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Background: Combination of Polygonum capitatum Buch.-Ham. ex D. Don

extract (PCE) and ciprofloxacin (CIP) was commonly prescribed in the treatment

of urinary tract infections. Their pharmacokinetic herb-drug interactions (HDIs)

were focused in this study to assess potential impact on the safety and

effectiveness.

Methods: A randomized, three-period, crossover trial was designed to study the

pharmacokinetic HDI between PCE and CIP in healthy humans. Their

pharmacokinetic- and tissue distribution-based HDIs were also evaluated in

rats. Gallic acid (GA) and protocatechuic acid (PCA) were chosen as PK-markers

of PCE in humans and rats. Potential drug interaction mechanisms were

revealed by assessing the effects of PCE on the activity and expression of

multiple transporters, including OAT1/3, OCT2, MDR1, and BCRP.

Results: Concurrent use of PCE substantially reduced circulating CIP

(approximately 40%–50%) in humans and rats, while CIP hardly changed

circulating GA and PCA. PCE significantly increased the tissue distribution of

CIP in the prostate and testis of rats, but decreased in liver and lungs. Meanwhile,

CIP significantly increased the tissue distribution of GA or PCA in the prostate

and testis of rats, but decreased in kidney and heart. In the transporter-mediated

in vitro HDI, GA and PCA presented inhibitory effects on OAT1/3 and inductive

effects on MDR1 and BCRP.

Conclusion: Multiple transporter-mediated HDI contributes to effects of PCE

on the reduced systemic exposure and altered tissue distribution of CIP. More

attention should be paid on the potential for PCE-perpetrated interactions.
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1 Introduction

Communicable diseases are still leading causes of death and

disability globally, according to WHO’s Global Health Estimates

2000–2019 (GBD Diseases and Injuries, 2020). Antibiotics

present a vital role in universal health insurance and global

health protection. However, the clinical pipeline and recently

approved antibiotics are insufficient to tackle the challenge of

increasing emergence and spread of antimicrobial resistance. In

recent years, traditional Chinese medicine (TCM)-based herbal

therapies have been widely used to treat infectious diseases and

solve the problem of microbial resistance. In particular, since the

outbreak of COVID-19, TCM has fully participated in the

prevention, control and treatment of the epidemic and made

important contributions (Huang et al., 2021). According to the

WHO Expert Meeting on Evaluation of TCM in the Treatment of

COVID-19, WHO encouraged Member States to consider the

integrated traditional Chinese and Western medicine model

(WHO, 2022).

Polygonum capitatum Buch.-Ham. ex D. Don (P. capitatum),

a Chinese herbal plant, is often used alone or in combination with

antibacterial agents to treat urinary tract infections,

pyelonephritis, and prostatitis in China (Chinese

Pharmacopoeia Commission, 2010; Liao et al., 2011).

Relinqing® granule, a P. capitatum-based Chinese patent

medicine, has been approved by the National Medical

Products Adminnistration (NMPA) and officially listed in the

Chinese Pharmacopoeia since 2010 (Chinese Pharmacopoeia

Commission, 2010). A systematic review of randomized

controlled trials indicated that the combination of Relinqing®

with antibiotics can improve the total effective rate of urinary

tract infections in comparison with the antibiotic therapy alone

(Pu et al., 2016). Evidence-based herb-drug interactions (HDI)

studies are expected to become a necessary evaluation for the

rational use of P. capitatum-based product with other drugs

prescribed for the same indications. Therefore, we focused on

pharmacokinetic- and tissue distribution-based HDIs between P.

capitatum extracts (PCE) and fluoroquinolone antibacterial

agents in this study.

Gallic acid (GA) and protocatechuic acid (PCA) were

identified as appropriate pharmacokinetic markers (PK-

markers) of P. capitatum because of their extensive

pharmacological activities, high systemic exposures, and

acceptable pharmacokinetic properties. Specifically, they are

the two most abundant phenolic acids in P. capitatum (Liao

et al., 2013; Zhang et al., 2013a; Zhang et al., 2013b; Li et al.,

2021b), and their anti-microbial, anti-inflammatory, anti-

oxidant, and analgesic activities associated with P. capitatum

efficacy (Liao et al., 2011; Khan et al., 2015; Choubey et al., 2018;

Song et al., 2020; Bai et al., 2021). The qualitative and quantitative

analysis of PCE systemic exposure showed that GA and PCA

possess a relatively high exposure in rats (Ma et al., 2015, 2016;

Huang et al., 2019; Guan et al., 2022) and humans (Li et al.,

2021b). After oral administration of PCE, GA and PCA

underwent a rapid absorption (Ma et al., 2015; Li et al.,

2021b), a dose-dependent profile (Ma et al., 2015), and a

relatively targeted distribution in kidney tissue (Ma et al.,

2016). Consequently, GA and PCA were chosen as PCE tracer

components in the pharmacokinetic- and tissue distribution-

based HDIs studies.

Ciprofloxacin (CIP) was selected as a representative

fluoroquinolone agent in this study because 1) it is a

commonly used antibiotic in the treatment of urinary

system diseases alone or in combination (Bonkat et al.,

2022), and 2) it is cleared by active tubular secretion and

intestinal excretion (Höffken et al., 1985; Rohwedder et al.,

1990; Vance-Bryan et al., 1990). CIP’s absolute bioavailability

is approximately 70%, with no substantial loss by first pass

metabolism, and its metabolites together account for

approximately 10% of an oral dose (Vance-Bryan et al.,

1990). Renal clearance of CIP accounts for 2/3 of its total

clearance and exceeds the normal glomerular filtration rate,

suggesting that active tubular secretion may play a role

(Höffken et al., 1985; Mulgaonkar et al., 2012).

Approximately 60% of CIP is excreted in unchanged form

into the urine (Vance-Bryan et al., 1990). Approximately 20%

of an intravenous dose of CIP is eliminated into the intestine

(Rohwedder et al., 1990; Haslam et al., 2011). At physiological

pH = 7.4, CIP predominantly exists as a zwitterion indicating

that both anion and cation transporters may contribute to its

excretion (Vanwert et al., 2008; Haslam et al., 2011; Arakawa

et al., 2012; Mulgaonkar et al., 2012). CIP is a known substrate

of the ATP-binding cassette transporters, which have been

implicated in its intestinal secretion, biliary excretion and

secretion into breast milk (Vance-Bryan et al., 1990;

Merino et al., 2006; Ando et al., 2007; Mulgaonkar et al.,

2012). Overall, drug transporter-mediated HDIs were assessed

to reveal the altered systemic exposure and tissue distribution

of CIP after combined treatment with PCE in this study.

2 Materials and methods

2.1 Chemicals and reagents

Relinqing® granules (4 g, 170207) and P. capitatum extract

(PCE, 19338D) were kindly provided by Guizhou Warmen

Pharmaceutical Co., Ltd. (Guiyang, China). Ciprofloxacin
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hydrochloride tablets (0.25 g, 150202) and ciprofloxacin lactate

and sodium chloride injection (Ciprobay®, 100 ml:0.2 g

ciprofloxacin and 0.9 g sodium chloride, BXHK JX1) were

commercially obtained from PKU HealthCare Corp., Ltd.

(Chongqing, China) and Bayer Pharma AG (Leverkusen,

Germany), respectively. Reference standards of GA

(110831–201906), PCA (110809–201906), CIP

(130451–201904), chloromycetin (130555–201704), and

ofloxacin (130454–202007) were purchased from National

Institute for Food and Drug Control (Beijing, China).

Dulbecco’s modified Eagle’s medium (DMEM), nonessential

amino acids solution (NEAA), fetal bovine serum (FBS), and

penicillin-streptomycin solution were purchased from Invitrogen

(Grand Island, NY, United States). BCA Protein Assay Kit

(P0011) and complete Freund’s adjuvant (CFA, P2036-10 ml)

were provided by Beyotime Biotechnology (Shanghai, China).

Isoflurane (S10010533) was obtained from Shanghai Yuyan

Instrument Co., Ltd. (Shanghai, China). Acetonitrile, methanol

and formic acid were purchased from Thermo Fisher Scientific

(Waltham,MA). Other reagents were commercially available and

of analytical grade.

2.2 Pharmacokinetic herb-drug
interactions in healthy volunteers

2.2.1 Healthy subjects
Twelve healthy male volunteers aged 18–35 years who

weighed at least 50 kg and had a body mass index of

19–24 kg/m2 were eligible for recruitment. Additional

inclusion criteria included a healthy status confirmed by a

review of the medical history, a physical examination, clinical

laboratory tests, and a non-smoking status. Subjects were

excluded if they had any allergies, hematological

abnormalities, or a history of renal, hepatic, or gastrointestinal

diseases. Subjects were also excluded if they recently had taken

any medications or ingested grapefruit juice, St. John’s wort, or

agents that interact with either P. capitatum or CIP for at least

2 weeks prior to dosing and during the study. Safety was

monitored by performing clinical laboratory tests, 12-lead

ECGs, recordings of vital signs, and physical examinations at

baseline and scheduled times. The protocol was approved by the

Ethics Committee of the Second Affiliated Hospital of Tianjin

University of Traditional Chinese Medicine (Ethical Approval

No: 2015-033-03). All subjects provided written informed

consent prior to enrollment.

