an API 4000 triple quadrupole tandem mass spectrometer
(AB Sciex, Framingham, MA, USA). The chromatographic column was a HyPURITY C18
column (150 mm × 2.1 mm, SN: 10166977, Lot: 12782, Thermo Scientific, Waltham, MA,
USA); oven temperature was maintained at 40 ◦C. The mobile phase consisted of acetonitrile
(solvent A) and 0.1% formic acid water (solvent B). A gradient program was used for the
HPLC separation: 0–1.5 min, 50% A and 50% B, 0.30 mL/min; 2.0–4.0 min, 70% A and 30%
B, 0.40 mL/min; and 4.5–6.5 min, 50% A and 50% B, 0.30 mL/min. Quantitation was carried
out using multiple reaction monitoring. The precursor–product ion pairs monitored were
m/z 347.2→ 315.2 for nifedipine (DP 67 V, CE 12 eV), m/z 361.3→ 315.2 for nitrendipine
(DP 75 V, CE 15 eV), and m/z 345.2→284.7 for dehydronifedipine (DP 89 V, CE 36 eV)
(Supplementary Figure S1). Data were acquired from the Analyst 1.4.2 software (AB Sciex,
Framingham, MA, USA).

2.3. Gut Microbiome Analysis

The total DNA was isolated from stool samples, and the universal primers of the
V3–V4 region (341F: CCTACGGGRBGCASCAG; 806R: GGACTACNNGGGTATCTAAT)
were adopted [33] for PCR amplification. PCR products were purified, quantified, and
homogenized to form a sequencing library. The built library was subjected to library quality
inspection, and the qualified library was sequenced with Illumina NovaSeq 6000.

The sequencing data were processed by Illumina bcl2fastq software (v2.20) for base
calling, then spliced by fastq join (version: 1.3.1) and pear (v0.9.11) to obtain sequenced
reads. Sequenced reads were cut and filtered using Cutadapt (version 1.18) to obtain the
optimized sequence, namely clean tags. USEARCH software (version 11.0.667) was used to
cluster operational taxonomic units (OTUs) according to 97% similarity sequences. The
OTUs were annotated by the Silva database based on the representative sequences, and
KronaTools was used to visually display the results of species annotation. The abundance
of different taxonomy levels was generated by QIIME. α-diversity was processed using
Mothur software (version 1.45.0). The R vegan package and gunifrac package were applied
for β-diversity analysis. The R package phyloseq was used for PCoA analysis based on the
Bray–Curtis distance. Line discriminant analysis effect size (LEfSe) was used to evaluate
the effect size of differential features (i.e., LDA score).

2.4. Analysis of Bile Acids

Quantitation of bile acids was performed as previously described with minor modifi-
cations [34,35]. Serum samples were prepared with protein precipitation. Isotopic-labeled
bile acids (C/D/N Isotopes, Quebec, Canada; Steraloids, Newport, RI, USA) were used as
internal standards to quantify the content of bile acids. UPLC-MS/MS, ACQUITY UPLC
Xevo TQ-S (Waters Corp., Milford, MA, USA), was applied to measure the content of bile
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acids. The chromatographic column was an ACQUITY UPLC Cortecs C18 1.6 µm Van-
Guard pre-column (2.1 mm × 5 mm) and ACQUITY UPLC Cortecs C18 1.6 µm analytical
column (2.1 mm × 100 mm). The column temperature was 30 ◦C and the flow rate was
0.40 mL/min. The mobile phase was phase A (10 mM ammonium acetate with 0.25% acetic
acid) and phase B (acetonitrile:methanol:isopropanol [8:1:1]) with gradient elution. The
raw data were analyzed and processed using Masslynx software (v4.1, Waters, Milford,
MA, USA).

2.5. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from the liver using RNAiso Plus (9109, TaKaRa, Kyoto,
Japan) according to the manufacturer’s protocol. RNA concentration and purity were
measured by UV–visible spectrophotometry, and when OD260/OD280 was between 1.8
and 2.0, it was qualified for RT-PCR. The 2 µg of total RNA was reversely transcribed into
cDNA with a PrimeScript RT reagent kit (RR047A, TaKaRa, Kyoto, Japan). In addition,
2× SYBR Green qPCR Master Mix (B21203, Bimake, Houston, TX, USA) was used for
RT-PCR. The relative expression of the target gene was evaluated by comparison with the
PCR cycle threshold (Ct). GAPDH, as an internal reference, was used to normalize the
expression of target genes. The primer sequences were acquired from the literature and are
shown in Supplementary Table S1.

2.6. Western Blot

Western blot was performed as previously described [36]. Total protein was extracted
from liver tissue with RIPA lysis buffer (P0013B, Beyotime, Shanghai, China) containing
1mM PMSF (ST507, Beyotime, Shanghai, China). The protein concentration was detected
with a BCA protein assay kit (P0012S, Beyotime, Shanghai, China). The 20 µg protein sam-
ples were separated using electrophoresis in 10% sodium dodecyl sulfate–polyacrylamide
gel (SDS-PAGE) and transferred to a polyvinylidene fluoride (PVDF) membrane with a
Trans-Blot SD semidry electrophoretic transfer cell. The membrane was blocked for 15 min
with QuickBlock™ Blocking Buffer (P0252, Beyotime, Shanghai, China), then washed with
Tris-buffered saline solution containing 0.1% Tween-20 (TBST), three times, 5 min each
time. Subsequently, the membrane was incubated with primary antibody at 4 ◦C overnight,
including CYP3A1 (1:100) and PXR (1:500). GAPDH monoclonal antibody was applied as
the loading control. The membrane was washed three times in TBST for 10 min per wash
and incubated with secondary HRP-conjugated anti-rabbit or anti-mouse IgG antibody
for 1 h at room temperature. After adding the enhanced chemiluminescence detection
kit (KF005, Affinity Biosciences, Cincinnati, OH, USA) to the membranes, signals were
detected using a Bio-Rad ChemiDoc XRS imaging system (Bio-Rad Laboratories, Hercules,
CA, USA).

