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ABSTRACT
Context: Relinqing granules (RLQ) are being used alone or in combination with antibacterial drugs to
treat urological disorders.
Objective: This study investigates the pharmacokinetics of RLQ in humans and the potential for RLQ-per-
petrated interactions on transporters.
Materials and methods: Twelve healthy subjects (six women and six men) participated to compare sin-
gle- and multiple-dose pharmacokinetics of RLQ. In the single-dose study, all 12 subjects received 8 g of
RLQ orally. After a 7-d washout period, the subjects received 8 g of RLQ for seven consecutive days (t.i.d.)
and then a single dose. Gallic acid (GA) and protocatechuic acid (PCA) in plasma and urine samples were
analysed using LC-MS/MS. The transfected cells were used to study the inhibitory effect of GA
(50–5000lg/L) and PCA (10–1000lg/L) on transporters OAT1, OAT3, OCT2, OATP1B1, P-gp and BCRP.
Results: GA and PCA were absorbed into the blood within 1 h after administration and rapidly eliminated
with a half-life of less than 2 h. The mean peak concentrations of GA (102 and 176lg/L) and PCA (4.54
and 7.58lg/L) were lower in males than females, respectively. The 24h urine recovery rates of GA and
PCA were about 10% and 5%, respectively. The steady-state was reached in 7 d without accumulation. GA
was a potent inhibitor of OAT1 (IC50 ¼ 3.73lM) and OAT3 (IC50 ¼ 29.41lM), but not OCT2, OATP1B1, P-
gp or BCRP.
Discussion and conclusions: GA and PCA are recommended as PK-markers in RLQ-related pharmacoki-
netic and drug interaction studies. We should pay more attention to the potential for RLQ-perpetrated
interactions on transporters.
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Introduction

Urinary tract infections (UTIs) are among the most frequent
bacterial infections acquired in hospitals and communities
(Geerlings 2016; Millner and Becknell 2019). UTIs represent at
least 40% of all hospital-acquired infections (Tandogdu and
Wagenlehner 2016). While treatment of UTIs with antibiotics is
very likely to clear bacteriuria leading to a rapid resolution of
clinical symptoms, the current high level of bacterial resistance
development threatens this treatment of UTIs. The increasing
resistance to broad-spectrum antibiotics is a particular challenge
due to their overconsumption (Tamadonfar et al. 2019).
Therefore, there is an urgent need to develop strategies to com-
bat resistance through the careful use of available antibiotics or
alternative therapies (Klein and Hultgren 2020; Qindeel
et al. 2021).

Numerous botanical medicines have been proposed as alter-
native therapies for urological infections in many countries
(Benevides Bahiense et al. 2017; Kim et al. 2019). Relinqing gran-
ules (RLQ), a Chinese herbal medicine, are widely used to treat
various urologic disorders, including UTIs, pyelonephritis and

urinary calculus (Chinese Pharmacopoeia Commission 2020).
The phenolic acids and flavonoids (Figure 1) are believed to be
responsible for most of their pharmacological effects (Liao et al.
2011; Zhang et al. 2017). Knowledge of the pharmacokinetic
properties of RLQ is necessary to understand its clinical efficacy
and toxicity. Gallic acid (GA) and protocatechuic acid (PCA) are
the top two constituents of the phenolic acids contained in RLQ
(Liao et al. 2013; Huang et al. 2019), and their anti-inflammatory
and antibacterial activities are consistent with the main pharma-
cological effects of RLQ. Circulating GA and PCA have shown a
relatively high exposure after oral administration of RLQ in rats
(Ma et al. 2016; Huang et al. 2019). Despite the prevalence of
UTIs and RLQ treatment, little is known about the pharmaco-
kinetics of its active ingredients in humans.

The combination of RLQ and conventional therapies has cre-
ated a need to understand better the risks and benefits, especially
the interaction of herbs and drugs (Ren et al. 2019; Zhang et al.
2019; Yang et al. 2020). Evidence-based herbal drug interaction
research is expected to become a necessary evaluation for the
rational use of RLQ with other drugs prescribed for the same
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indications (Lu et al. 2016). The CYP450 enzyme- and trans-
porter-mediated drug interactions are being increasingly reported
in new drug development and clinical medication (USFDA
2020). RLQ displayed a significant inductive effect on the expres-
sion of CYP2C9 and CYP3A4 when used as a cocktail (Zheng
et al. 2014). In contrast to metabolizing enzymes, there are dif-
ferent membrane transporter levels in different body tissues,
which play essential roles in drug absorption, distribution and
elimination. Hence, it is necessary to conduct additional evi-
dence-based research into the transporter-mediated interactions
between RLQ and concomitant drugs.

This study attempts to address the above issues by investigat-
ing the pharmacokinetics and transporter-based inhibition kinet-
ics of the phenolic compounds. The PK-markers of RLQ in
plasma and urine were identified following single and multiple
RLQ doses to healthy humans. The potential effect of drug trans-
porters on safety makes it essential to determine whether GA
and PCA can affect other drugs’ absorption and disposition. The
index substrates’ future results will provide essential information
on the potential herb-drug interactions when using com-
bined therapy.

Materials and methods

Chemicals

RLQ was kindly provided by Guizhou Warmen Pharmaceutical
Co., LTD (Guiyang, China). GA, PCA, quercitrin, quercetin,
kaempferol and chloramphenicol were purchased from the

National Institute for Food and Drug Control (Beijing, China).
Rifampicin, probenecid, verapamil, cimetidine, rhodamine 123,
dimethyl sulfoxide (DMSO) and lucifer yellow were obtained
from Sigma-Aldrich (St. Louis, MO). 14C-para-Amino hippuric
acid (14C-PAH), 3H-estrone sulphate ammonium salt (3H-ES)
and c(14C-TEA) were purchased from TRC Inc. (Toronto,
Canada). Dulbecco’s modified Eagle’s medium (DMEM), Hanks’
balanced salt solution (HBSS), 4-(2-hydroxyethyl) piperazine-1-
ethane sulphonic acid (HEPES), Dulbecco’s phosphate-buffered
saline (DPBS) and foetal bovine serum (FBS) were obtained from
Gibco Life Technologies (Grand Island, NY). Acetonitrile,
methanol and formic acid were purchased from Thermo Fisher
Scientific (Waltham, MA). Other reagents were commercially
available and of analytical grade.