2.2.2 Study design in healthy volunteers
A randomized, three-period, crossover trial was designed

to study the herb-drug interactions in healthy male subjects

following the administration of single-dose treatments with

PCE (8 g Relinqing®), CIP (0.5 g), or PCE (8 g) + CIP (0.5 g)

(Registration No: ChiCTR-OPh-16010029). Each treatment

period was separated by a washout period of 7 days. Subjects

received multiple doses of PCE from day 22 to day 28 and a

single dose of the combination of PCE and CIP treatment on

day 29 (Figure 1). Subjects were offered standard meals 4 and

10 h after dosing. Water was not permitted during the hour

before and the hour after dosing, with the exception of 240 ml

administered with dosing; additional water intake was allowed

at all other times. On days 1, 8, 15 and 29, 3 ml blood samples

were collected from the antecubital vein catheter prior to drug

administration and at 0.08, 0.17, 0.33, 0.5, 0.75, 1, 1.5, 2, 3, 4, 6,

8, 12, and 24 h after dosing. All samples were stored at −80°C

until analysis.

2.3 Pharmacokinetic- and tissue
distribution-based herb-drug interaction
studies in rats

2.3.1 Experimental animals
Male Sprague-Dawley rats weighing 200–220 g were

purchased from HFK Bioscience Co., Ltd. (SCXK 2019–0008,

Beijing, China). All of the experimental procedures were carried

out according to the Guidance for Ethical Treatment of

Laboratory Animals. Approval for this study was granted by

the Institutional Animal Care and Use Committee of Tianjin

University of Traditional Chinese Medicine. All animals were

housed at the individually ventilated cages (three rats per cage) in

a temperature-controlled room under a 12-h light/dark cycle.

Water and food were supplied ad libitum and the rats were fasted

only with free access to water for 12 h prior to experiment.

2.3.2 Pharmacokinetic-based herb-drug
interaction study in rats

In the pharmacokinetic-HDI study, eighteen rats were

randomly assigned to three experimental groups (n = 6 per

group). Rats in the PCE, CIP, and PCE + CIP groups were

orally given a single dose of PCE (0.72 g/kg, comparable to a

clinical dose of 8 g Relinqing®), CIP (0.045 g/kg, comparable to

a clinical dose of 0.5 g ciprofloxacin hydrochloride tablets),

PCE (0.72 g/kg) and CIP (0.045 g/kg), respectively. Blood

samples (approx. 200 μl) were collected into heparinized

tubes prior to dosing and at 0.17, 0.5, 1, 1.5, 2, 2.5, 3, 4, 6,

8, 12, and 24 h after oral dosing. Rats were euthanized with

isoflurane at the end of the experiment. Plasma samples were

separated after centrifugation at 3,000 rpm for 10 min and

stored at −80°C until analysis.

2.3.3 Tissue distribution-based herb-drug
interaction study in rats

In the tissue distribution-HDI study, thirty-six rats were

randomly assigned to three experimental groups (n = 12 per

group). Rats in the PCE, CIP, and PCE + CIP groups were given a

single dose of PCE (0.72 g/kg, comparable to a clinical dose of 8 g
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Relinqing®, i.g.), CIP (0.036 g/kg, comparable to a clinical dose of

0.4 g Ciprobay®, i.v.), PCE (0.72 g/kg) and CIP (0.036 g/kg),

respectively. Three rats in each group were randomly

euthanized with isoflurane at 0.5, 1, 3, and 5 h, respectively.

The heart was perfused with normal saline to remove blood from

the tissues. The heart, liver, lung, kidney, prostate, testis, seminal

vesicle gland (SVG), and spleen were collected and then blotted

on filter paper. Plasma and tissue samples were stored at −80°C

until analysis.

2.4 Effect of PCE on the transport of
ciprofloxacin mediated by multiple
transporters

2.4.1 Inhibitory effects of gallic acid and
protocatechuic acid on the activity of multiple
transporters

Considering the relative exposure characteristics, GA and

PCA were selected as PK-marker and Q-marker components

of PCE in previous studies (Ma et al., 2015; Ma et al., 2016; Li

et al., 2021b). In this study, we investigated the concentration-

dependent inhibitions of GA and PCA on multiple

transporters, including OAT1, OAT3, OCT2, MDR1, and

BCRP. Stably expressing cell lines of hOAT1-MDCK,

hOAT3-MDCK, hOCT2-S2, hMDR1-MDCK, hBCRP-

MDCK, and their mock cells were obtained from Japan Fuji

Biomedical Co., Ltd. The cells were maintained in DMEM

(Sigma) supplemented with 10% FCS, 1% non-essential amino

acids (Sigma), and 2% L-glutamine. The medium for the

Transwell® plates (Corning Costar, Cambridge, MA,

United States) was supplemented with 0.1% gentamicin.

Membrane filters were placed in a 12 mm well with 1.5 and

0.5 ml of culture medium in the basolateral and apical

compartments, respectively. Cells were cultured at 37°C in

an atmosphere of 5% CO2. The inhibition experiments were

adapted from previous methods with minor modifications (Li

et al., 2021a; 2021b).

Briefly, the hOAT1-MDCK, hOAT3-MDCK, and hOCT2-S2

cells were trypsinized and suspended in the culture medium to

provide a density of 1.5 × 105 cells/ml. After incubating for 48 h,

the cells were washed twice with preheated DPBS and then pre-

incubated with DPBS for 10 min at 37°C. 500 µl of DPBS

containing probe substrates was added to initiate the uptake

in the presence or absence of GA, PCA or positive inhibitors. The

hMDR1-MDCK and hBCRP-MDCK cells were suspended at a

density of 4.0 × 105 cells/ml. After cultivation for 7 days, cells

were washed twice and equilibrated for 30 min at 37°C with the

pre-warmed HBSS buffer. 1.5 ml of transport buffer containing

probe substrates was added in the basolateral compartment to

initiate the efflux in the presence or absence of GA, PCA or

positive inhibitors. The designated GA or PCA concentrations

were 0.3, 1, 3, 10, 30 μM in the incubation system. 14C-PAH

(5 µM), 3H-ES (0.05 µM), 14C-TEA (5 µM), rhodamine 123

(10 µM), and lucifer yellow (10 µM) were chosen as probe

substrates of hOAT1, hOAT3, hOCT2, hMDR1, and hBCRP,

respectively. Probenecid (100 µM), cimetidine (600 µM),

probenecid (100 µM), verapamil (10 µM), and cyclosporine

(20 µM) were selected as positive inhibitors of hOAT1,

hOAT3, hOCT2, hMDR1, and hBCRP, respectively. The

content of DMSO was below 1% and constant in all

inhibition experiments. All experiments were performed in

triplicate. The cell lysate and 3.0 ml of aquasol-2 scintillation

fluid were put into a scintillation flask. The radioactive intensity

FIGURE 1
Schematic illustration of the study design in healthy subjects.
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of 14C-PAH, 3H-ES, and 14C-TEA was measured using a Tri-Carb

2910TR scintillator (PerkinElmer, United States). Fluorescence

was measured at 485 nm (excitation) and 546 nm (emission) for

rhodamine 123, and 425 nm (excitation) and 528 nm (emission)

for lucifer yellow. IC50 values were determined by employing

GraphPad Prism 9.

2.4.2 Effects of PCE on the Bi-directional
transport of ciprofloxacin in Caco-2 cells

A bidirectional assay in Caco-2 cells is a preferred method

to determine whether an investigational drug is a substrate for

P-gp/BCRP or whether an investigational drug is an inhibitor

of P-gp/BCRP (US FDA, 2020). The Caco-2 cell lines were

obtained from the National Collection of Authenticated Cell

Cultures (NCACC, Shanghai, China). The bi-directional

transport assay was performed on 12-mm Transwell

Permeable Supports with 0.4 mm-pore polycarbonate

membrane insert and 1.12 cm2 growth areas. Caco-2 cells

were maintained in DMEM complete high-glucose medium

with L-glutamine, supplemented with 10% FBS and 1% NEAA.

The cells were seeded at a density of 3×105 cells/well, incubated

at 37°C and 5% CO2, and cultured for 21 days with

replacement of cell culture medium supplemented with 1%

penicillin-streptomycin every second day. Membrane filters

were placed in a 12 mm well with 1.5 and 0.5 ml of culture

medium in the basolateral and apical compartments,

respectively. TEER was measured as an indication of an

intact monolayer using a Millicell ERS voltohmmeter

(Millipore, Merck). After washing the monolayers with

prewarmed PBS, the cells were preincubated with DMEM

with and without the investigated drugs, including GA (5,

50 μM), PCA (5, 50 μM) and PCE (10, 100 mg/ml). The

transport assays were initiated by the addition of CIP

(25 μM) with or without the investigated drugs into the

apical or basal compartment. Aliquots of 50 μl were

collected from the acceptor compartment at 0.5 h. The

apparent permeability coefficient (Papp) was calculated

using the following formula: Papp = (dC/dt) × Vr/(A × C0),

where dC/dt is the alteration in concentration over time, Vr is

the volume of the receiver compartment, A is the area of the

cell monolayer, and C0 is the initial concentration in the donor

compartment. The permeation of drug from the apical (A) to

the basolateral (B) side of the cells (Papp,A-B) is compared with

the permeation in the opposite direction (Papp,B-A). If the net

flux ratio is >2, this suggests a probable P-gp or BCRP

substrate. If the net flux ratio decreases with increasing

concentrations of the investigational drug, this suggests a

probable P-gp or BCRP inhibitor (US FDA, 2020).

2.4.3 Effects of PCE on the MDR1 and BCRP
mRNA expressions in Caco-2 cells

Caco-2 cells induced with the positive control or tested drugs

were then incubated in a 37°C incubator with 5% CO2 for 48 h.