2.7. Microsomal Preparation and Enzyme Activity Detection

Liver microsomes were prepared using differential centrifugation as previously de-
scribed [37,38]. BCA protein analysis kit was used to determine the concentration of liver
microsomes. The incubation system (200 µL) consisted of a NADPH regeneration system
(Solution A contained 26.1 mM NADP+, 66 mM Glucose-6-phosphate, and 66 mM MgCl2,
with a volume of 10 µL, Solution B contained 40 U/mL Glucose-6-phosphate dehydroge-
nase and 5 mM sodium citrate, with a volume of 2 µL, and 137 µL of PBS buffer at pH 7.4),
1 µL of nifedipine (1 mM in acetonitrile), and 50 µL of rat liver microsomes (0.5 mg/mL
in the system). The NADPH regeneration system remained unchanged, inactivated liver
microsomes with added nifedipine were used as the negative control, and inactivated liver
microsomes with added acetonitrile were used as the blank control. Liver microsomes were
heat-inactivated at 100 ◦C for 30 min. At 0 h and 37 ◦C incubation for 30 min, 50 µL of
samples was collected, and 100 µL of precooled acetonitrile was added to stop the reaction.
After centrifugation at 4 ◦C at 1681× g for 10 min, 5 µL of supernatant was taken, and
495 µL of 0.1% formic acid water–acetonitrile (1:1, v/v, containing nitrendipine 50 ng/mL)
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was added to dilute 100-fold, then vortexed for 2 min, centrifuged at 4 ◦C and 20,598× g
for 5 min, and the supernatant was used for HPLC-MS/MS detection.

2.8. Primary Hepatocyte Isolation and Induction

Primary rat hepatocytes were isolated from adult male Wistar rats (250–280 g) using a
modified two-step collagenase perfusion method [39]. Briefly, the rats were anesthetized
by intraperitoneal injection of pentobarbital. The abdomens of the rats were cleaned with
alcohol, and the body cavity was opened along the midline. Intestines were moved to
expose the portal vein and inferior vena cava (IVC). One suture was placed under the
IVC beneath the major branch. The IVC was punctured with an intravenous remained
trocar of 20 G and was ligated on it, and the portal vein was cut. The liver was first
flushed with saline at a flow rate of 20 mL/min to wash out the blood and then perfused
with 200 mL of perfusion buffer (HBSS no Ca2+, Mg2+, phenol red containing 0.5 mM
EDTA, and 25 mM HEPES). Subsequently, the flow rate was reduced to 10 mL/min with
80 mL of digestion buffer that was HBSS containing Ca2+, Mg2+, phenol red, 50 µg/mL
collagenase (C6885, Sigma, St. Louis, MO, USA), and 25 mM HEPES. The digested liver
was gently removed from the rat and placed into a Petri dish containing DMEM with
10% FBS. Connective tissues were removed while working in a hood. The livers were
sliced into small pieces with sterile tweezers, and the hepatocytes were released into a
suspension. The suspension was filtered through 70 µm cell-strainer filters into a 50 mL
conical tube and centrifuged at 50× g for 3 min at 4 ◦C. The supernatant was discarded,
and the pellet was resuspended in Percoll solution and spun at 100× g for 5 min at 4 ◦C
for hepatocyte purification. The supernatant was discarded, and the hepatocytes were
washed with DMEM media and then centrifuged at 50× g for 3 min at 4 ◦C. This process
was repeated twice. Six-well plates were coated with rat-tail collagen type I (C3867, Sigma,
St. Louis, MO, USA) at a final concentration of 0.1 µg/mL. A trypan blue exclusion test
was used to determine cell viability, and hepatocytes with a viability of greater than 85%
were seeded into six-well plates at 4 × 105 cells per well and cultured in DMEM containing
10% FBS and 1% penicillin–streptomycin solution. Two hours after seeding, the culture
medium was replaced with DMEM containing 5% FBS and 1% penicillin–streptomycin
solution. After overnight culture, the cells were exposed to a bile-acid-containing medium
and incubated for 24 h. RT-PCR was adopted to assess the relative expressions of CYP3A1
and Mdr1a.

2.9. Pharmacokinetic Study in Antibiotic-Cocktail-Treated Rats

Twenty-four-week-old SHRs were randomly divided into two groups, the control
group (n = 8) and the ABx group (n = 10). The rats in the ABx group were administered
an antibiotic cocktail, including vancomycin (50 mg/kg), neomycin (100 mg/kg), metron-
idazole (100 mg/kg), and ampicillin (1 mg/mL), for two weeks. The rats in the control
group were given an equal volume of saline. After two weeks, the feces were collected and
fecal microbial DNA was extracted using a QIAamp® PowerFecal® Pro DNA Kit (51804,
QIAGEN, Dusseldorf, Germany) to examine the models that were established successfully.
The serum bile acid levels were detected. Three days after antibiotic withdrawal, phar-
macokinetic experiments were carried out. The collected blood samples were detected by
UPLC-MS/MS after pretreatment.

