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Abstract

Background and Aims: Voriconazole (VRC), a widely used
antifungal drug, often causes hepatotoxicity, which presents
a significant clinical challenge. Previous studies demonstrat-
ed that Astragalus polysaccharide (APS) can regulate VRC
metabolism, thereby potentially mitigating its hepatotoxic ef-
fects. In this study, we aimed to explore the mechanism by
which APS regulates VRC metabolism. Methods: First, we
assessed the association of abnormal VRC metabolism with
hepatotoxicity using the Roussel Uclaf Causality Assessment
Method scale. Second, we conducted a series of basic experi-
ments to verify the promotive effect of APS on VRC metabo-
lism. Various in vitro and in vivo assays, including cytokine
profiling, immunohistochemistry, quantitative polymerase
chain reaction, metabolite analysis, and drug concentration
measurements, were performed using a lipopolysaccharide-
induced rat inflammation model. Finally, experiments such
as intestinal biodiversity analysis, intestinal clearance as-
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sessments, and Bifidobacterium bifidum replenishment were
performed to examine the ability of B. bifidum to regulate
the expression of the VRC-metabolizing enzyme CYP2C19
through the gut-liver axis. Results: The results indicated
that APS does not have a direct effect on hepatocytes. How-
ever, the assessment of gut microbiota function revealed
that APS significantly increases the abundance of B. bifidum,
which could lead to an anti-inflammatory response in the
liver and indirectly enhance VRC metabolism. The dual-lucif-
erase reporter gene assay revealed that APS can hinder the
secretion of pro-inflammatory mediators and reduce the in-
hibitory effect on CYP2C19 transcription through the nuclear
factor-kB signaling pathway. Conclusions: The study offers
valuable insights into the mechanism by which APS alleviates
VRC-induced liver damage, highlighting its immunomodula-
tory influence on hepatic tissues and its indirect regulatory
control of VRC-metabolizing enzymes within hepatocytes.
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zole Metabolism under Inflammatory Conditions through the
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Introduction

Currently, the number of patients with fungal infections or
immunodeficiency is increasing globally.12 Consequently, the
antifungal agent voriconazole (VRC) is being used with in-
creasing frequency. Nevertheless, patients are experiencing
complications because of its toxic and adverse effects. Clini-
cal investigations have revealed that VRC metabolism ex-
hibits significant interindividual variability, primarily because
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of differences in the activity of hepatic drug-metabolizing
enzymes in patients with inflammatory disorders.3 Conse-
quently, this variability leads to drug-induced hepatotoxicity
and the development of optic nerve dysfunction.* Analyses
of intestinal 16S/ITS and metagenomics revealed notable
disparities in the composition and functionality of the intes-
tinal microbiota between populations exhibiting these vari-
ations.> In the context of acute myeloid leukemia, patients
often experience impaired immune function and systemic
infections.®7 Hence, investigating alterations in both the
structure and function of the intestinal microbiota associated
with inflammatory conditions could provide insights into the
modifications of hepatic drug metabolism.® Polysaccharides
from traditional Chinese medicine, which serve as prebiotics,
modulate the composition of the intestinal microbiota or uti-
lize the fermentation byproducts of the intestinal microbiota
to achieve favorable therapeutic outcomes in the manage-
ment of various conditions, such as diet-induced obesity, co-
litis, and antibiotic-associated diarrhea.®

Polysaccharide preparations can regulate the body’s im-
munity via the gut-liver axis.1® Furthermore, these prepa-
rations have displayed potential to alleviate inflammatory
diseases, including non-alcoholic fatty liver disease.l1:12
Astragalus membranaceus, a traditional Chinese medicine,
is derived from the dried root of the perennial leguminous
plant Astragalus membranaceus (Fisch.) Bge. var. mongholi-
cus (Bge.) Hsiao or A. membranaceus (Fisch.) Bge.!3 This
medicinal herb is characterized by its slightly warm nature
and sweet taste, and it is known for its therapeutic proper-
ties such as nourishing qi, raising yang, fixing the surface,
and stopping sweating. Astragalus polysaccharide (APS), one
of the main active ingredients of Astragalus, can boost im-
munity, strengthen the heart, protect the liver, reduce blood
pressure and diuresis, slow aging, and prevent free radical
damage. Injectable APS is extensively used in clinical prac-
tice in China, especially for patients receiving chemotherapy,
and favorable outcomes have been recorded.!> Numerous
prescription studies illustrated that APS can modulate gastro-
intestinal motility, counteract gastrointestinal mucosal dam-
age, regulate intestinal immunity, and mitigate the effects of
chemotherapeutic agents on the intestinal flora.13:16:17 How-
ever, the effect of APS on liver drug metabolism in disease
states has not been reported.

Pharmacokinetics encompasses the examination of drug
movement within the human body through absorption, dis-
tribution, metabolism, and excretion. The liver is the primary
organ responsible for drug metabolism. A crucial mechanism
of drug metabolism within the liver involves the cytochrome
P450 superfamily (CYPs) of membrane-bound hemoprotein
isoenzymes. CYPs comprise the major phase I oxidation sys-
tems, and their function is closely linked to systemic drug ex-
posure. CYP2C19 plays a pivotal role in catalyzing the metab-
olism of various xenobiotics and endobiotics, including VRC
and omeprazole. CYP2C19 is abundantly expressed in the rat
liver and is readily affected by inflammation, which impairs
the ability of the enzyme to metabolize its substrates.

The nuclear factor-kB (NF-kB) pathway is a well-estab-
lished and crucial signaling mechanism involved in inflam-
mation, and it is primarily activated by pro-inflammatory
cytokines such as interleukin | (IL-1) and tumor necrosis fac-
tor a (TNF-a). Following lipopolysaccharide (LPS)-triggered
inflammation, pro-inflammatory cytokine production in the
liver is enhanced. NF-kB consists of the subunits p50 and
p65, which combine to form a heterodimer. In the regulation
of target genes, NF-kB can act as a transcriptional activator
or repressor by interacting with various co-regulatory pro-
teins, including co-activators and co-repressors. NF-kB can

regulate the expression and activity of CYPs (e.g., CYP3A) at
the transcriptional or post-transcriptional level.18

The objectives of our study were to investigate the phar-
macokinetic impact of APS on VRC and elucidate the spe-
cific mechanism by which APS regulates VRC metabolism. To
achieve this aim, we developed a rodent LPS-induced liver
inflammation model and subsequently performed pharma-
cokinetic experiments of VRC in APS-treated and control rats.
CYP2C19, an important metabolic enzyme responsible for
the elimination of VRC N-oxide, was detected in the livers of
rats with inflammation. Furthermore, we investigated the po-
tential effects of the inflammatory microenvironment in the
liver on the NF-kB signaling pathway and CYP2C19 transcrip-
tion. This research aimed to provide targeted prevention and
treatment strategies to reduce the incidence of VRC-induced
toxicity in patients with underlying medical conditions.