Bosentan served as a positive control for the induction of MDR1

and BCRP (van Giersbergen et al., 2002). After the incubation

period, cells were harvested from the Transwell inserts for RNA

extraction. The mRNA expressions of MDR1 and BCRP in cells

were detected at 48 h after pretreatments with bosentan (20 μM),

GA (50 μM), PCA (50 μM), and PCE (100 mg/ml). Real-time

quantitative PCR (qRT-PCR) was performed on an ABI Prism

7900HT Sequence Detection System (Applied Biosystems, Foster

City, CA, United States) for the analysis of MDR1 and BCRP

genes. Primers of housekeeping gene β-actin was used as internal

controls. The primer sequences used for MDR1 amplification

were CGCACCTGCATTGTGATTGC (forward) and AGATGC

CTTTCTGTGCCAGC (reverse). The primer sequences used for

BCRP amplification were AGCAGCAGGTCAGAGTGTGG

(forward) and CTGAAGCCATGACAGCCAAG (reverse). The

relative gene expression levels were determined using the

comparative CT method (ΔΔCT method). The cut-off CT was

set at 35 cycles for all analyses. An arbitrary classification system

was assigned to the data, designating relative expression levels >2
as high mRNA expression, levels between 2 and 1 as moderate

mRNA expression, levels between 1 and 0.1 as low mRNA

expression and levels <0.1 as unexpressed.

2.5 LC-MS/MS assay for PCE and
ciprofloxacin

2.5.1 Sample preparation
The tissue samples were homogenized using a tissue

homogenizer (JXFSTPRP-24, Shanghaijingxin Experimental

Technology, Shanghai, China) in physiological saline solution

(1:4, w/v). The analytes and internal standards were extracted

from tissue homogenates and plasma samples by a simple protein

precipitation method. Briefly, an aliquot of 100 μl biological

samples, 5 μl internal standard solutions, and 300 μl

acetonitrile were vortex-mixed for 3 min and then centrifuged

at 14,000 rpm for 10 min. The supernatant was transferred and

dried using a gentle stream of nitrogen at 35°C. The residues were

reconstituted with 100 μl of 20% acetonitrile solution, vortex-

mixed for 1 min, and centrifugated at 14,000 rpm for 10 min. The

supernate was utilized for the quantification of GA, PCA,

and CIP.

2.5.2 LC-MS/MS conditions
Samples were analyzed using a Waters ACQUITY™ ultra

performance liquid chromatography system (Waters Corp.,

Milford, MA, United States) equipped with an

QTRAP5500 triple-quadrupole mass spectrometer (SCIEX,

Framingham, MA, United States) and an electrospray source.

Data acquisition was controlled by Analyst 1.7.2 software

(SCIEX, Concord, ON, Canada).

Chromatographic separation of GA and PCA was achieved

on an ACQUITY UPLC BEH C18 (2.1 mm × 100 mm, 1.7 µm;
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Waters Corp., Milford, MA, United States) with a mobile phase

of (A) 0.1% formic acid aqueous solution and (B) 0.1% formic

acid acetonitrile at a flow rate of 0.3 ml/min. The gradient elution

program was as follows: 0–8.5 min, 97% A; 8.7–11 min, 60% A;

11.5–13.5 min, 10% A; 14–15 min, 97% A. The quantitation of

GA and PCA was performed using multiple reaction monitoring

(MRM) mode with an electron spray ionization (ESI) source in

negative-ionization mode. The source operation parameters were

optimized as follows: ion spray voltage, −4,500 V; source

temperature, 550°C; ion source gas1, 55 psi; ion source gas2,

60 psi; curtain gas, 35 psi. The precursor-product ion transitions

of GA, PCA, and chloramphenicol (internal standard) were

169.0→125.1, 153.1→109.0, and 321.1→152.1, respectively.

The separation of CIP was performed on the same column

and mobile phase as GA and PCA. The gradient elution program

was as follows: 0–2.5 min, 85% A; 3–4 min, 10% A; 4.5–6 min,

85% A; 14–15 min, 97% A. The quantitation of CIP was

performed using MRM mode with an ESI source in positive-

ionization mode. The source parameters were chosen as follows:

ion spray voltage, 5,500 V; source temperature, 450°C; ion source

gas1, 50 psi; ion source gas2, 50 psi; curtain gas, 35 psi. The

precursor-product ion transitions of CIP and ofloxacin (internal

standard) were 332.1→288.1 and 362.2→318.1, respectively.

2.6 Pharmacokinetic analysis

PK parameters were estimated with noncompartmental

methods using WinNonlin version 6.4 (Certara, Princeton,

NJ). The peak plasma concentration (Cmax) and time to reach

the peak plasma concentration (Tmax) were calculated from the

actual plasma concentration data. The area under the plasma

concentration-time curve from zero to the last measurable

concentration (AUC0-t) was calculated via the linear

trapezoidal rule. The AUC0-∞ was calculated using the

following formula: AUC0-∞ = AUC0-t + Ct/ke, where Ct is the

last plasma concentration measured. The terminal elimination

half-life (t1/2) was calculated as 0.693/ke. The oral clearance (CL/

F) and volume of distribution (Vz/F) were defined asDose/AUC0-

∞ and Dose/(ke·AUC0-∞), respectively.

2.7 Data analysis

All data were summarized as mean ± standard deviation

(SD). All statistical analyses were performed using SPSS software

(Chicago, IL, United States). Comparisons between groups were

performed using unpaired Student’s t-test. A p-value of less than

0.05 was considered statistically significant. Pharmacokinetic

interactions were reported as 90% confidence intervals (CI)

for the geometric mean ratios (GMR) of the observed

pharmacokinetic measures in the presence and absence of the

interacting drug. If the 90% CI for systemic exposure ratios was

entirely encompassed within the equivalence range of 0.80–1.25,

we concluded that clinically significant difference was not

present.

3 Results

3.1 Pharmacokinetic herb-drug
interaction between PCE and
ciprofloxacin in healthy volunteers

All recruited subjects were healthy Chinese natives. All

enrolled subjects completed the study protocol as planned.

Their age, height, weight, and body mass index were

summarized in Supplementary Table S1. No major protocol

deviations were identified, and no serious adverse reactions

were observed throughout the study.

3.1.1 Effect of PCE on the pharmacokinetics of
ciprofloxacin in human

The effects of PCE on CIP plasma concentrations were

investigated by comparing alterations in PK exposure

measures between control and treatment groups. The CIP

concentration-time profiles and PK parameters are shown in

Figure 2A and Table 1, respectively. The plasma ciprofloxacin

AUC0-t and Cmax were significantly decreased in the presence of

single-dose/multiple-dose PCE (Figures 2B,C). Following

combination therapy with a single dose of PCE, the

GMRs±90% CI of ciprofloxacin AUC0-t and Cmax were 0.61

(0.55, 0.68) and 0.52 (0.45, 0.62), respectively. After

pretreatment with multiple doses of PCE, the GMRs ± 90%

CI of ciprofloxacin AUC0-t and Cmax were 0.64 (0.54, 0.78) and

0.54 (0.42, 0.74), respectively, falling out of the equivalence range

of 0.80–1.25 (Figure 2D). The results indicated that the co-

administration of PCE significantly reduces the systemic

exposure of CIP in human.

3.1.2 Effect of ciprofloxacin on the
pharmacokinetics of PCE PK-markers in human

GA and PCA were identified as PK-markers of PCE to

present the effects of CIP on PCE systemic exposures. After

co-administration of CIP and PCE, the PK changes of GA and

PCA are displayed in Figures 3, 4, respectively. Their PK

parameters (Table 2) were calculated from the plasma

concentration-time curves (Figures 3A, 4A). No significant

differences between control and combination treatment

groups were observed on the systemic exposure parameters of

GA (Figures 3B,C) and PCA (Figures 4B,C). Following co-

treatment with CIP and a single dose of PCE, the

GMRs ±90% CI of GA AUC0-t and Cmax were 1.15 (0.94,

1.49) and 0.95 (0.83, 1.16), respectively (Figure 3D), and the

GMRs ± 90% CI of PCA AUC0-t and Cmax were 1.26 (1.12, 1.49)

and 1.02 (0.85, 1.30), respectively (Figure 4D). Following co-
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treatment with ciprofloxacin and multiple doses of PCE, the

GMRs ± 90% CI of GA AUC0-t and Cmax were 1.08 (0.84, 1.54)

and 1.02 (0.88, 128), respectively (Figure 3D), and the

GMRs±90% CI of PCA AUC0-t and Cmax were 1.06 (0.92,

1.25) and 0.96 (0.84, 1.14), respectively (Figure 4D). The

results indicated that the co-treatment with CIP does not

significantly alter the PK behaviors of PCE PK-markers in

humans.

3.2 Pharmacokinetic herb-drug
interaction between PCE and
ciprofloxacin in rats

3.2.1 Effect of PCE on the pharmacokinetics of
ciprofloxacin in rats

The effects of PCE on circulating CIP concentrations were

observed by comparing changes in PK exposure measures

FIGURE 2
Plasma ciprofloxacin (CIP) concentration-time profiles (A), the systemic exposure parameters including AUC0-t (B) and Cmax (C), and their 90%
CIs for the geometric mean ratios [GMR, (D)] in the presence and absence of the single-dose/multiple-dose PCE to healthy humans (mean ± SD,
n = 12).

TABLE 1 Pharmacokinetic parameters of ciprofloxacin after the oral administration of ciprofloxacin hydrochloride tablets (CIP, 0.5 g) with and
without PCE (8 g) to human subjects (mean ± SD, n = 12).