2.10. Blood Biochemistry Test and Histological Assays

Up to 200 µL of rat serum was sent to the laboratory of Wuhan Servicebio Biotechnol-
ogy Co., Ltd. (Wuhan, China) for the detection of liver function indexes (ALT, AST, and
TBA) and kidney function indexes (BUN, Cr, and UA) using an automatic biochemical ana-
lyzer. The hepatic lobule, left kidney, and a section of the duodenum, jejunum, and ileum
were taken for hematoxylin and eosin (H&E) staining for histopathological examination.
The liver tissue was observed under a 5.0× and 20.0× optical microscope, the kidney was
observed under a 2.0× and 20.0× optical microscope, and the duodenum, jejunum, and
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ileum were observed under a 10.0× optical microscope. Specifically, villus height, crypt
depth, muscularis thickness, the number of goblet cells, villous epithelium length, and the
number of goblet cells per unit length were quantified to assess intestinal pathology.

2.11. Statistical Analysis

Statistical analysis between the two groups was evaluated using an unpaired Student’s
t test with two-tailed distribution or a Mann–Whitney U test when data did not coincide
with normal distribution. Spearman’s rank correlation test was performed to evaluate
the correlations between gut microbiota and pharmacokinetics. All data were expressed
as mean ± standard deviation (SD). Graphs were generated using GraphPad Prism 8,
and statistical analysis was performed using SPSS 25 (IBM, Armonk, NY, USA). p < 0.05
represented a statistically significant result.

3. Results
3.1. Oral Bioavailability of Nifedipine Decreased in SHRs

The pharmacokinetic parameters of nifedipine were acquired from DAS 2.0 software us-
ing a non-compartmental model, including area under the concentration–time curve (AUC),
maximum concentration (Cmax), mean residence time (MRT), time to reach maximum concen-
tration (Tmax), and elimination half-life (T1/2). We found that the pharmacokinetic character-
istics of nifedipine were quite different from each other (Figure 1A). In the Wistar group, the
value of AUC0–t was 16,755.62 ± 2963.72 ng·h/mL and Cmax was 3165.00 ± 520.52 ng/mL.
In the SHR group, the value of AUC0–t was 13,635.22 ± 2666.00 ng·h/mL and Cmax was
2233.33 ± 417.70 ng/mL (Table 1). Compared with Wistar rats, AUC0–t decreased by 18.62%
and Cmax decreased by 29.44% in SHRs (Figure 1B–E, p < 0.05). In addition, MRT0−t, MRT0−∞
and T1/2 increased by 32.28%, 49.97%, and 96.00% respectively in SHRs (Figure 1B–E,
Table 1, p < 0.05). Furthermore, we analyzed the intergroup concentrations at each time
point, and the results showed that, compared with Wistar rats, the concentrations of
nifedipine at 0.75 h, 1.0 h, 2.33 h, and 4 h decreased significantly in SHRs (Table 2).

Table 1. Pharmacokinetic parameters of nifedipine.

Parameter Unit Wistar SHR

AUC0–t ng·h/mL 16,755.62 ± 2963.72 13,635.22 ± 2666.00 *
AUC0–∞ ng·h/mL 16,780.48 ± 2977.64 14,073.07 ± 2974.92

Cmax ng/mL 3165.00 ± 520.52 2233.33 ± 417.70 ***
Tmax h 2.21 ± 0.94 1.86 ± 1.74

MRT0–t h 3.85 ± 0.34 5.09 ± 1.13 ***
MRT0–∞ h 3.88 ± 0.36 5.82 ± 2.48 ***

T1/2 h 2.15 ± 0.70 4.22 ± 1.87 ****
The data are expressed as the mean± standard deviation (SD), n = 8–9/group. * p < 0.05, *** p < 0.001, **** p < 0.0001.

Table 2. The concentration of nifedipine at each time point.

Time (h) Wistar SHR

0.167 744.10 ± 245.40 771.80 ± 267.10
0.33 1666.00 ± 311.60 1462.00 ± 348.90
0.5 2125.00 ± 380.50 1771.00 ± 475.50

0.75 2451.00 ± 422.50 1748.00 ± 317.00 **
1 2586.00 ± 318.90 1969.00 ± 373.00 **

2.33 2881.00 ± 600.70 1661.00 ± 521.70 ***
4 2440.00 ± 1024.00 910.80 ± 331.80 ***
6 717.00 ± 272.70 988.90 ± 782.10
8 330.20 ± 106.40 488.90 ± 177.30 *
24 6.11 ± 3.69 44.94 ± 67.24 **

The data are expressed as the mean ± standard deviation (SD), n = 8–9/group. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 1. Pharmacokinetic parameters of nifedipine in Wistar rats and SHRs by UPLC-MS/MS.
(A) Plasma concentration–time curves within 24 h; (B–E) histogram for statistical analysis of nifedip-
ine pharmacokinetic parameters, AUC0–t (B), AUC0–∞ (C), Cmax (D), and Tmax (E). Data are expressed
as mean ± SD. * p < 0.05, *** p < 0.001, **** p < 0.0001, unpaired t test.