Methods

Acquisition of published cases of VRC-induced hepa-
totoxicity

Initially, we searched for cases of VRC-induced hepatotoxicity
using PubMed, including clinical data, and assessed the find-
ings using the updated Roussel Uclaf Causality Assessment
Method (RUCAM) to verify causality. Subsequently, we con-
ducted basic research to explore the ability of APS to prevent
and treat VRC-induced hepatotoxicity to provide an early sci-
entific basis for clinical treatment.

Animals and drug treatment

Specific pathogen-free (SPF) Sprague-Dawley rats (male,
6 weeks old, weighing 200-220 g) were obtained from the
Laboratory Animal Center of Nanfang Hospital, Southern
Medical University (Medical Experimental Animal Number:
SCXK-2016-0041). Rats were housed under a 12-h/12-h
light/dark cycle at 25+2°C and 55+10% humidity. All rats
were acclimatized for 1 week prior to the experiment. At 24 h
after VRC administration, the animals were euthanized, their
intestinal tracts and intestinal feces were separated, and im-
munoblotting and 16S rRNA sequencing were performed.

Rats were treated with a single dose of phosphate-buff-
ered saline (PBS) or LPS (0.1 mg/kg suspended in PBS) and
subsequently killed by cervical dislocation to obtain liver tis-
sue and peripheral blood. Blood was collected and stored
in a refrigerator at —20°C. The expression of inflammatory
factors in the liver and the levels of liver tests (LTs) were
determined at 2 and 16 h after LPS treatment, respective-
ly. Untreated rats and sterile rats (i.e., rats that had been
treated with antibiotics for 4 weeks) were treated with LPS,
and then liver inflammatory factor and serum alanine ami-
notransferase (ALT) levels were measured.

After a 1-week acclimatization period, all rats were ran-
domly divided into four groups (10 rats/group): normal
group (Ctrl), model group (LPS), LPS + low-dose APS group
(APSL), and LPS + high-dose APS group (APSH). The rats
in the Ctrl and LPS groups received 0.5% sodium carboxy-
methylcellulose solution (CMC-Na) orally. After 1 h, the ani-
mals received a second dose of 10 mL/kg CMC-Na orally.
Rats in the APSL and APSH groups received APS (suspended
in 0.5% CMC-Na) intragastrically at 300 and 600 mg/kg body
weight, respectively. The results were recorded every 3 days.
The perfusion volume was based on the rats’ body weight.
The entire animal experiment lasted 4 weeks. A schematic
representation of the experimental procedure is presented
in Figure 1A. After the experiment, the rats were weighed
and fasted for 12 h with free access to water. Blood samples
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Fig. 1. APS reduces liver inflammation and promotes the metabolism of voriconazole in vivo. (A) Schematic diagram of the current experimental process.
(B) VRC plasma kinetics in individual rats (n=5, respectively). (C) Effects of APS on LPS-induced inflammatory rat liver tests (LTs). Data are expressed as mean£SD
(n=6). (D) Liver pathology score. Left, H&E of liver tissue in each group; Right, Statistical analysis of pathology scores; Bar = 40 pm. Data are expressed as mean+SD
(n=3). **P<0.01, *P<0.05 vs. LPS group. ALP, Alkaline phosphatase; ALT, Alanine aminotransferase; APS, Astragalus polysaccharide; APSH, high-dose APS group; APSL,
low-dose APS group; AST, Aspartate aminotransferase; Ctrl, Control group; H&E, Hematoxylin-eosin staining; LPS, lipopolysaccharide; SD, standard deviation; TB, Total
bilirubin; TG, Triglycerides; VRC, Voriconazole; y-GT (GGT), y-glutamyl transferase.
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were collected from the orbital venous plexus of the rats and
stored at 4°C for 12 h. After blood collection for the pharma-
cokinetic experiment, the animals in each group were anes-
thetized with chloral hydrate, rinsed with 50 mL of physio-
logical saline in a pre-cooler, and then collected for later use.
After sacrifice, organ tissues were removed, and the liver
samples were divided into two parts. One part was placed in
10% formalin solution for histopathological examination and
homogenization, and the other part was stored at —80°C for
biochemical assays. The contents of the colon were collected
and stored at —80°C for gut microbiota analysis.

Bifidobacterium bifidum was obtained from the Center of
Industrial Culture and the BeNa Culture Collection of China.
After resuscitation, B. bifidum was cultured in chocolate-
colored blood medium or BBL liquid medium. For both me-
dia, the strain was incubated at 37°C on an anaerobic table,
centrifuged at 4°C for 5 min at 18,000 xg, and washed twice
with sterile PBS to prepare a bacterial solution with a concen-
tration of 1x10° CFU/mL for use in the next step.

Treatment with an antibiotic cocktail

After a 1-week acclimatization period, SPF rats were admin-
istered an antibiotic cocktail (1 g/L streptomycin, 0.5 g/L am-
picillin, 1 g/L gentamicin, and 0.5 g/L vancomycin) via a na-
sogastric tube (500 pL/each) three times a week for 2 weeks.
The antibiotics were administered in drinking water to avoid
confounding effects attributable to the stress induced by oral
gavage. At the end of bacterial clearance, quantitative re-
verse transcription-polymerase chain reaction (QRT-PCR) was
performed to determine the total bacterial count in feces. All
antibiotics were purchased from Meilun Bio (Dalian, China).

Reagents

LPS was acquired from MCE (Monmouth Junction, NJ, USA).
A primary antibody against multidrug resistance gene 1 (P-
gp) was purchased from Cell Signaling Technology (Dan-
vers, MA, USA). Other antibodies were purchased from In-
vitrogen (Carlsbad, CA, USA). Background fluorescence was
determined using an anti-rat isotype control antibody (BD
Pharmingen, Franklin Lakes, NJ, USA).

16S rRNA-sequencing analysis

To ensure the successful establishment of the rodent model
of intestinal dysbacteriosis and to understand the difference
in intestinal dysbacteriosis between the two groups, fecal
samples were collected 8 days after ceftriaxone sodium or
sterile water administration.

Microbial community genomic DNA was extracted from fe-
cal samples using the E.Z.N.A.® DNA kit (Omega Bio-tek,
Norcross, GA, U.S.) according to the manufacturer’s instruc-
tions. One percent agarose gel electrophoresis was per-
formed to determine the quality of DNA, and NanoDrop 2000
(Thermo Scientific, Waltham, MA, USA) was used to deter-
mine the concentration and purity of DNA. The V3-V4 hyper-
variable region of the 16S rRNA gene was amplified by PCR
using the primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3’)
and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). After amplifi-
cation, 2% agarose gel electrophoresis was used to recover
the PCR products. Then, the obtained products were purified
using an AxyPrep DNA Gel Extraction Kit (Axygen Bioscienc-
es, Union City, CA, USA) and quantified using a Quantus Gel
Fluorometer (Promega, Madison, WI, USA). NEXTFLEX Rapid
DNA-Seq kits (BioScientific, Austin, TX, USA) were used for
paired-end library construction. Paired-end sequencing was
performed with Illumina MiSeq PE300/NovaSeq PE250 (II-
lumina Inc., San Diego, CA, USA) using standard protocols

at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, Chi-
na). The data analysis pipeline, including correlation analy-
sis of environmental factors and selected species or OTUs,
was generated using Majorbio Biomedical Technology’s cloud
platform, which provided an intuitive heatmap representation
of the numerical matrix derived from the correlation analy-
sis. In addition, Phylogenetic Investigation of Communities
by Reconstruction of Unobserved States (PICRUSt) was em-
ployed to predict the metabolic functions of bacterial commu-
nities and the functional composition of metagenomes. The
PICRUSt analysis involved normalizing the COG information
and the KEGG Orthology (KO) information for each ID gene.
The abundance of each KO and COG was then calculated
to obtain the corresponding functional abundance spectrum
using data from the COG and KEGG databases. The analysis
divided the functional categories into different pathway lev-
els, permitting a detailed examination of the functions of the
bacterial community at different biological hierarchy levels.