Parameters CIP CIP + PCEsingle
b CIP + PCEmultiple

c

Cmax (ng/ml) 3400 ± 796 1920 ± 863* 1790 ± 510*

AUC0-t (h·ng/mL) 12700 ± 1690 8410 ± 2640* 7770 ± 1730*

AUC0-∞ (h·ng/mL) 13200 ± 1800 8790 ± 2690* 8110 ± 1770*

tmax (h)
a 1.0 (0.33–1.5) 1.25 (0.5–3) 1.5 (0.5–3)

ke (h
−1) 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.01

t1/2 (h) 5.64 ± 0.49 5.79 ± 0.50 5.66 ± 0.40

Vz/F (L) 313 ± 35.9 524 ± 183* 525 ± 110*

CL/F (L/h) 0.64 ± 0.08 1.03 ± 0.31* 1.07 ± 0.21*

aMedian (range).
bPCEsingle, a single dose of PCE (8 g).
cMultiple doses of PCE (8 g, TID) for seven consecutive days. *p< 0.05, significant differences were observed when compared with the CIP, group.
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between CIP and CIP + PCE groups. The CIP concentration-

time profiles and PK parameters are presented in Figure 5A

and Table 3, respectively. The AUC0-t, AUC0-∞ and Cmax of

circulating CIP were significantly decreased in the

presence of single-dose PCE, while the Vz/F and CL/F were

significantly increased (Table 3). After combination

therapy, the GMRs ±90%CI of ciprofloxacin AUC0-t and

Cmax were 0.50 (0.27, 0.74) and 0.36 (0.27, 0.46),

respectively, falling out of the equivalence range of

0.80–1.25 (Figure 5B). The results indicated that the co-

administration of PCE significantly reduces the circulating

exposure of CIP in rats.

3.2.2 Effect of ciprofloxacin on the
pharmacokinetics of gallic acid and
protocatechuic acid in rats

After combination therapy, the altered circulating exposures

of PCE PK-markers (GA and PCA) are shown in Figures 5C–F.

The PK parameters of GA and PCA are summarized in Table 4.

No significant differences between PCE and PCE + CIP groups

were observed on the main PK parameters of GA and PCA. After

co-treatment with CIP and PCE, the GMRs ±90% CI of GA

AUC0-t and Cmax were 0.78 (0.54, 1.01) and 1.10 (0.82, 1.36),

respectively (Figure 5D), and the GMRs ± 90% CI of PCA AUC0-t

and Cmax were 0.97 (0.81, 1.09) and 1.17 (1.02, 1.62), respectively

(Figure 5F). The results indicated that the co-treatment with CIP

does not significantly change the PK behaviors of GA and PCA in

rats, which was the same conclusion drawn from the study in

humans.

3.3 Changed tissue distribution of
ciprofloxacin and PCE in rats

3.3.1 Effect of PCE on the Tissue Distribution of
ciprofloxacin in Rats

PCE had little effect on plasma CIP after intravenous

injection using rats (Supplementary Figure S1; Supplementary

Table S2). The tissue distribution profiles of CIP in normal rats

after intravenous administration of CIP in the absence and

presence of PCE are charted in Figures 6A,B, respectively.

PCE significantly increased the tissue to plasma distribution

coefficients (Kp) of CIP in the prostate and SVG, but

decreased its Kp in the liver (p < 0.05, Figure 6C). The AUC0-t

of CIP in tissues was arranged as follows: kidney > SVG > liver >
spleen > prostate > lung in the CIP group, and kidney > SVG >
prostate > spleen > liver > lung in the CIP + PCE group

(Figure 6D). The Cmax of CIP in tissues was arranged as

FIGURE 3
Plasma gallic acid (GA) concentration-time profiles (A), the systemic exposure parameters of GA including AUC0-t (B) and Cmax (C), and their
90% CIs for the geometric mean ratios [GMR, (D)] in the presence and absence of oral ciprofloxacin hydrochloride tablets (CIP) to healthy humans
(mean ± SD, n = 12).
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follows: kidney > liver > SVG > spleen > prostate > lung in the

CIP group, and prostate > SVG > kidney > liver > spleen > lung

in the CIP + PCE group (Figure 6E). The mean ratios of CIP

tissue exposure with and without PCE were more than 1.25 times

in the prostate, testis and SVG, but less than 0.8 times in the

kidney, liver and lung. PCE significantly increased tissue

exposure of CIP in the prostate and testis, but decreased its

exposure in the liver and lungs (p < 0.05).

FIGURE 4
Plasma protocatechuic acid (PCA) concentration-time profiles (A), the systemic exposure parameters of PCA including AUC0-t (B) andCmax (C),
and their 90% CIs for the geometric mean ratios [GMR, (D)] in the presence and absence of oral ciprofloxacin hydrochloride tablets (CIP) to healthy
humans (mean ± SD, n = 12).

TABLE 2 Pharmacokinetic parameters of gallic acid (GA) and protocatechuic acid (PCA) after the oral administration of PCE (8 g) with and without
ciprofloxacin hydrochloride tablets (CIP, 0.5 g) to human subjects (mean ± SD, n = 12).

Parameters GA PCA

PCEsingle
b PCEsingle +

CIP
PCEmultiple

c+ CIP PCEsingle PCEsingle +
CIP

PCEmultiple+ CIP

Cmax (ng/ml) 130 ± 32.7 124 ± 33.8 135 ± 41.9 6.07 ± 1.48 6.44 ± 2.57 5.88 ± 1.66

AUC0-t (h·ng/mL) 242 ± 70.0 271 ± 50.0 263 ± 76.7 2.84 ± 0.72 3.68 ± 1.15 3.03 ± 0.9

AUC0-∞ (h·ng/mL) 248 ± 67.0 274 ± 50.8 268 ± 77.3 3.39 ± 0.94 4.40 ± 0.93 3.35 ± 0.99

tmax (h)
a 0.88 (0.5, 1) 1 (0.5, 1.5) 0.75 (0.5, 1.5) 0.33 (0.17, 0.75) 0.33 (0.33, 0.5) 0.33 (0.17, 0.75)

ke (h
−1) 0.51 ± 0.19 0.47 ± 0.14 0.42 ± 0.11 2.36 ± 0.82 2.05 ± 1.02 2.51 ± 0.85

t1/2 (h) 1.64 ± 0.92 1.59 ± 0.50 1.78 ± 0.55 0.32 ± 0.11 0.42 ± 0.19 0.31 ± 0.14

Vz/F (L) 322 ± 295 245 ± 71.8 286 ± 75.2 148 ± 23.9 149 ± 65.6 150 ± 54.4

CL/F (L/h) 2.10 ± 0.64 1.98 ± 0.71 1.82 ± 0.35 5.64 ± 1.45 4.26 ± 0.91 5.78 ± 1.57

aMedian (range).
bPCEsingle, a single dose of PCE (8 g).
cMultiple doses of PCE (8 g, TID) for seven consecutive days. No significant differences were observed when compared with the PCEsingle group (p> 0.05).
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3.3.2 Effect of ciprofloxacin on the Tissue
Distribution of PCE PK-markers in Rats

The tissue distribution curves of GA in normal rats after

intragastric administration of PCE in the absence and

presence of CIP are displayed in Figures 7A,B, respectively.

CIP significantly increased the Kp of GA in the lungs, but did

not significantly alter its Kp in other tissues (Figure 7C). The

AUC0-t of GA in tissues was ranked as follows: SVG >
prostate > kidney > testis > plasma (Figure 7D). The Cmax

of GA in tissues was ranked as follows: SVG > prostate >
kidney > plasma > testis in the PCE group, and SVG >
prostate > kidney > lung > plasma in the CIP + PCE group

(Figure 7E). CIP significantly increased the AUC0-t and/or

Cmax of GA in the prostate and testis, but decreased its Cmax in

the kidney and heart (p < 0.05).

FIGURE 5
Circulating ciprofloxacin (CIP) concentration-time profiles (A) and the 90% confidence intervals (CI) for the geometric mean ratios [GMR, (B)] of
Cmax, AUC0-t and AUC0-∞ in the presence and absence of PCE to rats, as well as gallic acid [GA, (C,D)] and protocatechuic acid [(PCA, (E,F)] in the
presence and absence of CIP (mean ± SD, n = 6).

TABLE 3 Pharmacokinetic parameters of ciprofloxacin after
intragastric administration of ciprofloxacin (CIP, 0.045 g/kg) with
and without PCE (0.72 g/kg) to rats (mean ± SD, n = 6).

Parameters CIP CIP + PCE

Cmax (ng/ml) 2470 ± 272 892 ± 108*

AUC0-t (h·ng/mL) 6090 ± 884 3070 ± 633*

AUC0-∞ (h·ng/mL) 6120 ± 889 3110 ± 665*

tmax (h)
a 0.5 (0.5–0.5) 1.0 (0.5–1.0)*

ke (h
−1) 0.135 ± 0.04 0.143 ± 0.039

t1/2 (h) 5.49 ± 1.66 5.22 ± 1.84

Vz/F (L) 12.16 ± 5.48 21.40 ± 3.31*

CL/F (L/h) 1.50 ± 0.25 2.99 ± 0.60*

aMedian (range). *p< 0.05, significant differences were observed when compared with

the CIP, group.
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The tissue distribution curves of PCA in the absence

and| presence of CIP are shown in Figures 8A,B,

respectively. CIP did not significantly alter the Kp of PCA

in each tissue (p > 0.05, Figure 8C). Both AUC0-t and Cmax of

PCA in tissues were arranged as follows: SVG > kidney >

prostate > testis > spleen in the PCE group, and prostate >
SVG > kidney > testis > plasma in the CIP + PCE

group (Figures 8D,E). CIP significantly increased the Cmax

of PCA in the prostate, but decreased its AUC0-t in the kidney

(p < 0.05).

TABLE 4 Pharmacokinetic parameters of gallic acid and protocatechuic acid after intragastric administration of PCE (0.72 g/kg) with and without
ciprofloxacin (CIP, 0.045 g/kg) to rats (mean ± SD, n = 6).