3.2. Gut Microbial Dysbiosis and Bacteroides Enrichment in SHRs

To investigate the changes in microbial structure between Wistar rats and SHRs, the
abundance and diversity of gut microbiota were analyzed using 16S rRNA gene sequencing.
The component and proportion of microbiota changed between groups at the phylum
taxonomic levels (Figure 2A). Compared with Wistar, the relative abundance of Bacteroidetes
in SHRs decreased, while Firmicutes, Proteobacteria, Tenericutes, and Verrucomicrobia increased
(p < 0.05) (Figure 2B). The ratio of Firmicutes to Bacteroidetes (F/B) was increased in SHRs
(p < 0.05) compared with Wistar (Figure 2C), indicating disordered gut microbiota in
SHRs. PCA analysis indicated that the gut microbial clusters of the two groups were
separated distinctly (Figure 2D). LEfSe analysis was implemented to detect differential
gut microbial taxonomy between groups. The results showed that at the family level,
Bacteroidaceae, Ruminococcaceae, Erysipelotrichaceae, and Akkermansiaceae were enriched in
SHRs, and Prevotellaceae was enriched in Wistar (Figure 2E). The top ten of the most
abundant genera with content differences between the two groups are shown in Figure 2F.
Except Alloprevotella and Prevotella_9, the relative abundance of other genera was increased
in SHRs, while Bacteroides was the second richest genera (p = 0.0049). Analyzing the
abundance of Bacteroides species indicated that Bacteroides dorei and Bacteroides coprocola
were increased and Bacteroides stercoris was decreased, yet other strains had no obvious
difference (e.g., Bacteroides vulgatus) (Figure 2G).



Pharmaceutics 2023, 15, 2085 8 of 21

Pharmaceutics 2023, 15, x FOR PEER REVIEW  8  of  22 
 

 

abundant genera with content differences between the two groups are shown in Figure 

2F. Except Alloprevotella and Prevotella_9, the relative abundance of other genera was in-

creased in SHRs, while Bacteroides was the second richest genera (p = 0.0049). Analyzing 

the  abundance of Bacteroides  species  indicated  that Bacteroides  dorei  and Bacteroides  co‐

procola were increased and Bacteroides stercoris was decreased, yet other strains had no ob-

vious difference (e.g., Bacteroides vulgatus) (Figure 2G). 

 

Figure 2. Gut microbial dysbiosis in SHRs. (A) Composition of the gut microbiome at phylum taxo-

nomic levels; (B) relative abundance of phyla in each group; (C) the value of F/B ratio in the two 

groups; (D) principal component analysis (PCA) of gut microbiota diversity among Wistar rats and 

SHRs;  (E) LEfSe analysis  to find differential  taxa based on LDA > 4.0 with Wistar-enriched  taxa 

(blue) and SHR-enriched taxa (red); (F) top ten of the most abundant genera with content difference 

between the two groups; (G) relative abundance of Bacteroides species, including Bacteroides_dorei, 

Bacteroides_coprocola, Bacteroides_stercoris, and Bacteroides_vulgatus. Data are expressed as mean ± SD. 

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, unpaired t test or Mann–Whitney test. 

Figure 2. Gut microbial dysbiosis in SHRs. (A) Composition of the gut microbiome at phylum
taxonomic levels; (B) relative abundance of phyla in each group; (C) the value of F/B ratio in the
two groups; (D) principal component analysis (PCA) of gut microbiota diversity among Wistar rats
and SHRs; (E) LEfSe analysis to find differential taxa based on LDA > 4.0 with Wistar-enriched taxa
(blue) and SHR-enriched taxa (red); (F) top ten of the most abundant genera with content difference
between the two groups; (G) relative abundance of Bacteroides species, including Bacteroides_dorei,
Bacteroides_coprocola, Bacteroides_stercoris, and Bacteroides_vulgatus. Data are expressed as mean ± SD.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, unpaired t test or Mann–Whitney test.

3.3. Association between Gut Microbiota and Pharmacokinetic Parameters

Considering that the changes in pharmacokinetic characters were in parallel with
the dysbiosis in gut microbiota, we evaluated whether the specific species was correlated
with pharmacokinetic parameters (AUC0–t, AUC0–∞, Cmax, Tmax, MRT0–t, MRT0–∞, T1/2)
in the two groups. Spearman’s correlation test was used to assess the relationship between
the genera in Figure 2F and the pharmacokinetic parameters of nifedipine. The result
showed that the relative abundances of Akkermansia, Bacteroides, and Parabacteroides were
negatively correlated with Cmax (p < 0.05), and Prevotella_9 was positively correlated with
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Cmax (p < 0.05) (Figure 3A). Bacteroides was also positively correlated with MRT0–t, MRT0–∞,
and T1/2 with significance (Figure 3A). We further analyzed the correlation between the
species in Bacteroides and the pharmacokinetic parameters (Figure 3B). We found Bacteroides
dorei was negatively correlated with AUC0–t (r = −0.881, p = 0.004), AUC0–∞ (r = −0.738,
p = 0.037), Cmax (r = −0.714, p = 0.047), and Tmax (r = −0.724, p = 0.042) (Figure 3C–F).
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Figure 3. Correlations between gut microbiota and pharmacokinetic parameters. (A) Heatmap of cor-
relations between top ten of the most abundant genera with content difference and pharmacokinetic
parameters; (B) heatmap of correlations between the species in Bacteroides and pharmacokinetic pa-
rameters; (C–F) Bacteroides dorei is negatively correlated with AUC0–t (r = −0.881, p = 0.004), AUC0–∞

(r = −0.738, p = 0.037), Cmax (r = −0.714, p = 0.047), and Tmax (r = −0.724, p = 0.042). Data are
expressed as mean ± SD, unpaired t test or Mann–Whitney test.