Pharmacokinetic analysis

All rats in the inflammatory response model group were in-
jected with 100 pg/kg LPS through the tail vein. Blood was
collected at 0, 0.08, 0.25, 0.5, 1, 1.5, 2.0, 4.0, 6.0, 8.0,
12.0, and 24.0 h after a single dose of VRC (20 mg/kg) into
heparin-containing tubes with anticoagulant, and plasma
was obtained by centrifuging the blood at 13,000 rpm for 10
min and collecting the supernatant. The VRC concentration
was determined by high-performance liquid chromatography
(HPLC)-tandem mass spectrometry (MS/MS). All samples
were centrifuged at 3,500 rpm at 4°C for 15 min. The super-
natant (plasma) was removed and stored at —80°C. During
the analysis, the plasma (50 pL) was mixed with acetonitrile
(200 pL) to precipitate the proteins. After high-speed centrif-
ugation (13,000 rpm, 10 min), the transparent supernatant
was collected, evaporated with flowing N, gas, redissolved in
100 pL acetonitrile/0.1% formic acid (40/60, v/v), and ana-
lyzed by HPLC using standard solutions and quality control.
The PK Solver software program was used for data analysis.

HPLC-MS/MS conditions

The concentrations of VRC and omeprazole were determined
using a Waters ACQUITY UPLC- QTOF system (Waters, Milford,
MA, USA). An ACQUITY UPLC BEH C18 1.7 ym column (Wa-
ters) was used at a temperature of 40°C. Chromatographic
separation was achieved using a gradient mobile phase con-
sisting of 0.01% formic acid in water (A) and acetonitrile (B)
at a flow rate of 0.3 mL/min as follows: VRC, 5-99% B (0-5.0
min); 99% B (5.0-7.0 min); 99-5% B (7.0-7.1 min); 5% B
(7.1-10.0 min); omeprazole, 10-85% B (0-1.5 min); 85% B
(1.5-6.0 min); 85-10% B (6.0-7.0 min), and 10% B (7.0-
10.0 min). The analytes were quantified by electrospray ioni-
zation in the MS scan mode. Detail method of VRC and N-oxide
UPLC-MS/MS analysis can refer to the Supplementary File 1.

Determination of biochemical indicators in serum
and the liver

Blood samples were centrifuged at 4,000 xg for 15 min at
4°C to collect the serum. According to the instructions of the
corresponding kit, a Mindray BS-420 automatic biochemical
analyzer (Shenzhen Minde Biomedical Electronics Co., Ltd.,
Shenzhen, China) was used to detect biochemical indicators
such as triglycerides (TGs), total cholesterol (TC), free fatty
acids (FFAs), high-density lipoprotein, low-density lipopro-
tein, aspartate AST, ALT, total bilirubin (TB), alkaline phos-
phatase (ALP), and y-glutamyl transpeptidase (y-GT). The
levels of TG, TC, and FFA in liver homogenate were meas-
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Table 1. A list of primer sequences specific to each gene used in qRT-PCR

Gene symbol Species Forward primer (5'—3’) Reverse primer (5’'—3’)
16S (338F_806R) Bacteria ACTCCTACGGGAGGCAGCAG GGACTACHVGGGTWTCTAAT
CYP3A4 Rat TGTATGAACTGGCCACTCACC TAGCTTGGAATCATCACCACC
CYP2C9 Rat ACGCGTCCCCATGAACAAAC AGATCTGGAACAATGCCATG
CYP2C19 Rat AAATTGTTTCCAATCATTTAGCT ACTTCAGGGCTTGGTCAATA
IL-6 Rat AGCTTCCTTGTGCAAGTGTCT GACAGCCCAGGTCAAAGGTT
IL-1B Rat AGGCTGACAGACCCCAAAAG CTCCACGGGCAAGACATAGG
IL10 Rat ACTGGCATGAGGATCAGCAG AGAAATCGATGACAGCGCCT
TNF-a Rat AAATGGGCTCCCTCTCATCAGTTC TCTGCTTGGTGGTTTGCTACGAC
FXR Rat CTGTGTGTTGTTTGTGGAGACAGA ACAGCGTTTTTGGTAATGCTTCT
PXR Rat CATCTCAGCAACCCACACAG GGGGTCATAGGAGTCATTGG
AhR Rat TCCCTTATGAGTGCCTTGA GTCTGATTTCCTCGTGTTTC
GAPDH human GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
GAPDH Rat GCAAATTCCATGGCACCGT TCGCCCCACTTGATTTTGG

16S (338F_806R), 16S rRNA gene V3-V4 region (338F/806R); CYP, Cytochrome P450; IL, Interleukin; TNF, Tumor necrosis factor; FXR, Farnesoid X receptor; PXR,

pregnenolone X receptor; AhR, Aryl hydrocarbon receptor.

ured using corresponding detection kits based on liver lipid
extraction. Based on the instructions of the respective detec-
tion kits, glutathione (GSH), and GSH peroxidase (GSH-Px)
activities in the liver were determined. Corresponding ELISA
kits were used to detect the levels of inflammatory cytokines
(TNF-a, IL-6, and IL-1B). The total liver protein concentration
was measured using a BCA kit, and the results were consist-
ent with the liver protein concentration.

Liver pathology score

Following euthanasia, liver tissues were collected from con-
trol and experimental rats, fixed with formaldehyde, embed-
ded in paraffin, and sectioned. The sections were stained
with hematoxylin and eosin (H&E). The sections were ob-
served under a microscope at x400 magnification.

Cell culture and treatments

HepG2 and LO2 human hepatocytes were purchased from
the Clinical Research Center of Nanfang Hospital. Cells were
cultured in DMEM containing 10% fetal bovine serum, 100 U/
mL penicillin, and 100 pg/mL streptomycin at 37°C in a 5%
CO, atmosphere with or without LPS, APS pretreatment, me-
dium replacement, or trypsin digestion. Cells were passaged
at a ratio of 1:3 or 1:4 every 2-3 days.