Parameters Gallic acid (GA) Protocatechuic acid (PCA)

PCE PCE + CIP PCE PCE + CIP

Cmax (ng/ml) 133.84 ± 36.38 146.75 ± 37.94 5.08 ± 1.82 6.69 ± 1.87

AUC0-t (h·ng/mL) 465.36 ± 171.00 363.91 ± 137.00 6.72 ± 2.39 6.37 ± 1.18

AUC0-∞ (h·ng/mL) 482.79 ± 169.05 384.51 ± 1.49 7.32 ± 2.39 7.04 ± 1.55

tmax (h)
a 1.5 (1–1.5) 1 (0.5–1) 0.5 (0.5–0.75) 0.5 (0.25–0.75)

ke (h
−1) 0.35 ± 0.16 0.44 ± 0.26 1.11 ± 0.38 1.10 ± 0.45

t1/2 (h) 2.62 ± 1.78 1.92 ± 0.74 0.68 ± 0.21 0.76 ± 0.43

Vz/F (L) 8.93 ± 9.83 6.41 ± 1.80 6.50 ± 3.16 6.87 ± 2.54

CL/F (L/h) 2.06 ± 0.85 2.58 ± 0.95 6.72 ± 2.19 6.67 ± 1.54

aMedian (range). No significant differences were observed when compared with the PCE, group (p > 0.05).

FIGURE 6
Tissue distribution profiles of ciprofloxacin (CIP) after intravenous administration of CIP in the absence (A) and presence (B) of PCE to rats, as
well as the tissue to plasma distribution coefficients [Kp, (C)] and the distribution parameters AUC0-t (D) and Cmax (E) of CIP (mean ± SD, n = 3).
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FIGURE 7
Tissue distribution profiles of gallic acid (GA) after oral administration of PCE in the absence (A) and presence (B) of ciprofloxacin, as well as the
tissue to plasma distribution coefficients [Kp, (C)] and the distribution parameters including AUC0-t (D) and Cmax (E) of GA (mean ± SD, n = 3).

FIGURE 8
Tissue distribution profiles of protocatechuic acid (PCA) after oral administration of PCE in the absence (A) and presence (B) of ciprofloxacin, as
well as the tissue to plasma distribution coefficients [Kp, (C)] and the distribution parameters AUC0-t (D) and Cmax (E) of PCA (mean ± SD, n = 3).
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3.4 Effect of PCE on the transport of
ciprofloxacin mediated by multiple
transporters

3.4.1 Inhibitory effects of gallic acid and
protocatechuic acid on the activity of multiple
transporters

Significant inhibitory effects of the positive inhibitors of

probenecid, cimetidine, rifampicin, verapamil, and

cyclosporine were presented on the transporters hOAT1,

hOAT3, hOCT2, hMDR1, and hBCRP, respectively

(Supplementary Figure S2). A concentration-dependent

inhibition type was observed on the transporters

hOAT1 and hOAT3 for GA, as well as the transporters

hOAT1, hOAT3 and hOCT2 for PCA (Figures 9A–C). GA

and PCA presented significant inhibitory effects on the

hOAT1-mediated uptake of 14C-PAH with the IC50 values

8.01 and 29.73 µM, respectively (Figure 9A). Weak or

ineffective inhibitions were observed on hOAT3 for GA

(IC50 = 62.33 µM) and PCA (IC50 = 152.4 µM, Figure 9B),

as well as hOCT2 for PCA (IC50 = 107.0 µM, Figure 9C).

Meanwhile, no inhibitory effect was observed on MDR1 or

BCRP′ activity after co-incubation with GA and PCA.

Interestingly, it shows a concentration-dependent increase

in the efflux of MDR1-mediated rhodamine 123 or BCRP-

mediated lucifer yellow with the increased GA and PCA’s

concentration ranges from 0.3 to 30 µM (Figures 9D,E).

3.4.2 Effect of PCE on the bidirectional transport
of ciprofloxacin in Caco-2 cells

In the bidirectional transport assay with Caco-2 cells, the net

flux ratio of CIP after 0.5 and 1 h were 4.13 ± 0.76 and 3.48 ± 0.10,

respectively. After co-incubation with GA, PCA and PCE, the net

flux ratio of CIP showed varying degrees of enlargement (Figures

10A,B). A significant improvement was observed in the net efflux

ratios after co-treatment with GA (50 μM), PCA (50 μM), and

PCE (100 mg/ml) (p < 0.05). The increased net flux ratio

facilitates the flow of CIP from the blood to the intestinal

lumen, renal tubules or bile ducts, which may be related to

the reduction of CIP systemic exposure.

3.4.3 Effect of PCE on the expressions of
MDR1 and BCRP in Caco-2 cells

The effect of PCE on the expression of MDR1 and BCRP

mRNAs are shown in Figures 10C,D, respectively. After

pretreatment with bosentan, the expression of P-gp and BCRP

mRNAs in Caco-2 cells were increased by 7.36- and 4.31-fold,

respectively. After pretreatment with the investigated drugs, the

expression of MDR1 and BCRP mRNAs increased 6.02- and

6.00-fold in cells treated with GA, 3.56- and 3.33-fold in cells

FIGURE 9
Inhibitory effects of GA and PCA on the activity of multiple transporters, including human organic anion transporter 1 [hOAT1, (A)], [hOAT3 (B)],
human organic cation transporter 2 [hOCT2, (C)], human multidrug resistance protein 1 [hMDR1, (D)], and human breast cancer resistance protein
[hBCRP, (E)] (mean ± SD, n = 3).
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treated with PCA, and 4.04- and 3.95-fold in cells treated with

PCE, respectively. The increased MDR1 and BCRP mRNA

expressions may contribute to CIP efflux from the blood

circulatory system.

4 Discussion

Herbal medicinal products are commonly used as a

complementary or alternative treatment for a variety of

diseases, rehabilitation and health care (Meng and Liu, 2014).

Thereafter, due to the pharmacokinetic- and pharmacodynamic-

based HDIs, the concurrent use of herbal medicinal products

may mimic, magnify, or oppose the effects of medicinal products

(Fugh-Berman, 2000). Pharmacokinetic HDIs may increase or

decrease the systemic exposures of either component through

multiple mechanisms, including drug-metabolizing enzymes

(e.g., CYP450s and UGTs), drug transporters (e.g., P-gp and

BCRP) and plasma protein (e.g., albumin and globulin), which is

basically similar to pharmacokinetic DDIs (Li et al., 2019).

Nevertheless, the research of pharmacokinetic HDIs is

generally more challenging than that of DDIs, given the

complicated herbal components and the batch-to-batch

variation of herbal medicines (Meng and Liu, 2014). This has

led to a phenomenon that most of the current studies pay more

attention to the unidirectional effect (herbs→drugs) than the

bidirectional effect (herbs↔drugs). Even though, the

pharmacokinetic HDIs between PCE and CIP were

investigated on a bidirectional effect (PCE↔CIP) in this

study. GA and PCA were identified as appropriate PK-marker

components of P. capitatum because of 1) their extensive

pharmacological activities consistent with P. capitatum (Liao

et al., 2011; Khan et al., 2015; Choubey et al., 2018; Song et al.,

2020; Bai et al., 2021), 2) their rich in vitro (Liao et al., 2013;

Zhang et al., 2013a; Zhang et al., 2013b; Li et al., 2021b) and in

vivo exposures (Ma et al., 2015, 2016; Huang et al., 2019; Li et al.,

2021b; Guan et al., 2022), and 3) their acceptable

pharmacokinetic properties (Ma et al., 2015; Li et al., 2021b)

and targeted distribution in kidney tissue (Ma et al., 2016).

However, there is a risk that the two compounds were

possibly not the most critical compounds responsible for

PCE’s effect, and the use of any single compound of the two

compounds in the study could not reflect the overall effect

of PCE.

Since CIP is a substrate of multiple transporters, the drug-

transporter mediated inhibition test was performed to study the

responsibilities for the reduced CIP exposure. Although herbal

crude extract has been used as perpetrator in some cell

experiments, false positive or false negative results will

inevitably occur (Ge et al., 2010). The main reasons include

but are not limited to the following aspects. PCE addition can

alter some extracellular characteristics, such as pH value and

ionic strength. PCE contains some components that are not

absorbed into blood when administered orally, which may

FIGURE 10
Effects of gallic acid (GA), protocatechuic acid (PCA) and PCE on the change of ciprofloxacin efflux ratios at 0.5 h (A) and 1 h (B), and themRNA
expressions of MDR1 (C) and BCRP (D) in Caco-2 cells (mean ± SD, n = 3).
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interfere with cultured cells. Despite serum pharmacological

method can solve the above problems, preparation of test

serum for cell experiment is a complicated process: Besides

chemicals or heat pretreatment, it involves the proteolytic

cascades of coagulation along with complement, fibrinolysis

and kinin systems, as well as leukocyte and platelet activation

resulting in release reactions (Ge et al., 2010). The pretreatment

deviates serum sample elements away from the original in vivo

state. The results obtained from the drug-containing serum are at

least partially uncertain in its validity. Considering GA and PCA

are highly exposed in plasma and urogenital system tissues, we

examined the inhibitory effects of the two components on the

activity of multiple transporters that mediate CIP transport. The

shortcomings of using these two compounds are the same as

those of using PK-markers.