3.4. Perturbations of the Microbiota Altered the BA Profiles in SHRs

To investigate whether the changes in microbiota affected the BA profiles, UPLC/MS/MS
was applied to measure the concentration of BAs in serum. The content of serum total BAs
was slightly higher in the SHR group (p = 0.123, Figure 4A) compared to in the Wistar rat
group. A significant increase in the content of primary BAs accompanied by a lower value
of secondary to primary BA ratio in SHRs was observed (Figure 4B–D). Furthermore, the
SHR group had a higher content of primary conjugated BAs (Figure 4E). The content of
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primary unconjugated BAs, secondary conjugated BAs, and secondary unconjugated BAs
did not differ between the two groups (Figure 4F–H). Sixteen differential BAs were selected
by orthogonal partial least squares discriminant analysis (OPLS-DA) (Figure 4I), including
seven primary BAs (GCA, TCA, GUDCA, GCDCA, TCDCA, TαMCA, and UDCA) and
nine kinds of secondary BAs (THCA, HDCA, GHDCA, GDCA, βHDCA, UCA, TDCA,
muroCA, and 6-KetoLCA) (Figure 4J, Table 3).
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Figure 4. Effect of intestinal dysbacteriosis on serum BA profiles. (A) Concentrations of total BAs;
(B) concentrations of primary BAs; (C) concentrations of secondary BAs; (D) ratio of secondary to
primary BAs; (E,F) concentrations of primary conjugated and unconjugated BAs; (G,H) concentrations
of secondary conjugated and unconjugated BAs; (I) volcano plot of 16 differential BAs by variable
importance in projection (VIP) of OPLAS-DA model; (J) concentrations of 16 differential BAs in two
groups. Data are expressed as mean± SD. * p < 0.05, *** p < 0.001, unpaired t test or Mann–Whitney test.

Table 3. The potential biomarkers of BA profile. Metabolites were ranked from large to small by the
value of fold change (FC) (n = 10/group).

Metabolite Class Uni_P Uni_FDR FC log2FC OPLSDA_VIP

GUDCA Primary BAs 0.0030 0.0204 113.81 6.83 1.5485
GHDCA Secondary BAs 0.0032 0.0204 50.33 5.65 1.5352

GCA Primary BAs 2.06 × 10−4 0.0086 47.29 5.56 1.6696
GDCA Secondary BAs 0.0039 0.0204 46.69 5.54 1.5250

GCDCA Primary BAs 0.0089 0.0313 31.92 5.00 1.4863
THCA Secondary BAs 0.0010 0.0139 27.41 4.78 1.6344
TCA Primary BAs 4.87 × 10−4 0.0102 8.84 3.14 1.5364
UCA Secondary BAs 0.0115 0.0371 7.75 2.95 1.2438

TDCA Secondary BAs 0.0089 0.0313 3.32 1.73 1.2045
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Table 3. Cont.

Metabolite Class Uni_P Uni_FDR FC log2FC OPLSDA_VIP

TCDCA Primary BAs 0.0089 0.0313 2.63 1.40 1.1256
TαMCA Primary BAs 0.0355 0.0784 2.34 1.23 1.1112

6-KetoLCA Secondary BAs 0.0232 0.0610 0.62 −0.68 1.0576
UDCA Primary BAs 0.0426 0.0895 0.50 −1.01 1.0772

muroCA Secondary BAs 0.0288 0.0712 0.42 −1.24 1.1990
βHDCA Secondary BAs 0.0089 0.0313 0.15 −2.70 1.3869
HDCA Secondary BAs 0.0015 0.0158 0.12 −3.06 1.5747

3.5. Gut Microbiota Altered the Expression and Enzyme Activity of CYP3A1

To test the expressions of CYP3A1 and PXR under gut microbial dysbiosis in SHRs,
quantitative real-time PCR and Western blot were performed to examine the hepatic expres-
sion of CYP3A1 and PXR, and the results showed that the expressions of CYP3A1 and PXR
were upregulated both in mRNA and protein levels (p < 0.05) in the SHRs (Figure 5A–E).
The enzyme activity of CYP3A1 in liver microsomes was determined using HPLC-MS/MS.
After the co-incubation of nifedipine and liver microsomes for 30 min, the residual amount
of nifedipine was 225.3 ± 105.9 ng/mL in the SHR group and 1120.0 ± 400.8 ng/mL in
the Wistar group (Figure 5F). The reduction in nifedipine was 1446.0 ± 197.6 ng/mL in
the SHR group and 491.3 ± 461.8 ng/mL in the Wistar group (Figure 5G). The enzyme
activity of CYP3A1 in the SHR group was 2.45 times higher than that in the Wistar group
(Figure 5H). The production of dehydronifedipine was 614.1 ± 140.0 ng/mL in the SHR
group and 286.8 ± 187.9 ng/mL in the Wistar group (Figure 5I). Because the liver played
a primary role in the metabolic process of nifedipine, the upregulation of CYP3A1 and
PXR expression and increased enzyme activity of CYP3A1 in SHRs may contribute to the
reduced bioavailability of nifedipine in SHRs.
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density to quantify the expression of CYP3A1 and PXR in protein levels; (E) Western blotting of
CYP3A1 and PXR; (F) remaining nifedipine in the co-incubation system after 30 min; (G) reduction in
nifedipine; (H) the enzyme activity of CYP3A1, which is the ratio of reduction in nifedipine to the
total amount of it; (I) Production of dehydronifedipine. Data are expressed as mean ± SD. ** p < 0.01,
**** p < 0.0001, unpaired t test or Mann–Whitney test.