Cell Counting Kit 8 (CCK8) assay

The CCKS8 assay (Boster, Wuhan, China) was conducted us-
ing HepG2 and LO2 cells to assess the impact of different
concentrations of LPS and APS on viability. Furthermore, the
appropriate concentration of APS was determined for further
investigation of its mechanism of action in HepG2 and LO2
cells. HepG2 and LO2 cells were incubated with different con-
centrations of LPS (0, 0.01, 0.1, 1, 10 pg/mL) and APS (0,
25, 50, 100, 200, 400, 600 pg/mL) for 24 h. The cells were
first washed with PBS. A defined number (200 pL or 1x10%)
of cells was centrifuged after collection and resuspended in
fresh medium, and then 10 pL of CCK8 reagent was added
to each well of the 96-well plate. The plates were incubated
at 37°C for 1.5 h. The control well contained medium and
CCKS8 reagent with no cells. The absorbance at 490 nm was
measured after 0, 24, and 48h using an ELISA plate reader

(Biotek, Winooski, VT, USA). Cell viability was calculated us-
ing the following formula:

OD (sample) — OD (blank)
OD (control) — OD (blank)

Cell viability (%) = x100%.

GRT-PCR

The expression of CYP2C19, CYP3A4, CYP2C9, and genes
encoding selected inflammatory cytokines and transcription
factors was analyzed by gRT-PCR. Samples were homoge-
nized, and mRNA was extracted using TRIzol reagent (Inv-
itrogen). The mRNA concentration was determined using an
ABI Prism 7900 Sequence Detection System (Applied Bio-
systems, Foster City, CA, USA). Total mRNA was dissolved
in a 20-mL reaction system, and the RNA was reverse-tran-
scribed to generate cDNA. The reaction system consisted of 1
uL of oligonucleotide (dT) primer, 4 uL of 5x reaction buffer,
1 pL of RNase inhibitor, 2 pL of dNTPs (10 mmol/L), and 1 pL
of RT buffer. The mixture was denatured at 42°C for 60 min
and annealed at 70°C for 5 min. After RT, 4 mL of each cDNA
were dissolved in 50 mL of a PCR mixture consisting of 26
mL of 1xSYBR Green master mix, 1 pyL of each primer, and
18 mL of sterile water. The primer sequences for the target
genes and the internal control gene glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) are listed in Table 1. The am-
plification conditions consisted of initial denaturation at 95°C
for 30 s, followed by 60 cycles of 72°C for 5 s and 60°C for 35
s. Fluorescence data were acquired and analyzed at the end
of the elongation step in each cycle using ABI 7500 System
SDS software version 1.4 (Applied Biosystems). Quantifica-
tion was performed using the 2-2ACt method based on three
replicates to determine the fold change in relative abundance
normalized to endogenous GAPDH expression.

Dual-luciferase reporter gene assay

The plasmid pGL3-CYP2C19-luc was used to analyze CYP2C19
activity. The pRL-TK Renilla luciferase plasmid (Promega) was
used to control transfection efficiency. For the dual-luciferase
reporter gene assay, hepatocytes were cultured in 10-cm cell
culture dishes at a density of 70-80%. In total, 0.5 pg of
pGL3-CYP2C19-luc plasmid or an equivalent amount of con-
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Table 2. Published VRC hepatotoxicity cases assessed for causality using RUCAM

Number of hepato-

Number of pa- Incidence of VRC

Author toxicity patients tients taking VRC hepatotoxicity
Kong et al?° 24 1,798 1.33%

Shen et al?t 18 140 12.9%

Hamada et a/?2 24 401 6%

den Hollander et al?3 3 46 6.5%

Cadena et al?* 12 35 34.3%

Zhou et al?> 955 3,245 29.43%

VRC, voriconazole; RUCAM, Roussel Uclaf Causality Assessment Method.

trol plasmid was transfected with Lipofectamine™ 3000 trans-
fection reagent (Invitrogen) according to the manufacturer’s
protocol. At 24 h post-transfection, cells were treated with or
without p65 (200 or 400 ng), and firefly and Renilla luciferase
reporter signals were immediately determined using the Du-
al-Luciferase Reporter Gene Assay System (Promega).1?

Western blotting

All animals were sacrificed to obtain liver tissues. Hepatocytes
(1x106 cells/well) were plated in six-well plates and incubat-
ed in a 5% CO, incubator at 37°C overnight. Cells were then
treated with lysis buffer containing protease and phosphatase
inhibitors (Beyotime Institute of Biotechnology, Nantong,
China) for 60 min and centrifuged at 12,000 xg at 4°C for
10 min. The cytosolic and nuclear fractions were prepared
using a Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA).
The liver of each animal was washed with stroke-physiological
saline solution and then homogenized with 1% protease in-
hibitor in RIPA buffer. After centrifugation (12,000 rpm, 12
min, 4°C), the supernatant was collected for subsequent ex-
periments. The protein concentration was measured using
BCA kits. Ten micrograms of total protein lysate were electro-
phoresed in a 10% SDS-polyacrylamide gel, and the proteins
isolated in the gel were transferred to PVDF membranes (EMD
Millipore, Billerica, MA, USA). The membranes were blocked
for 2 h at room temperature with a 5% milk-blocking solu-
tion. The total protein concentration of the supernatant was
determined using a SpectraMax M5 multifunctional enzyme
marker (Molecular Devices, Sunnyvale, CA, USA). Proteins
were separated by 10% SDS-polyacrylamide gel electropho-
resis, transferred to PVDF membranes, and blocked for 1.5 h.
PVDF membranes were then washed with Tris-buffered saline
containing Tween-20 (TBST) and incubated with primary an-
tibodies against P-gp (1:5,000), CYP2C19 (1:1,000), p-p65
(1:500), and p-IkB (1:1,000) at 4°C overnight. After three
washes with TBST, the membranes were incubated with a
secondary antibody (1:5,000, Cell Signaling Technology) for
1 h at 25°C and then washed three times with TBST. Images
were captured using Image] to quantify optical density.>

Immunfluorescence

After treatment with APSH alone or in combination with B.
bifidum, rat livers were resuspended on microscopic cover
slides in 35-mm dishes, rinsed with PBS, fixed in 4% formalin
(for 10 min), washed three times with PBS, and permeabi-
lized with 0.5% Triton X-100 (in PBS) for 5 min. Then, the
cells were blocked with 2% bovine serum albumin (Roche,
Basel, Switzerland) for 30 min and fixed with a 4% for-
maldehyde solution at room temperature. Cells were then
incubated overnight at 4°C with a rabbit polyclonal anti-P-
gp antibody (1:100, Abcam, Cambridge, UK) and fluores-

cein isothiocyanate-conjugated Affini-Pure goat anti-rat IgG
(1:100; Protein-tech Biotechnology Co., Ltd., Wuhan, China)
for 1 h at 37°C. The tissues were observed and photographed
using a fluorescence microscope (Olympus BX-51, Olympus,
Tokyo, Japan) following DAPI staining (1:1,000 in PBS, Sig-
ma-Aldrich, St. Louis, MO, USA).

Statistical analyses

Experimental data are presented as the mean and standard
deviation. The data were analyzed using GraphPad Prism 8.0
(GraphPad, La Jolla, CA, USA). Student’s t-test was used to
compare differences between two groups, and differences
among multiple groups were assessed using the Kruskal-Wal-
lis test and Dunn post-hoc test. Other statistical methods were
indicated accordingly. P<0.05 denoted statistical significance.