Clinical evidence showed that combination of PCE and CIP

could produce a better effect for the treatment of chronic

prostatitis (Zhou et al., 2016) and urinary tract infections (Pu

et al., 2016). However, since co-administration of PCE

significantly reduces plasma CIP in human (Figure 2), the

results seemed not to support such an effect. Interestingly, we

found that the combined therapy significantly increased the

exposure of CIP in the prostate (Figure 6), which may be the

target tissue for the treatment of chronic prostatitis (Lipsky et al.,

2010). In addition to CIP, GA and PCA (PCE PK-markers)

presented high exposure in the urogenital system, such as

prostate, kidney, and seminal vesicle gland (Figures 7, 8). The

antibacterial, anti-inflammatory, antioxidant and analgesic

activities of PCE, GA and PCA are helpful to improve the

efficacy of CIP in the treatment of infectious diseases of

urogenital system (Liao et al., 2011; Khan et al., 2015;

Choubey et al., 2018; Song et al., 2020; Bai et al., 2021). The

in vitro study proves that PCA increased up to 50% of the

antibacterial activity, especially that of levofloxacin against

Staphylococcus aureus and Escherichia coli (Fifere et al., 2022).

Concurrent use of PCE significantly reduced circulating CIP

in humans and rats, consistent with previous reports (Lu et al.,

2016). Considering the manner in which the drug is removed

from the body, CIP is primarily cleared by active tubular

secretion (up to 2/3 of the total clearance, Höffken et al.,

1985; Mulgaonkar et al., 2012) and intestinal excretion

(approximately 18%, Rohwedder et al., 1990). Since the liver

metabolism (approximately 10%) and biliary excretion

(approximately 1%) of the drug is relatively low (Vance-Bryan

et al., 1990), the reduced circulating CIP in humans was mainly

attributed to the change of CIP across the renal and intestinal

epithelia. CIP is a known substrate of the ATP-binding cassette

transporters BCRP (Alvarez et al., 2008; Haslam et al., 2011) and

MDR1 (Brillault et al., 2010; Arakawa et al., 2012; Zhang et al.,

2019; Zimmermann et al., 2019), both of which are located in the

apical (luminal) membrane of kidney proximal tubules and

intestinal epithelia (International Transporter Consortium,

2010). The reduced circulating CIP in humans may be

attributed to the increased BCRP/MDR1-mediated CIP efflux

from blood to feces and urine, as indicated by the effects of PCE,

GA and PCA on CIP bidirectional transport and BCRP/

MDR1 expressions in this study. Due to the zwitterionic

nature, CIP is likely to interact with organic anion and cation

transporters, such as OAT1, OAT3, and OCT2 (Dautrey et al.,

1999; Vanwert et al., 2008; Arakawa et al., 2012; Mulgaonkar

et al., 2012; Ong et al., 2013). But the inhibitory effects of GA and

PCA onOAT1/3-mediated CIP secretion from blood to feces and

urine did not contribute to the reduced circulating CIP in

humans. That is, the decrease of CIP systematic exposure in

the combined group was caused by the integrated effect of

synergy/antagonism among multiple transporters.

Additionally, the reduced circulating CIP may also come from

other transporter-mediated interactions (eg., OATPs, MRPs, Wu

et al., 2012; Marquez et al., 2009), drug metabolizing enzyme-

mediated interactions (eg., CYP450, Zheng et al., 2014), and

other PCE composition-perpetrated interactions (eg., flavonoids,

An et al., 2014).

Tissue distribution-based HDI studies were also

implemented to assess the effects of combination therapy on

the altered distribution kinetics of CIP, GA, and PCA, which may

directly or indirectly lead to changes in their therapeutic effect.

The combined administration increased CIP exposure in the

prostate, testis, and seminal vesicle gland, whichmay help to treat

infectious diseases of the male reproductive system. As

summarized by Obligacion et al. (2006), the human prostate

tissue contains the multidrug resistance protein (MRP)

transporters MRP1, MRP2, MRP3, and MRP4, and MDR1.

Thus, the increased distribution of CIP in the prostate gland

may be attributed to the activation of MRPs and MDR1 after

treated with GA and PCA. Although no significant alteration in

the circulating GA and PCA after combination therapy, there

were some elevated distribution kinetics and tissue exposures in

the prostate and lung. Interestingly, the exposures of CIP, GA,

and PCA all showed an increase in the prostate tissue after

combined administration, which will contribute to the treatment

of chronic prostatitis. A meta-analysis of randomized controlled

trials of combination therapy indicated that PCE-based products

(Relinqing®) combined with fluoroquinolones can improve the

total effective rate of chronic prostatitis compared with

fluoroquinolones alone (Zhou et al., 2016). The accumulation

of CIP and PCE PK-marker components in prostate tissue is

helpful to explain the above clinical phenomenon.

In summary, we focused on the pharmacokinetic herb-drug

interactions between PCE and CIP in humans, rats and cells. The

effects of PCE↔CIP presented significantly reduced plasma

exposure of CIP and almost unchanged exposure of PCE PK-

markers (GA and PCA) in humans and rats. The reduced plasma

CIP may be attributed to integrated routes mediated by multiple

transporters, including BCRP, MDR1, and OAT1/3. GA and

PCA were highly exposed to urogenital tissues after intragastric

administration of PCE with or without CIP to rats. Although the
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decreased circulating CIP seemed not to support the clinical

synergism of CIP and PCE, the combined therapy increased the

exposure of CIP, GA and PCA in the prostate gland. The

enrichment of these drugs in prostate will be helpful to the

treatment of chronic bacterial prostatitis. Additionally, the effect

of combination therapy should pay attention to both the

pharmacokinetic- and pharmacodynamic-based interactions,

rather than unilaterally. Further in-depth research should be

carried out in the future.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material, further

inquiries can be directed to the corresponding author.

Ethics statement

The studies involving human participants were reviewed and

approved by the Second Affiliated Hospital of Tianjin University

of Traditional Chinese Medicine. The patients/participants

provided their written informed consent to participate in this

study. The animal study was reviewed and approved by the

Institutional Animal Care and Use Committee of Tianjin

University of Traditional Chinese Medicine.

Author contributions

Conceptualization: ZL, BW, and YH. Methodology: ZL, XZ,

SF, ST, and XD. Software: ZL and XD. Validation: ZL and XD.

Formal analysis: ZL and ST. Investigation: ZL, XZ, SF, ST, XD,

RW, and YL. Data curation: ZL, XZ, and SF. Writing—original

draft preparation: ZL and ST. Writing—review and editing: YH.

Visualization: ZL and ST. Supervision: YL, RW, and BW. Project

administration: YH. Funding acquisition: ZL, YH, and BW. All

authors have read and agreed to the published version of the

manuscript.

Funding

The study was funded by the Scientific Research Project of

Tianjin Municipal Education Commission (2021ZD017 and

2021ZD030), and the National Science and Technology Major

Project of China under Grant number (2018ZX09734-002),

Youth Qihuang Scholars Support Project of the National

Administration of Traditional Chinese Medicine.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fphar.

2022.1033667/full#supplementary-material

References

Alvarez, A. I., Pérez, M., Prieto, J. G., Molina, A. J., Real, R., and Merino, G.
(2008). Fluoroquinolone efflux mediated by ABC transporters. J. Pharm. Sci. 97 (9),
3483–3493. doi:10.1002/jps.21233

An, G., Wang, X., and Morris, M. E. (2014). Flavonoids are inhibitors of human
organic anion transporter 1 (OAT1)-mediated transport. Drug Metab. Dispos. 42
(9), 1357–1366. doi:10.1124/dmd.114.059337

Ando, T., Kusuhara, H., Merino, G., Alvarez, A. I., Schinkel, A. H., and Sugiyama,
Y. (2007). Involvement of breast cancer resistance protein (ABCG2) in the biliary
excretion mechanism of fluoroquinolones.Drug Metab. Dispos. 35 (10), 1873–1879.
doi:10.1124/dmd.107.014969

Arakawa, H., Shirasaka, Y., Haga, M., Nakanishi, T., and Tamai, I. (2012). Active
intestinal absorption of fluoroquinolone antibacterial agent ciprofloxacin by
organic anion transporting polypeptide, Oatp1a5. Oatp1a5. Biopharm. Drug
Dispos. 33 (6), 332–341. doi:10.1002/bdd.1809

Bai, J., Zhang, Y., Tang, C., Hou, Y., Ai, X., Chen, X., et al. (2021). Gallic acid:
Pharmacological activities and molecular mechanisms involved in

inflammation-related diseases. Biomed. Pharmacother. 133, 110985. doi:10.
1016/j.biopha.2020.110985

Bonkat, G., Bartoletti, R., Bruyère, F., Cai, T., Geerlings, S. E., Köves, B., et al.
(2022) “EAU guidelines on urological infections,”. ISBN 978-94-92671-16-5 in EAU
guidelines, edition presented at the EAU annual congress amsterdam, The
Netherlands 2022. Arnhem: EAU Guidelines Office, Available at: http://uroweb.
org/guidelines/compilations-of-all-guidelines/.

Brillault, J., De Castro, W. V., and Couet, W. (2010). Relative contributions of
active mediated transport and passive diffusion of fluoroquinolones with various
lipophilicities in a Calu-3 lung epithelial cell model. Antimicrob. Agents Chemother.
54 (1), 543–545. doi:10.1128/AAC.00733-09

Chinese Pharmacopoeia Commission (2010). Pharmacopoeia of the people’s
Republic of China. Beijing, China: China Chemical Industry Press, 1454.