3.6. Correlation among Microbiota, Bile Acids, and Pharmacokinetic Parameters

Considering that bile acid may be the signaling molecule of intestinal microbiota
influencing pharmacokinetics, a Spearman’s correlation test was used to explore the rela-
tionship between intestinal microbiota and specific bile acids and between bile acids and
pharmacokinetic parameters. The results showed that the relative abundance of Bacteroides
stercoris had negative correlations with the contents of GUDCA and GCDCA (p < 0.05),
and the correlation coefficients were −0.7126 and −0.6878, respectively (Figure 6A,B). A
heatmap of the correlations between bile acids and pharmacokinetic parameters is shown in
Figure 6C. The concentration of GUDCA was negatively correlated with Cmax (r = −0.556,
p = 0.025) and positively correlated with T1/2 (r = 0.555, p = 0.026) (Figure 6D,E). GCDCA
was also positively correlated with T1/2 (r = 0.550, p = 0.027) (Figure 6E). Primary hepato-
cytes were considered to be an ideal model for an induction experiment in vitro. To explore
the interaction between bile acids and PXR, primary rat hepatocytes were isolated and
treated with different concentrations of GUDCA and GCDCA. The secondary bile acid
LCA was an efficacious activator of PXR and included as a positive control. The relative
expressions of CYP3A1 and Mdr1a in the GUDCA-/GCDCA-treated groups were higher
(p < 0.05) than those in the DMSO-treated group (Figure 6F).

3.7. Using the Antibiotic-Cocktail-Treated Rats to Confirm That Gut Microbiota Are Involved in
the Metabolism of Nifedipine

Germ-free or antibiotic-cocktail-treated models are usually used to study the relation-
ship between gut microbiota and diseases or the metabolism of drugs [40]; we adopted an
antibiotic cocktail to deplete the gut microbiota in SHRs. We extracted the gut microbial
DNA from fecal samples and detected concentration; the results showed that compared
with the control group, the value was decreased by 91.7% in the ABx group (Figure 7A).
The weight of cecal contents in the ABx groups was higher than that in control groups
(p < 0.0001), while the body weight and liver tissue weight showed no difference (Figure 7B).
After the model was constructed, we measured the serum BAs; the results showed that
the contents of total BAs and primary BAs had no significant difference in the ABx group
and control group (Figure 7C,D), while secondary BAs were significantly decreased in
the ABx group (Figure 7E). Moreover, total GUDCA was lower in the ABx group than
in the control group (p < 0.01) (Figure 7G). We further performed the pharmacokinetic
study in antibiotic-cocktail-treated rats. The pharmacokinetic curves are shown in Figure 7I.
Compared with the control group, the Cmax was decreased (p < 0.01) and the T1/2 was
increased (p < 0.05) in the ABx group (Figure 7J,K).
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Figure 6. Correlation among gut microbiota, serum BAs, and pharmacokinetic parameters.
(A) Spearman correlation analysis of Bacteroides species and 16 differential BAs; (B) Bacteroides
stercoris is negatively correlated with GUDCA (r = −0.7126, p = 0.0264) and GCDCA (r = −0.6878,
p = 0.0339); (C) Spearman correlation analysis of 16 differential BAs and pharmacokinetic parameters;
(D) GUDCA is negatively correlated with Cmax (r = −0.556, p = 0.025); (E) GUDCA (r = −0.555,
p = 0.026) or GCDCA (r = −0.550, p = 0.027) is positively correlated with T1/2; (F) relative expressions
of CYP3A1 and Mdr1a in hepatocytes after being treated with GUCDA and GCDCA. DMSO-treated
as a negative control and LCA-treated as a positive control. Data are expressed as mean ± SD.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, unpaired t test or Mann–Whitney test.
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(A) The concentration of gut microbial DNA in stool samples; (B) the weight of the body, liver tissues,
and cecal contents; (C–F) analysis of serum BAs profiles; (G) the content of serum total GUDCA; (H) the
content of serum total GCDCA; (I) plasma concentration–time curves within 24 h in antibiotic-cocktail-
treated rats; (J,K) comparison of the values of Cmax and T1/2 between groups. Data are expressed as
mean ± SD. * p < 0.05, ** p < 0.01, **** p < 0.0001, unpaired t test or Mann–Whitney test.

3.8. Effect of Liver and Renal Functions on Drug Metabolism and Intestinal Functions on
Drug Absorption

The liver and kidney functions under hypertension are the basic factors affecting
drug metabolism. To exclude the possible influences of liver and kidney functions on
pharmacokinetics, the serum biochemical indexes of the SHR group and Wistar group were
detected. There were no pathological changes in the H&E staining results of the liver and
kidney (Figure 8A,B). No abnormalities in liver function indexes (ALT, AST, TBA) and
kidney function indexes (BUN, Cr, UA) were observed between the two groups (Table 4).
By observing the pharmacokinetic curves in Figure 1A, we found that the process of drug
absorption differed between the two groups. The intestinal histological and measurement
analysis showed that there were no obvious pathological changes in the intestinal tissues
of the two groups (Figure 9), but the crypt depth of the ileum in SHRs was greater than
that of the Wistar rats (Figure 9D).
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Table 4. Serum biochemical indexes of liver function and kidney function.