Results

Published clinical evaluation of VRC-induced hepato-
toxicity using RUCAM

Judging from the analysis of clinical research reports, VRC-
induced hepatotoxicity is an extremely common adverse
drug reaction. According to the clinical RUCAM evaluation,
the incidence of liver toxicity ranges from 1.33% to 34.3%
(Table 2).20-25 Hence, identifying strategies to reduce VRC-
induced hepatotoxicity has clinical significance.

APS reduces liver inflammation and promotes vori-
conazole metabolism in vivo

In rodent experiments, we first examined the abnormal me-
tabolism of VRC in inflammatory models, finding that APS ad-
ministration can improve the in vivo metabolism of VRC (Fig.
1B). To investigate the effects of APS on hepatic function in
rats with LPS-induced inflammation, various liver markers,
including AST, ALT, TB, ALP, and y-GT, were examined in the
sera of rats from the LPS and APS groups. Following LPS
induction, the levels of markers were significantly increased
compared to those in the Ctrl group (P<0.01). Compared to
the effects of LPS, the reductions in liver indices, including
AST, ALT, TB, ALP, and y-GT, were larger in the APSH group
than in the APSL group. These results suggest that high-dose
APS administration might be more effective in ameliorating
liver abnormalities induced by LPS (Fig. 1C).

LPS was used to induce liver inflammation, resulting in
significant pathological changes. APS administration attenu-
ated these changes, as evidenced by the absence of steato-
sis, edema, and inflammatory cell infiltration in liver tissue.
This observation was supported by the comparison of liver
cell structure between the Ctrl and LPS groups (Fig. 1D).
Furthermore, the severity of liver lesions was quantitatively
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assessed, and an average score was assigned to each experi-
mental group. Notably, the liver lobules in the Ctrl group re-
ceived a score of 0, indicating the absence of any pathological
alterations. By contrast, LPS treatment induced obvious liver
lesions characterized by liver cord disorder, vesicular steato-
sis, and significant infiltration of inflammatory cells, resulting
in an average liver pathology score of 5.95. However, when
low and high doses of APS were administered, the extent of
liver damage was reduced, leading to a relatively intact liver
cell structure with mild steatosis and limited infiltration of
inflammatory cells. Most importantly, high-dose APS admin-
istration resulted in the absence of noticeable inflammatory
cell infiltration in the pathological tissue.

Effects of APS on CYP2C19 and CYP3A4 activities in
vivo

The protein expression of enzymes serves as the basis for
their ability to metabolize drugs. Therefore, alterations in
functional enzyme expression in liver tissue were assessed by
measuring the gene and protein expression of metabolic en-
zymes. As presented in Figure 2A, CYP2C19 and CYP3A4 pro-

Table 3. Effects of APS on the activities of CYP2C19 and CYP3A4 in vivo

tein expression was correlated with APS administration, and
a discernible dose-response relationship was observed. This
was evidenced by a substantial increase in target protein ex-
pression in the APSH group, which was significantly different
from that in the LPS group. Thus, APS was demonstrated to
promote the activity of specific hepatic enzymes responsible
for metabolizing VRC in an inflammatory environment in vivo.

Enzymatic activity plays a crucial role in drug metabolism.
Details of rat liver microsomes, intestinal microsomes prepa-
ration have been descript in the Supplementary File 1. Thus,
in this study, we used metabolic enzyme substrates as probes
to assess alterations in enzyme activity in liver tissue. As il-
lustrated in Figure 2B, omeprazole, a specific substrate me-
tabolized to 5’-OH-omeprazole by CYP2C19, induced notable
changes. In particular, in the LPS group, APS administration
significantly increased the production of 5’-OH-omeprazole,
suggesting that APS administration effectively increased CY-
P2C19 activity in the liver. From the results presented in Fig-
ure 2C, testosterone is a clear substrate for CYP3A4, and it
is metabolically converted to 6B-OH-testosterone by this en-
zyme. Table 3 illustrates that APS administration significantly

5’-OH omeprazole

6B-hydroxytestosterone

Group

Km Vmax Km Vmax
Ctrl 265+80.13 141.1+£16.79 514.8+71.98 1,020+72.11
LPS 183.9+£42.52 86.3+6.897 592.1+81.5 884+88.68
APSL 230.4+80.13 107.9+14.03" 612.2+43.89" 1,004+£74.23
APSH 241.3+£61.97" 124.8+12.26" 620.3+34.08" 1,046+37.72"

Data are presented in mean+SD (n=3), *P<0.05. Ctrl, Control group; LPS, Lipopolysaccharide; APSL, LPS + low-dose APS group; APSH, LPS + high-dose APS group;

CYP, Cytochrome P450.
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increased the production of 6B-OH-testosterone. Further-
more, APS induced an increase in hepatic CYP3A4 activity.

Effects of APS on CYP2C19 and CYP3A4 activities in
vitro

The ability of LPS and APS to stimulate hepatic enzyme activ-
ity was assessed in vitro to clarify the mechanisms underly-
ing the observed in vivo results. High concentrations of LPS
(10 pg/mL, both P<0.05) and APS (600 pg/mL, both P<0.01)
reduced viability in LO2 (Fig. 3A, B) and HepG2 cells (Fig.
3C, D). In addition, the impact of different combinations of
LPS and APS concentrations on cell viability was investigated.
LPS (1 pg/mL) + APS (100 pg/mL) did not alter viability in
either cell line (P>0.05, Fig. 3E). Conversely, LPS (10 g/
mL) in combination with higher concentrations of APS (200
and 400 pg/mL) remarkably reduced cell viability (P<0.05).
Meanwhile, although LPS (1 pg/mL) + APS (200 pg/mL) did
not alter the viability of LO2 cells, the combination reduced
the viability of HepG2 cells. Considering that LPS can be used
to establish a more efficient inflammatory cell model without
affecting cell viability, we set the in vitro concentration of
LPS at 1 pg/mL. These findings were combined to facilitate
further investigation of the impact of LPS in conjunction with
APS on the activity and expression of CYPs. Consequently, we
set the optimal LPS concentration as an inflammatory stimu-
lus in the in vitro model at 1 pg/mL, while the concentration

of APS was set at 100 pg/mL.

We then used the liver microsomal metabolic system to
further investigate the impact of APS on CYP2C19 and CY-
P3A4 activity in vitro (Fig. 3F-I). In the group subjected to
LPS-induced inflammation, APS administration did not signif-
icantly alter the production of 5’-OH-omeprazole, suggesting
that APS administration did not affect CYP2C19 activity in the
in vitro inflammatory model. Furthermore, APS administra-
tion did not influence the production of 6B-OH-testosterone,
suggesting that the compound does not directly influence the
expression of VRC-metabolizing enzymes in the inflamma-
tory state.