Choubey, S., Goyal, S., Varughese, L. R., Kumar, V., Sharma, A. K., and Beniwal,
V. (2018). Probing gallic acid for its broad spectrum applications. Mini Rev. Med.
Chem. 18 (15), 1283–1293. doi:10.2174/1389557518666180330114010

Frontiers in Pharmacology frontiersin.org16

Li et al. 10.3389/fphar.2022.1033667

https://www.frontiersin.org/articles/10.3389/fphar.2022.1033667/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.1033667/full#supplementary-material
https://doi.org/10.1002/jps.21233
https://doi.org/10.1124/dmd.114.059337
https://doi.org/10.1124/dmd.107.014969
https://doi.org/10.1002/bdd.1809
https://doi.org/10.1016/j.biopha.2020.110985
https://doi.org/10.1016/j.biopha.2020.110985
http://uroweb.org/guidelines/compilations-of-all-guidelines/
http://uroweb.org/guidelines/compilations-of-all-guidelines/
https://doi.org/10.1128/AAC.00733-09
https://doi.org/10.2174/1389557518666180330114010
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1033667


Dautrey, S., Felice, K., Petiet, A., Lacour, B., Carbon, C., and Farinotti, R. (1999).
Active intestinal elimination of ciprofloxacin in rats: Modulation by different
substrates. Br. J. Pharmacol. 127 (7), 1728–1734. doi:10.1038/sj.bjp.0702703

Fifere, A., Turin-Moleavin, I. A., and Rosca, I. (2022). Does protocatechuic acid
affect the activity of commonly used antibiotics and antifungals? Life (Basel) 12 (7),
1010. doi:10.3390/life12071010

Fugh-Berman, A. (2000). Herb-drug interactions. Lancet 355 (9198), 134–138.
doi:10.1016/S0140-6736(99)06457-0

GBD Diseases and Injuries (2020). Global burden of 369 diseases and injuries in
204 countries and territories, 1990-2019: A systematic analysis for the global burden of
disease study 2019. Lancet 396 (10258), 1204–1222. doi:10.1016/S0140-6736(20)30925-9

Ge, J., Wang, D., He, R., Zhu, H., Wang, Y., and He, S. (2010). Medicinal herb
research: Serum pharmacological method and plasma pharmacological method.
Biol. Pharm. Bull. 33 (9), 1459–1465. doi:10.1248/bpb.33.1459

International Transporter ConsortiumGiacomini, K. M., Huang, S. M., Tweedie,
D. J., Benet, L. Z., Brouwer, K. L. R., Chu, X., et al. (2010). Membrane transporters in
drug development. Nat. Rev. Drug Discov. 9 (3), 215–236. doi:10.1038/nrd3028

Guan, H., Li, P., Wang, Q., Zeng, F., Wang, D., Zhou, M., et al. (2022).
Systematically exploring the chemical ingredients and absorbed constituents of
Polygonum capitatum in hyperuricemia rat plasma using UHPLC-Q-Orbitrap
HRMS. Molecules 27 (11), 3521. doi:10.3390/molecules27113521

Haslam, I. S., Wright, J. A., O’Reilly, D. A., Sherlock, D. J., Coleman, T., and Simmons,
N. L. (2011). Intestinal ciprofloxacin efflux: The role of breast cancer resistance protein
(ABCG2). Drug Metab. Dispos. 39 (12), 2321–2328. doi:10.1124/dmd.111.038323

Höffken, G., Lode, H., Prinzing, C., Borner, K., and Koeppe, P. (1985).
Pharmacokinetics of ciprofloxacin after oral and parenteral administration.
Antimicrob. Agents Chemother. 27 (3), 375–379. doi:10.1128/AAC.27.3.375

Huang, K., Zhang, P., Zhang, Z., Youn, J. Y., Wang, C., Zhang, H., et al. (2021).
Traditional Chinese Medicine (TCM) in the treatment of COVID-19 and other viral
infections: Efficacies and mechanisms. Pharmacol. Ther. 225, 107843. doi:10.1016/j.
pharmthera.2021.107843

Huang, Y., Zhou, Z., Yang, W., Gong, Z., Li, Y., Chen, S., et al. (2019).
Comparative pharmacokinetics of gallic acid, protocatechuic acid, and quercitrin
in normal and pyelonephritis rats after oral administration of a Polygonum
capitatum extract. Molecules 24 (21), 3873. doi:10.3390/molecules24213873

Khan, A. K., Rashid, R., Fatima, N., Mahmood, S., Mir, S., Khan, S., et al. (2015).
Pharmacological activities of protocatechuic acid. Acta Pol. Pharm. 72 (4), 643–650.

Li, Y., Meng, Q., Yang, M., Liu, D., Hou, X., Tang, L., et al. (2019). Current trends
in drug metabolism and pharmacokinetics. Acta Pharm. Sin. B 9 (6), 1113–1144.
doi:10.1016/j.apsb.2019.10.001

Li, Z., Du, X., Li, Y.,Wang, R., Liu, C., Cao, Y., et al. (2021b). Pharmacokinetics of gallic
acid and protocatechuic acid in humans after dosing with Relinqing (RLQ) and the
potential for RLQ-perpetrated drug-drug interactions on organic anion transporter
(OAT)1/3. Pharm. Biol. 59 (1), 757–768. doi:10.1080/13880209.2021.1934039

Li, Z., Tian, S., Wu, Z., Xu, X., Lei, L., Li, Y., et al. (2021a). Pharmacokinetic herb-
disease-drug interactions: Effect of ginkgo biloba extract on the pharmacokinetics of
pitavastatin, a substrate of Oatp1b2, in rats with non-alcoholic fatty liver disease.
J. Ethnopharmacol. 280, 114469. doi:10.1016/j.jep.2021.114469

Liao, S. G., Zhang, L. J., Sun, F., Wang, Z., He, X., Wang, A. M., et al. (2013).
Identification and characterisation of phenolics in Polygonum capitatum by ultrahigh-
performance liquid chromatography with photodiode array detection and tandem mass
spectrometry. Phytochem. Anal. 24 (6), 556–568. doi:10.1002/pca.2432

Liao, S. G., Zhang, L. J., Sun, F., Zhang, J. J., Chen, A. Y., Lan, Y. Y., et al. (2011).
Antibacterial and anti-inflammatory effects of extracts and fractions from Polygonum
capitatum. J. Ethnopharmacol. 134 (3), 1006–1009. doi:10.1016/j.jep.2011.01.050

Lipsky, B. A., Byren, I., and Hoey, C. T. (2010). Treatment of bacterial prostatitis.
Clin. Infect. Dis. 50 (12), 1641–1652. doi:10.1086/652861

Lu, Y., Gong, Z., Xie, Y., Pan, J., Sun, J., Li, Y., et al. (2016). Herb-drug interaction:
Effects of Relinqing® granule on the pharmacokinetics of ciprofloxacin,
sulfamethoxazole, and trimethoprim in rats. Evid. Based. Complement. Altern.
Med. 2016, 6194206. doi:10.1155/2016/6194206

Ma, F., Deng, Q., Zhou, X., Gong, X., Zhao, Y., Chen, H., et al. (2016). The tissue
distribution and urinary excretion study of gallic acid and protocatechuic acid after
oral administration of polygonum capitatum extract in rats. Molecules 21 (4),
399–414. doi:10.3390/molecules21040399

Ma, F., Gong, X., Zhou, X., Zhao, Y., and Li, M. (2015). An UHPLC-MS/MS method
for simultaneous quantification of gallic acid and protocatechuic acid in rat plasma after
oral administration of Polygonum capitatum extract and its application to
pharmacokinetics. J. Ethnopharmacol. 162, 377–383. doi:10.1016/j.jep.2014.12.044

Marquez, B., Caceres, N. E., Mingeot-Leclercq, M. P., Tulkens, P. M., and Van
Bambeke, F. (2009). Identification of the efflux transporter of the fluoroquinolone
antibiotic ciprofloxacin in murine macrophages: Studies with ciprofloxacin-

resistant cells. Antimicrob. Agents Chemother. 53 (6), 2410–2416. doi:10.1128/
AAC.01428-08

Meng, Q., and Liu, K. (2014). Pharmacokinetic interactions between herbal medicines
and prescribed drugs: Focus on drug metabolic enzymes and transporters. Curr. Drug
Metab. 15 (8), 791–807. doi:10.2174/1389200216666150223152348

Merino, G., Alvarez, A. I., Pulido,M.M.,Molina, A. J., Schinkel, A. H., and Prieto, J. G.
(2006). Breast cancer resistance protein (BCRP/ABCG2) transports fluoroquinolone
antibiotics and affects their oral availability, pharmacokinetics, and milk secretion. Drug
Metab. Dispos. 34 (4), 690–695. doi:10.1124/dmd.105.008219

Mulgaonkar, A., Venitz, J., and Sweet, D. H. (2012). Fluoroquinolone disposition:
Identification of the contribution of renal secretory and reabsorptive drug transporters.
Expert Opin. Drug Metab. Toxicol. 8 (5), 553–569. doi:10.1517/17425255.2012.674512

Obligacion, R., Murray, M., and Ramzan, I. (2006). Drug-metabolizing enzymes
and transporters: Expression in the human prostate and roles in prostate drug
disposition. J. Androl. 27 (2), 138–150. doi:10.2164/jandrol.05113

Ong, H. X., Traini, D., Bebawy, M., and Young, P. M. (2013). Ciprofloxacin is actively
transported across bronchial lung epithelial cells using a Calu-3 air interface cell model.
Antimicrob. Agents Chemother. 57 (6), 2535–2540. doi:10.1128/AAC.00306-13

Pu, X., Zhang, L., Yang, F., Xiang, D., and Zhang, J. (2016). Treatment of uncomplicated
urinary tract infection by relinqing: A systematic review of randomized controlled trials of
clinical studies. Tianjin Med. J. 44 (8), 1048–1052. doi:10.11958/20150252

Rohwedder, R., Bergan, T., Thorsteinsson, S. B., and Scholl, H. (1990).
Transintestinal elimination of ciprofloxacin. Chemotherapy 36 (2), 77–84.
doi:10.1159/000238751

Song, J., He, Y., Luo, C., Feng, B., Ran, F., Xu, H., et al. (2020). New progress in the
pharmacology of protocatechuic acid: A compound ingested in daily foods and herbs
frequently and heavily. Pharmacol. Res. 161, 105109. doi:10.1016/j.phrs.2020.105109

US FDA. In Vitrodrug interaction studies—cytochrome P450 enzyme- and
transporter-mediated drug interactions guidance for industry. 2020. 1.23.
Available at: https://www.fda.gov/media/134582/download.