Parameter Unit Wistar SHR

AST U/L 432.90 ± 182.80 498.20 ± 66.04
ALT U/L 99.73 ± 45.88 90.33 ± 56.11
TBA µmol/L 6.24 ± 2.35 8.30 ± 3.43
BUN mmol/L 20.31 ± 2.77 21.67 ± 2.06

Cr µmol/L 58.54 ± 10.28 52.78 ± 8.35
UA µmol/L 142.20 ± 57.29 173.40 ± 72.93

The data are expressed as the mean ± standard deviation (SD), n = 8–9/group. ALT: alanine aminotransferase;
AST: aspartate aminotransferase; TBA: total bile acid; BUN: blood urea nitrogen; Cr: creatinine; UA: uric acid.
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measurement of intestinal pathological parameters, including villus height (C), crypt depth (D),
muscularis thickness (E), goblet cell number (F), villous epithelium length (G), and goblet cell/unit
length (H). Data are expressed as mean ± SD. * p < 0.05, unpaired t test or Mann–Whitney test.

4. Discussion

The pharmacokinetics of nifedipine exhibit significant variability, and its antihyper-
tensive efficacy demonstrates considerable variation among individuals at the clinical level.
The gut microbiome harbors diverse catalytic enzymes and is regarded as a ‘metabolic
organ’ capable of influencing host metabolism [41,42]. Previous studies have proven that
gut microbiota can mediate the metabolism of many oral medications [41]. During oral
administration, the drug is absorbed into blood circulation through the gastrointestinal tract
and contacts many thousands of intestinal microbial species [43,44]. Enzymes synthesized
by microbiota can modify the structure of a drug and alter its bioavailability [45,46]. It has
been discovered that the gut microbiota plays a role in the pharmacokinetics of antihyper-
tensive drugs [47,48]. The gut microbiota may affect the bioavailability of antihypertensive
drugs through a variety of ways, including bacterial metabolism, bacterial transport, and
regulation of drug metabolic enzymes and intestinal transports [47]. In this study, we
explored how the gut microbiota affects the pharmacokinetics of nifedipine and influences
its bioavailability. By conducting pharmacokinetic experiments and analyzing the relative
abundance of microbiota, the levels of bile acids, and the enzyme activity of CYP3A1, we
observed that the gut microbiota directly metabolizes nifedipine or regulates the enzyme
activity of CYP3A1 by bile acids.

As we aimed to investigate the role of microbiota in the variability of nifedipine’s
pharmacokinetics, animal models of spontaneous hypertension (SHRs) and normotension
(Wistar rats) were utilized to evaluate the pharmacokinetics. The findings revealed a signifi-
cant decrease in the bioavailability of nifedipine in SHRs compared to Wistar rats, indicating
a reduction in nifedipine metabolism. Subsequently, we used 16S rRNA gene sequencing
to detect the composition and relative abundance of microbial taxonomies. We found that
in the SHR group, the ratio of Firmicutes to Bacteroidetes (F/B ratio) increased, which is a
potential biomarker of gut microbial dysbiosis [49,50]. Our results are consistent with those
of previous studies. For example, Li et al. [23] found that, compared with normotensive
WKY rats, the F/B ratio of SHRs is increased (p < 0.05). In addition, Santisteban et al. [27]
investigated whether the changes in the F/B ratio were associated with the development of
hypertension, and no difference was found in the F/B ratio between prehypertensive SHRs
and age-matched WKY rats, indicating that as blood pressure increased, the gut microbiota
was disrupted. Overall, a remarkable gut microbial dysbiosis occurred in SHRs.

To explore the direct biotransformation of nifedipine by microbiota, we conjointly
analyzed the pharmacokinetic parameters and 16S rRNA gene sequencing data. We found
that several genera were related to the pharmacokinetics of nifedipine, in which Bacteroides
was negatively correlated with Cmax and positively correlated with MRT0–t, MRT0–∞, and
T1/2. Furthermore, Spearman correlation analysis showed that the relative abundance
of Bacteroides dorei was negatively correlated with the values of AUC0–t, AUC0–∞, Cmax,
and Tmax. This indicated that the dysbiosis of microbiota under hypertension may play
a role in the pharmacokinetic difference in nifedipine, and Bacteroides dorei may have the
enzyme activity of metabolizing nifedipine directly. Previous studies have explored the
effect of gut microbiota on the pharmacokinetics of nifedipine. Zhang et al. [32] revealed
that the metabolic activity of intestinal flora decreased with the bioavailability of nifedipine
being increased in a plateau hypoxia environment [32], but this study failed to identify the
specific bacterial strains that contributed to the changes in pharmacokinetic characteristics.
Kato et al. [51] reported that oral ingestion of the probiotic Lactobacillus casei can improve
the bioavailability of nifedipine, and treatment with L. casei can increase the absorption
of nifedipine by decreasing intestinal CYP3A activity to increase intestinal availability.
Overall, the microbial metabolism of nifedipine may provide a potential explanation for
its pharmacokinetic variability. Besides hypertension, which is focused on in this study,
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NAFLD is one of the most common liver diseases and can develop into NASH, leading
to hepatic pathological changes and lower liver function [52]. Guo et al. constructed a
mice model with NASH and proved that gut microbiota and host CYP450s co-contribute to
pharmacokinetic variability under NASH [6].