Effects of APS on P-gp transport activity and expres-
sion in HepG2 cells

The mRNA expression of VRC-metabolizing enzymes in hu-
man hepatocytes was examined (Fig. 4A, B). CYP2C19 and
CYP3A4 were downregulated after LPS stimulation. Compared
to the findings in the Ctrl or LPS group, APS administration
did not significantly alter the expression of CYP2C19 and CY-
P3A4. This suggests that diseases associated with inflamma-
tion might result in CYP2C19 and CYP3A4 downregulation,
whereas APS does not appear to reverse these changes.
Investigation of the influence of APS on P-gp-mediated
VRC transport represented a crucial subsequent phase of this
study. For this purpose, HepG2 cells, a commonly used cellu-
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lar model to study hepatic transport, were used together with
fluorescent probes and their corresponding inhibitors. As pre-
sented in Figure 4C, D, treatment with APS at concentrations
of 50, 100, and 200 pg/mL resulted in noticeable modifica-
tions of the intracellular fluorescence intensity of the ABCB1-
specific probe substrate Rh123. Compared to the findings in
the Ctrl group, 100 and 200 pg/mL APS did not reduce the
fluorescence intensity of the substrate (P>0.05). The admin-
istration of verapamil, a specific inhibitor of ABCB1, also did
not affect the induction of P-gp by APS (P>0.05). Addition-
ally, western blotting confirmed that P-gp protein expression
was not different following exposure to different concentra-
tions of APS (Fig. 4E). These results indicate that APS does
not influence P-gp transport activity in HepG2 cells.

The bacterial strain Bifidobacterium might play a
vital role in the regulation of voriconazole metabo-
lism in vivo

Based on the results of the in vitro studies illustrating that
APS had little direct effect on the expression and activity of
the metabolic enzymes associated with VRC, we speculate
that APS can regulate VRC metabolism in liver cells through
its influence on the intestinal flora and structure, thereby

indirectly improving abnormal VRC metabolism in an inflam-
matory state. To test this hypothesis, we conducted a com-
parative analysis of the variations in the intestinal flora fol-
lowing APS administration. As presented in Figure 5A, the
abundance of Proteobacteria was lower in the LPS group than
in the Ctrl group. Meanwhile, the abundance of Firmicutes
was increased and that of Bifidobacterium was decreased in
the LPS group. Conversely, an increase in the abundance of
Proteobacteria and a decrease in the abundance of Firmicutes
were observed in the APS group compared to the LPS group.
In addition, the abundance of Bifidobacterium increased with
the APS dose. Furthermore, we analyzed disparities in shared
bacterial species at the family level. Venn diagrams were
used to quantify the number of common and unique spe-
cies in multiple groups or samples to provide a more intui-
tive visualization of compositional similarities and overlap of
species (e.g., OTUs) in different environmental samples. As
presented in Figure 5B, 10 bacterial species were shared by
the APSH and Ctrl groups, whereas only one bacterial species
was shared between the LPS and APSH groups. In addition,
the APSL group shared five bacterial species with the Ctrl
group, whereas seven bacterial species were shared by the
LPS and APSL groups.

To functionally assess the gut microbiota, Spearman’s cor-
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relation analysis was performed to examine the relationship
between the microbial flora and biochemical indicators (Fig.
5C). The presence of anti-inflammatory or antioxidant fac-
tors in serum was positively correlated with the abundance
of Bifidobacterium. In addition, serum IL-10, GSH, and HDL
levels were positively correlated with the abundance of Bifi-
dobacterium (P<0.001). Furthermore, serum GSH-Px levels
displayed a robust positive correlation with the abundance
of Prevotellaceae_UCG-001 (P<0.001). Similarly, serum GSH
levels were positively correlated with the abundance of both
Bifidobacterium and Bacteroides (P<0.001). The serum levels
of pro-inflammatory factors (IL-1p and TNF-a) were negative-
ly correlated with the abundance of Bacteroides (P<0.001). In
addition, serum AST and IL-1pB levels had strong negative cor-
relations with the abundance of Bifidobacterium (P<0.001).
The analysis of the variable importance in the projection of
the gut microbiota illustrated that the contribution of B. bi-

10

fidum differed between the APSH and LPS groups (Fig. 5D).

B. bifidum plays an important role in inhibiting liver
inflammatory responses and promoting voriconazole
metabolism

To confirm the significant role of B. bifidum in the regula-
tion of VRC metabolism by APS, we performed mechanistic
analysis using a rat liver inflammation model and a sterile
model. The workflow diagram illustrating the experimental
procedure is presented in Figure 6A. On the first day follow-
ing 4 weeks of continuous observation, the pharmacokinetics
of VRC were measured in each group of animals. Fresh liver
tissue was isolated, and the inflammatory factor levels were
determined. After APS administration, inflammatory indica-
tor levels were effectively improved in the livers of rats with
LPS-induced inflammation, as presented in Figure 6B-E. Im-
portantly, B. bifidum exhibited significant ability to decrease
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pro-inflammatory factor levels and increase levels of the an-
ti-inflammatory factor IL-10 in liver secretions in the sterile
model group. This indicates that APS can alter inflammatory
factor levels in the liver through influencing bacteria. The
results of ELISA were further confirmed by a series of inflam-
matory gene assays. In the LPS-induced inflammatory rat
model, APS administration led to significant decreases in the
expression of TNF-a, IL-6, IL-1B, and the anti-inflammatory
factor IL-10. The gene expression of inflammatory factors
after B. bifidum administration was consistent with that ob-
served after APSH administration.

An examination of nuclear transcription factors and drug-
metabolizing enzyme genes in isolated hepatocytes revealed
significant inhibition of FXR, PXR, AhR, CYP2C19, and CYP3A4
in the LPS group. However, after APSH administration, the
nuclear transcription factor PXR and CYP2C19, the key en-
zyme of VRC metabolism, were significantly downregulated.
Moreover, their gene expression was significantly increased
in the presence of B. bifidum. The trend diagram of the ki-
netics of VRC metabolism is presented in Figure 60. After
the administration of APSH and B. bifidum, VRC metabolism
was significantly accelerated, and the greatest effect was ob-
served in the APSH group.

The NF-kB signaling pathway is involved in the regu-
lation of CYP2C19 by APSH or B. bifidum administra-
tion

To further investigate the mechanism by which B. bifidum
regulates CYP2C19 activity, the localization of p65, IL-6, and
IkB in liver tissue was examined. Immunofluorescence anal-
ysis (Fig. 7A) illustrated that the expression of key proteins
of the NF-kB signaling pathway was suppressed following the
administration of APSH and B. bifidum. The examination of
hepatocyte proteins revealed significant inhibition of p-IkB
and p-p65 in animals treated with APSH and B. bifidum.
These findings suggest the possible regulation of CYP2C19
enzyme activity by APSH and B. bifidum.