Van Giersbergen, P. L., Gnerre, C., Treiber, A., Dingemanse, J., and Meyer, U. A.
(2002). Bosentan, a dual endothelin receptor antagonist, activates the pregnane X nuclear
receptor. Eur. J. Pharmacol. 450 (2), 115–121. doi:10.1016/s0014-2999(02)02075-7

Vance-Bryan, K., Guay, D. R., and Rotschafer, J. C. (1990). Clinical
pharmacokinetics of ciprofloxacin. Clin. Pharmacokinet. 19 (6), 434–461. doi:10.
2165/00003088-199019060-00003

Vanwert, A. L., Srimaroeng, C., and Sweet, D. H. (2008). Organic anion
transporter 3 (Oat3/Slc22a8) interacts with carboxyfluoroquinolones, and
deletion increases systemic exposure to ciprofloxacin. Mol. Pharmacol. 74 (1),
122–131. doi:10.1124/mol.107.042853

WHO (2022), Traditional, complementary and integrative medicine. WHO
Expert meeting on evaluation of traditional Chinese medicine in the treatment
of COVID-19. Available at: http://www.wfcms.org/public/filespath/files/
bd5a7ec0b29152ef509d04d97fdcda4f.pdf. [Accessed on August 10, 2022].

Wu, L. X., Guo, C. X., Chen, W. Q., Yu, J., Qu, Q., Chen, Y., et al. (2012).
Inhibition of the organic anion-transporting polypeptide 1B1 by quercetin: An
in vitro and in vivo assessment. Br. J. Clin. Pharmacol. 73 (5), 750–757. doi:10.1111/
j.1365-2125.2011.04150.x

Zhang, K. X., Wang, Y. S., Jing, W. G., Zhang, J., and Liu, A. (2013a). Improved
quality control method for prescriptions of Polygonum capitatum through
simultaneous determination of nine major constituents by HPLC coupled with
triple quadruple mass spectrometry. Molecules 18 (10), 11824–11835. doi:10.3390/
molecules181011824

Zhang, K., Zhang, J., Wei, S., Jing, W., Wang, Y., and Liu, A. (2013b).
Development and validation of HPLC coupled with triple quadrupole MS for
the simultaneous determination of six phenolic acids, six flavonoids, and a lignan in
Polygonum capitatum. J. Sep. Sci. 36 (15), 2407–2413. doi:10.1002/jssc.201300291

Zhang, Y., Guo, L., Huang, J., Sun, Y., He, F., Zloh, M., et al. (2019). Inhibitory
effect of berberine on broiler P-glycoprotein expression and function: In situ and
in vitro studies. Int. J. Mol. Sci. 20 (8), 1966. doi:10.3390/ijms20081966

Zheng, L., Lu, Y., Cao, X., Huang, Y., Liu, Y., Tang, L., et al. (2014). Evaluation of
the impact of Polygonum capitatum, a traditional Chinese herbal medicine, on rat
hepatic cytochrome P450 enzymes by using a cocktail of probe drugs.
J. Ethnopharmacol. 158, 276–282. doi:10.1016/j.jep.2014.10.031

Zhou, X., Yang, J., Yang, G., Gong, J., and Xia, W. (2016). Meta Analysis of
combined Relinqing randomized clinical trials in treating prostatitis. J. Shanxi
Univer. Chin. Med. 17 (3), 1–4. doi:10.3969/j.issn.1000-7369.2016.03.001

Zimmermann, E. S., de Miranda Silva, C., Neris, C., Torres, B., Schmidt, S., and
Dalla Costa, T. (2019). Population pharmacokinetic modeling to establish the role
of P-glycoprotein on ciprofloxacin distribution to lung and prostate following
intravenous and intratracheal administration to Wistar rats. Eur. J. Pharm. Sci. 27,
319–329. doi:10.1016/j.ejps.2018.11.007

Frontiers in Pharmacology frontiersin.org17

Li et al. 10.3389/fphar.2022.1033667

https://doi.org/10.1038/sj.bjp.0702703
https://doi.org/10.3390/life12071010
https://doi.org/10.1016/S0140-6736(99)06457-0
https://doi.org/10.1016/S0140-6736(20)30925-9
https://doi.org/10.1248/bpb.33.1459
https://doi.org/10.1038/nrd3028
https://doi.org/10.3390/molecules27113521
https://doi.org/10.1124/dmd.111.038323
https://doi.org/10.1128/AAC.27.3.375
https://doi.org/10.1016/j.pharmthera.2021.107843
https://doi.org/10.1016/j.pharmthera.2021.107843
https://doi.org/10.3390/molecules24213873
https://doi.org/10.1016/j.apsb.2019.10.001
https://doi.org/10.1080/13880209.2021.1934039
https://doi.org/10.1016/j.jep.2021.114469
https://doi.org/10.1002/pca.2432
https://doi.org/10.1016/j.jep.2011.01.050
https://doi.org/10.1086/652861
https://doi.org/10.1155/2016/6194206
https://doi.org/10.3390/molecules21040399
https://doi.org/10.1016/j.jep.2014.12.044
https://doi.org/10.1128/AAC.01428-08
https://doi.org/10.1128/AAC.01428-08
https://doi.org/10.2174/1389200216666150223152348
https://doi.org/10.1124/dmd.105.008219
https://doi.org/10.1517/17425255.2012.674512
https://doi.org/10.2164/jandrol.05113
https://doi.org/10.1128/AAC.00306-13
https://doi.org/10.11958/20150252
https://doi.org/10.1159/000238751
https://doi.org/10.1016/j.phrs.2020.105109
https://www.fda.gov/media/134582/download
https://doi.org/10.1016/s0014-2999(02)02075-7
https://doi.org/10.2165/00003088-199019060-00003
https://doi.org/10.2165/00003088-199019060-00003
https://doi.org/10.1124/mol.107.042853
http://www.wfcms.org/public/filespath/files/bd5a7ec0b29152ef509d04d97fdcda4f.pdf
http://www.wfcms.org/public/filespath/files/bd5a7ec0b29152ef509d04d97fdcda4f.pdf
https://doi.org/10.1111/j.1365-2125.2011.04150.x
https://doi.org/10.1111/j.1365-2125.2011.04150.x
https://doi.org/10.3390/molecules181011824
https://doi.org/10.3390/molecules181011824
https://doi.org/10.1002/jssc.201300291
https://doi.org/10.3390/ijms20081966
https://doi.org/10.1016/j.jep.2014.10.031
https://doi.org/10.3969/j.issn.1000-7369.2016.03.001
https://doi.org/10.1016/j.ejps.2018.11.007
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1033667

	Pharmacokinetic herb-drug interactions: Altered systemic exposure and tissue distribution of ciprofloxacin, a substrate of  ...
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Pharmacokinetic herb-drug interactions in healthy volunteers
	2.2.1 Healthy subjects
	2.2.2 Study design in healthy volunteers

	2.3 Pharmacokinetic- and tissue distribution-based herb-drug interaction studies in rats
	2.3.1 Experimental animals
	2.3.2 Pharmacokinetic-based herb-drug interaction study in rats
	2.3.3 Tissue distribution-based herb-drug interaction study in rats

	2.4 Effect of PCE on the transport of ciprofloxacin mediated by multiple transporters
	2.4.1 Inhibitory effects of gallic acid and protocatechuic acid on the activity of multiple transporters
	2.4.2 Effects of PCE on the Bi-directional transport of ciprofloxacin in Caco-2 cells
	2.4.3 Effects of PCE on the MDR1 and BCRP mRNA expressions in Caco-2 cells

	2.5 LC-MS/MS assay for PCE and ciprofloxacin
	2.5.1 Sample preparation
	2.5.2 LC-MS/MS conditions

	2.6 Pharmacokinetic analysis
	2.7 Data analysis

	3 Results
	3.1 Pharmacokinetic herb-drug interaction between PCE and ciprofloxacin in healthy volunteers
	3.1.1 Effect of PCE on the pharmacokinetics of ciprofloxacin in human
	3.1.2 Effect of ciprofloxacin on the pharmacokinetics of PCE PK-markers in human

	3.2 Pharmacokinetic herb-drug interaction between PCE and ciprofloxacin in rats
	3.2.1 Effect of PCE on the pharmacokinetics of ciprofloxacin in rats
	3.2.2 Effect of ciprofloxacin on the pharmacokinetics of gallic acid and protocatechuic acid in rats

	3.3 Changed tissue distribution of ciprofloxacin and PCE in rats
	3.3.1 Effect of PCE on the Tissue Distribution of ciprofloxacin in Rats
	3.3.2 Effect of ciprofloxacin on the Tissue Distribution of PCE PK-markers in Rats

	3.4 Effect of PCE on the transport of ciprofloxacin mediated by multiple transporters
	3.4.1 Inhibitory effects of gallic acid and protocatechuic acid on the activity of multiple transporters
	3.4.2 Effect of PCE on the bidirectional transport of ciprofloxacin in Caco-2 cells
	3.4.3 Effect of PCE on the expressions of MDR1 and BCRP in Caco-2 cells


	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