It is known that gut microbiota can influence drugs through indirect ways, including
the regulation of host gene expression. Intestinal microbiota can upregulate the expression
of CYP enzymes and nuclear receptor PXR [53]. PXR is a key regulator of the exogenous
induction of CYP3A4 expression [54]. BAs as endogenous ligands of the nuclear recep-
tor PXR have been widely studied. LCA, a secondary bile acid, was derived from gut
microbiota and has been proven to activate PXR and induce CYP3A [55]. In this study,
whether bile acid plays a role should be explored. In the analysis of the BA profiles, the
contents of primary BAs and primary conjugated BAs were significantly elevated in the
serum of SHRs compared with Wistar rats. Sixteen differential BAs were screened by
the OPLAS-DA model, which includes six kinds of primary conjugated BAs, including
GUDCA, GCA, GCDCA, TCA, TCDCA, and TαMCA. In general, the disturbance of gut
microbiota changed the serum BA profiles.

Nifedipine is primarily oxidized by human CYP3A4 and rat CYP3A1 [3,56]. We found
that both at mRNA and protein levels, the expression of CYP3A1 in SHRs was increased;
meanwhile, the expression of PXR also increased. The enzyme activity of CYP3A1 was
proved to be increased in SHRs by the experiment on liver microsomal metabolism. The
upregulated expression and increased activity of CYP3A1 in SHRs promoted the hepatic
metabolism of nifedipine. Therefore, the disorder of intestinal microbiota influenced the
CYP3A1 enzyme and affected the bioavailability of nifedipine. Moreover, the CYP3A
subfamily metabolized ~30% of clinically used drugs; other substrates would also be
influenced in hypertension.

Considering that gut microbiota may affect the activity of the CYP3A1 enzyme through
BAs, we analyzed the correlations among the species of Bacteroides, the differential BAs, and
pharmacokinetic parameters. The results showed that Bacteroides stercoris may modulate
the contents of GUDCA and GCDCA to affect the pharmacokinetics. Further, GUDCA
and GCDCA were proven to induce CYP3A1 in primary rat hepatocytes. Bile acids that
have been reported to activate PXR, including LCA, CDCA, DCA, and CA, showed no
significant difference between the two groups in our research. The existing studies on the
BA activation of PXR mainly focus on unconjugated BAs, and the rank order of induced
affinity is 3-keto-LCA > LCA > CDCA, DCA > CA [55,57]. UDCA and TUDCA have
also been reported to activate PXR and induce CYP3A4 [58]. Considering that PXR is a
promiscuous nuclear receptor, there is species specificity in its ligand binding pocket [59];
the amino acid sequences of PXR’s LBD among different species share only 75~80% of their
identity [60], suggesting that inter-species variation in PXR ligand specificity exists [19].
Moreover, other metabolites derived from the microbiota and influenced drug metabolism
have been reported. Short-chain fatty acids (SCFAs), derivative metabolites of intestinal
flora, have also been reported to improve the metabolic activity of liver organoids, including
the expression of CYP3A4 [61]. Indole-3-propionic acid (IPA), a metabolite of tryptophan
metabolized by bacteria, can also activate PXR [62], and its effect on CYP3A enzyme activity
remains to be explored. In addition, a specific bacterial strain that influenced the enzyme
activity of CYP3A has been reported. For example, Liu J et al. found that Lactobacillus
rhamnosus induced CYP3A activity [63].

To validate the impact of gut microbiota on the pharmacokinetics, we used antibiotic-
cocktail-treated rats in pharmacokinetic experiments on nifedipine. The results showed
that the Cmax decreased and the T1/2 increased in the ABx group compared with the control
group, indicating that the depletion of microbiota reduced the extent of drug absorption
and extended the time of drug metabolism. We also detected the serum BA profiles and
we found that the concentrations of secondary BAs decreased in the ABx group, which
could be explained by the impaired process of gut-microbiota-mediated transformation of
primary bile acid into secondary bile acid. Moreover, the content of GUDCA was decreased
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after antibiotic cocktail treatment, while the content of GUDCA, as a primary conjugated
bile acid, should theoretically increase or remain unchanged in the ABx group. An increase
in GCDCA was observed by Yang et al. in antibiotic-treated Wistar rats, while no difference
occurred in the content of GUDCA [13]. The discrepancies between our results and the
previous study could be explained by the different rat strains and the relatively small
sample size, as well as the sensitivity of detection. In summary, antibiotic-cocktail-treated
rats verified the effect of the gut microbiota on the BA profiles and the pharmacokinetics
of nifedipine.

5. Limitations of This Study

Although the potential involvement of Bacteroides dorei and Bacteroides stercoris in
the pharmacokinetics of nifedipine has been identified, further confirmation requires the
establishment of animal models specifically targeting the knockout of these bacteria. In
addition, given the intricate nature of the gut microbiota and bile acids, as well as the
disparities between experimental models and humans, it is necessary to validate whether
the results of this study can be extrapolated to humans. Notably, individual differences
in gut microbiota exist in hypertensive patients, and with the progress of hypertension,
the gut microbiota of each patient will also change, which is a more complex problem and
needs to be explored in the clinic.

6. Conclusions

Our study reported a reduction in the bioavailability of nifedipine in SHRs and inves-
tigated the underlying mechanism involving the gut microbiota. This mechanism includes
the direct metabolism of nifedipine by bacterial enzymes or the indirect modulation of
its metabolism through the upregulation of CYP3A1 activity. The gut microbiota plays
a role in the progress of hypertension, and gut microbial disorder has been observed in
hypertensive patients [64]. Therefore, considering the impact of the gut microbiota on
nifedipine’s pharmacokinetics, our findings offer a microbial-oriented approach to address
the interindividual variability in the clinical response to antihypertensive drugs. Further re-
search can focus on how to translate the results of animal experiments into clinical practice.
We should also explore how to reshape the gut microbiota to improve the bioavailability
of drugs.
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