Based on the protein expression results, a target predic-
tion for the binding site of p65, a transcription factor that reg-
ulates CYP2C19, was performed. Luciferase reporter assays
were performed to examine the impact of p65 overexpression
on the luciferase activity of CYP2C19. The results revealed
the concentration-dependent repression of luciferase activ-
ity driven by a 2.1-kb CYP2C19 promoter (—2.0/+0.1 kb) in
hepatocytes (Fig. 7C). In addition, in silico analysis predicted
the presence of a p65 binding site (—=1,156/—1,163 bp) in the
promoter region of CYP2C19. To further investigate the regu-
latory effect of NF-kB on CYP2C19 in vivo, ChIP analysis was
conducted. The results indicated that hepatic p65 is recruited
to the binding sites of CYP2C19 in rats treated with antibiotics
alone and antibiotics + B. bifidum. However, the recruitment
of NF-kB to the binding region in the liver of antibiotic-treated
rats was more pronounced than in rats treated with antibiot-
ics + B. bifidum. However, there was no noticeable difference
in NF-kB accumulation in the distal non-binding region, which
served as a negative control (Fig. 7D). These results suggest
that NF-kB activation in the rat liver specifically leads to the
suppression of CYP2C19 transcription, particularly in antibi-
otic-treated rats. Thus, this study has demonstrated that APS
effectively reduces the hepatic secretion of pro-inflammatory
factors, attenuates the transcriptional repression of CYP2C19
via the NF-kB signaling pathway, and ultimately enhances the
metabolism of VRC (Fig. 7E).

Discussion

In this study, we observed changes in the pharmacokinetics

of VRC under LPS-induced inflammatory conditions in rats,
manifested as an increase in the area under the curve and
decreased clearance, which were reversed by APS adminis-
tration. We confirmed that APS can increase the abundance
of B. bifidum in the intestines of rats, exert anti-inflammato-
ry effects through the enterohepatic circulation, and enhance
the metabolism of VRC mediated by CYP2C19 in the liver.
Intestinal clearance and B. bifidum strain replenishment ex-
periments in rats revealed that APS regulated the hepatic
metabolism of VRC via the anti-inflammatory effects of B.
bifidum. In vitro experiments using human cell lines (LO2
and HepG2) demonstrated that APS had no direct effect on
the ability of liver cells to metabolize VRC. In terms of mech-
anism exploration, the hepatic NF-kB signaling pathway is
activated during inflammation, attributable to the increased
levels of pro-inflammatory cytokines in the liver. Activated
NF-kB suppresses CYP2C19 transcription by binding to the
NF-kB binding site at —1,720 to —1,711 bp in the promoter.
In animals treated with a single B. bifidum strain, the bac-
terium can exert an inhibitory effect on liver inflammation
through the enterohepatic axis, reducing the expression of
pro-inflammatory factors in the liver, and suppressing the in-
hibitory effect of inflammatory factors on CYP2C19 transcrip-
tion. Overall, we found that APS can abrogate LPS-induced
CYP2C19 transcriptional inhibition in the liver and promote
VRC metabolism in inflammatory disease states in vivo by
regulating the abundance of B. bifidum in the intestine.
These results are based on the gut-liver axis, clarifying the
regulation of VRC pharmacokinetics by APS under inflamma-
tory conditions, and providing a theoretical basis for the fu-
ture prevention and treatment of drug-induced toxic effects
by APS.

The detrimental effects of LPS and alcohol on the micro-
ecological system of the intestine, leading to an increased
pro-inflammatory milieu in the liver, were demonstrated by
Li’s research group.26:27 Using a liver inflammation model in-
duced by the intravenous administration of small amounts
of LPS, the researchers successfully demonstrated that pre-
treatment with probiotics enables the liver to effectively
counteract the inflammation triggered by LPS-induced injury
and inflammation. Consequently, an LPS-induced hepatitis
model has been widely used by Chinese researchers to in-
vestigate the intricate interplay between the intestinal flora
and the liver.2829 Previous studies by our research group
illustrated that intestinal Bacteroidetes can effectively en-
hance the secretion of pro-inflammatory factors in both the
intestine and liver.> In line with the findings of previous stud-
ies, the current study, which used the same animal model
of LPS-induced inflammation, revealed a significant negative
correlation between the abundance of Bacteroidetes and IL-
1B gene expression in the environment. This study confirmed
the ability of intestinal Bacteroides to effectively suppress
the onset of inflammatory responses in the LPS-induced in-
flammation model. In contrast to previous research reports,
this study represents the first investigation of the regulation
of liver inflammatory responses by APS. Both in vivo and
in vitro experiments have demonstrated that APS does not
directly suppress liver inflammation, but it exerts this effect
by modulating the composition of the intestinal flora. Prior
research found that polysaccharides found in natural medi-
cine can significantly influence the immune inflammatory re-
sponse of the body through the gastrointestinal tract.3? This
study focused on hepatic drug metabolism, shedding light on
the mechanism by which APS regulates liver drug metabo-
lism. It has potential clinical significance for the application of
APS to regulate the abnormal metabolism of voriconazole.3!

Recent studies have illustrated the key roles of microor-

Journal of Clinical and Translational Hepatology 2024 11



Wang X. et al: APS enhances voriconazole hepatic metabolism by gut microbiota

A Metabolic analysis
Adaption Voriconazole (n=5)
L | | | |
Week 0 Week 1 Week 5 Week 5 + 1 day
P O Em O R R R O O O TR O - ~
1
I Antibiotic Antibiotic+B.bifidum
1
! 1
! 1
! 10° CFU/m |
! 1
L S A
* C D
2009 200 2007 100-
- = . . . . 3 -
£ 150 =1 450 * g 160 e
> g I ) 120 D o -
£ 100 S_' 100 £ o
z? ; E 804 o 40
W 504 50 - )
2 =I 1 40 209
= = =
o- 0 0- 0-
F . G H I
S 5 c 5 c 2004 50-
g9 - © 8 . ag o6
W o 4 T 4 < » * 25 4
Z 0 =9 - 48" - a0 :
= Qs o 2 3 o = = 9 30 .
o< > < 2 2 400 0 g
2 X 5 s X = X 2 X 204
® < S« s < so ® <
Sz " & Z Sz © Z 104
- o @ "4
£ o € o g o £ o
J K L M
< 1.0q c 20 o <~ 207 < © 20q
x -2 xS 50 < o
X @ o8 X & 8 ' D0 16
™ w 15 1.5 o on
2 ) = a3 > 0
g % 0.6 NS NS g E. 0 5 a 10 * . %) a 1.2 NS NS
"3 < 04 [ =g . o X |—| g X 03 f
k- 0.24 %; 08 E<Zt 057 ‘g; 0.41
« né ' X Si s’
0.0 € oo &’ £ o.0- X E ol
N o
c 1.0q
xS NS \s = Water -»- Water
» 0.8 _— -
<9 1 m= APSH TEI 1400 1400 th.sbﬂ i
.6 . . —-
05 % == Antibiotic > 1200 . mublohe
S X o4 - . e 1200 1000 -e- Antibiotic+B.bifidum
S <g ™= Antibiotic+B.bifidum <=
O Z g 1]
e c
£ oo 8
2
CYP2C19 ¢ s
F. \/‘\O .g
(2]
>
VRC VRC N-oxide Time (hour)

Fig. 6. B. bifidum inhibits liver inflammatory response and promote the metabolism of voriconazole. (A) LPS-induced inflammation model and germ-free animal
working model diagram. (B-E) Quantitative analysis of inflammatory factors in each group of animals. (F-I) Analysis chart of mRNA expression of inflammatory factors
in each group of animals. (J, K, N) mRNA expression analysis of nuclear transcription factors involved in drug metabolizing enzymes in hepatocytes. (L) mRNA expression
analysis of CYP2C19 in hepatocytes. (M) mRNA expression analysis of CYP3A4 in hepatocytes. (O) VRC plasma kinetics in individual rats (n=5, respectively). (P) Reaction
diagram of voriconazole metabolized to nitrogen oxides by CYP2C19. Data are mean+SD (n=5), *P<0.05, **P<0.01. AhR, Aryl hydrocarbon receptor; APSH, high-dose
APS group; CMC-Na, sodium carboxymethylcellulose solution; CYP, Cytochrome P450. LPS, lipopolysaccharide; FXR, Farnesoid X receptor; IL, Interleukin; PBS, phosphate-
buffered saline; PXR, pregnenolone X receptor; SD, standard deviation; TNF-a, Tumor necrosis factor; VRC, Voriconazole.

12 Journal of Clinical and Translational Hepatology 2024



Wang X. et al: APS enhances voriconazole hepatic metabolism by gut microbiota

A C
=1 pcDNA mm 200 ng p65

mm 400 ng p65

Water
1.5 *
APSH 1.2

0.9+

0.6+

Antibiotic

Fold induction

Antibiotic +B.bifidum

CYP2C19-Luc
>
2 2.5 2 2.5q £ 25 = Water
» * 7] * c mm APSH
g 20] & 20 2 20 == Antibiotic
E - £ - £ > - o .
o 151 © 157 g 15 == Antibiotic+B.bifidum
‘o 1
o 1.0 :I 1.0 E 1.0
o - o (.
2 2 2
T 057 T 05 T 05
[} [} [}
& o.0- X 0.0 X o0.0-
= Water == Antibiotic
mm APSH ®= Antibiotic+B.bifidum
10 10
e 038 08
Ss 85 2 5
3 o 06 a5 06
(R 293 - . 28
25 5504 | §oo04
p-IkB 37kDa & & e3 3
K] 02 02
NF-kB binding site
D cypP2c19
-1711/-1720
L]
2.04 -i
GG mm p65 ee® ¢ Reduced pro-inflammatory factors
* E -
1.6 T :
-t w* :
: «E‘n L
g_ 1.2+ e .
2 08 v N\ v
x 0. Y M CYP2C1§§Z\ Reduced CYP2C19
0.4- /( S o oo, | transcriptional repression
N \ /
i i i A Gene transcription /[L/
0.0 N\

. . . . S S
Antibiotic  Antibiotic+B.bifidum  Antibiotic  Antibiotic+B.bifidum S Nucleus

NR BR

Fig. 7. Activated NF-kB in rats liver downregulates CYP2C19 transcription. (A) Immunofluorescence expression of key proteins in the NF-«kB signaling pathway
of hepatocytes; (B) The indicated proteins were detected by western blot analysis. (C) Effect of p65 overexpression on CYP2C19-Luc reporter activity in hepatocytes.
(D) The ChIP assays indicate that p65 is enriched near the binding site of the CYP2C19 promoter in the liver. The binding region is designated BR; the non-binding
region as NR. (E) Schematic representation of the regulatory mechanism of VRC-related metabolizing enzyme CYP2C19 induced by NF-«kB. Data are mean+SD (n=5),
*P<0.05, **P<0.01 (t-test). APSH, high-dose APS group; B. bifidum, Bifidobacterium bifidum; CYP, Cytochrome P450; DAPI, 4’,6-diamidino-2-phenylindole; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; Luc, Luciferase; NF-kB, Nuclear factor-kB; SD, standard deviation; SD, standard deviation.

Journal of Clinical and Translational Hepatology 2024 13



Wang X. et al: APS enhances voriconazole hepatic metabolism by gut microbiota

ganisms in maintaining the local ecological balance of the in-
testine.32:33 B, bifidum is a typical probiotic that can prevent
further exacerbation of inflammatory activity.3* B. bifidum
can interact with human immune cells to generate functional
Tregs.3> In addition, B. bifidum can protect hepatocytes from
the invasion of pathogens and alleviate alcoholic fatty liver
disease by downregulating IL-6 and IL-1B,36 consistent with
our findings. The results of a study on the restoration of B.
bifidum following the clearance of intestinal microecology
indicated a consistent association between B. bifidum and
APS in terms of anti-inflammatory factors. An analysis of the
transcriptional regulatory genes PXR, CAR, and AhR, which
are involved in the metabolism of exogenous substances,
revealed that B. bifidum indirectly enhanced the transcrip-
tional expression of PXR metabolic enzymes through its
anti-inflammatory effects. These results are consistent with
previous findings suggesting that PXR contributes to the reg-
ulation of human CYP2C19 transcriptase expression.3’

In most cases, NF-kB acts as a transcriptional activator to
drive target gene expression. However, there is accumulat-
ing evidence of the role of NF-kB in inflammation-induced
transcriptional repression.38 In this study, we observed that
NF-kB can inhibit CYP2C19 transcription, indicating that the
attenuation of NF-kB inhibition can appropriately increase
CYP2C19 transcription. The metabolic capabilities of APSH
and B. bifidum in sterilized animals demonstrated their ability
to increase the transcriptional expression of CYP2C19 in an
inflammatory disease environment by inhibiting the NF-kB
signaling pathway. Different disease states have different ef-
fects on drug-metabolizing enzymes, with several metaboliz-
ing enzymes such as CYP, uridine 5’-diphosphate glucurono-
syltransferase, sulfotransferase, and P-gp being involved in
the drug metabolism process.3940 Numerous studies have
demonstrated that phase I metabolic enzymes primarily con-
tribute to VRC metabolism.4! In one study, an assessment of
efflux transporter activity (using testosterone as a marker)
revealed that APS administration to rats with inflammation
did not result in significant differences in VRC metabolism
mediated by P-gp. Therefore, we analyzed the transcriptional
mechanism of CYP2C19.

In experiments conducted using isolated hepatocytes, p65
overexpression interfered with CYP2C19 transcription.> Con-
sequently, building on previous studies, this study attempt-
ed to predict the transcriptional promoter site of CYP2C19
that is affected by p65. This study both expands the current
knowledge base and provides valuable insights for clinical
conditions related to diseases. The analysis of mechanisms
targeting drug-metabolizing enzymes can provide a solid sci-
entific basis for individualized clinical treatment. It is hoped
that the current findings will contribute to the advancement
of polysaccharide preparations in traditional Chinese medi-
cine and provide an empirical basis for modulating the func-
tions of drug metabolism in patients with clinical conditions.

Conclusion

APS alleviates the reduction of VRC metabolism induced by
LPS by inhibiting lipid accumulation and inflammatory cy-
tokine levels in the serum and liver and improving the meta-
bolic function of the liver. VRC metabolism was increased by
increasing the abundance of B. bifidum in the intestine, re-
ducing the secretion of anti-inflammatory factors in the liver,
and increasing the activity of CYP2C19 (Fig. 7E). In particu-
lar, high-dose APS (600 mg/kg) more strongly improved VRC
metabolism. These results provide important insights into
the pharmacological mechanism of action of APS and the de-
velopment of clinical preparations.
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