Chemical analysis

RLQ (0.2 g) was dissolved in 25mL of methanol-water (1:1, v/v).
After sonication for 1 h, the mixture was centrifuged for 10min
at 13,000 g and filtrated through a 0.22mm membrane before
analysis. The characteristic fingerprint of RLQ was detected using
a high-performance liquid chromatography-ultraviolet (HPLC-
UV) method. The contents of GA, PCA, quercitrin, quercetin
and kaempferol were measured with a validated
liquid chromatography-tandem mass spectrometry (LC-MS/MS)
method (Tang et al. 2013). Chromatographic separations were
performed using an ACQUITY UPLC BEH C18 column (2.1mm
� 100mm, 1.7 lm) maintained at 30 �C. A gradient elution pro-
gramme (0.3mL/min) was used with the mobile phase consisting

Figure 1. Chemical structures of (A) gallic acid, (B) protocatechuic acid, (C) vanillic acid, (D) quercitrin, (E) quercetin and (F) kaempferol.
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of 0.1% formic acid aqueous solution (A) and 0.1% formic acid
acetonitrile (B) as follows: 5%–35% B (0–1.5min), 95%–5% B
(3–4min) and 5% B (5min). The injection volume was 2mL.
Mass spectrometric detections were performed on an AB Sciex
Triple Quad 5500MS equipped with an ESI interface. The analy-
tes were monitored in MRM mode with transitions of m/z
169.0!125.1, 153.1!109.0, 449.1!303.1, 303.2!153.0 and
287.1!95.0 for GA, PCA, quercitrin, quercetin and kaempferol,
respectively.

Subjects

Healthy male and female volunteers aged 18–55 years with a
body mass index of 19–24 kg/m2 were eligible for recruitment.
Additional inclusion criteria included good general health as
confirmed by a medical history review, a physical examination,
clinical laboratory tests and a non-smoking status. Subjects were
excluded if they had any allergies, haematological abnormalities
or a history of renal or hepatic diseases. Subjects were also
excluded if they had recently taken any medications or ingested
grapefruit juice, St. John’s wort or agents that interact with RLQ
for at least 2weeks before dosing and during the study. All sub-
jects provided written informed consent before enrolment.

Clinical trial design

The study protocol was approved by the Ethics Committee of
the Second Affiliated Hospital of Tianjin University of
Traditional Chinese Medicine. This study was conducted to
assess single- and multiple-dose pharmacokinetics of RLQ in
healthy male and female subjects (ChiCTR-OPh-16010029).
Subjects were offered standard meals at 4 and 10 h after dosing.
Water was not permitted during the hour before and the hour
after dosing, except for 240mL administered with dosing; add-
itional water intake was allowed at all other times.

In the single-dose study, 8 g of RLQ was administered orally
on day 1. A 7-d washout time was designed between single-dose
and multiple-dose pharmacokinetic studies. In the multiple-dose
study, subjects received multiple doses of RLQ (8 g, t.i.d.) for
seven consecutive days from day 8 to day 14 and a single dose
of RLQ (8 g) on the morning of day 15. On days 1 and 15, blood
samples (3mL) were collected from the antecubital vein catheter
before 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. Additional pre-dose
samples were collected in the morning on days 12, 13 and 14.
Urine samples were collected over a 12 h interval before dosing
and at the following time intervals thereafter: 0–2, 2–5, 5–8,
8–12 and 12–24 h. All samples were stored at �80 �C
until analysis.

Safety and tolerability

Safety was monitored by performing clinical laboratory tests, 12-
lead ECGs and physical examinations at baseline and scheduled
times. All adverse events recorded during the study were coded
according to the Medical Dictionary for Regulatory Activities
version 15.1 (McLean, VA).

Sample preparation

All analytes were extracted from plasma and urine samples by
simple protein precipitation extraction method using acetonitrile.

Briefly, 5mL of internal standard solution and 300 lL of aceto-
nitrile were added to the spiked blank matrix (100 lL) and vor-
texed for 3min and then centrifuged at 13,000� g for 10min.
The supernatant was transferred and dried using a flow of nitro-
gen. The residue was re-dissolved in 100 mL of 10% methanol
solution containing 0.1% formic acid. An aliquot of 5mL solution
was injected into the LC-MS/MS system for analysis.

GA and PCA assay

The GA and PCA concentrations were determined using a vali-
dated LC-MS/MS method with some modifications (Ma et al.
2015). The chromatographic separation was performed on an
Acquity Ultra Performance LC instrument (Waters, Milford,
MA) with a gradient programme in an ACQUITY UPLC BEH
C18 column (2.1mm � 100mm, 1.7 lm). The gradient pro-
gramme was performed with the mobile phase (0.3mL/min) con-
sisting of 0.1% formic acid aqueous solution (A) and acetonitrile
(B) as follows: 97% A (0–8.5min), 60% A (8.7–11min), 10% A
(11.5–13.5min) and 97% A (14–15min). The injection volume
was 2mL. The mass spectrometry analysis was performed on an
AB Sciex Triple Quad 5500MS (Framingham, MA) equipped
with an ESI source. The quantitative analyses of GA, PCA and
chloramphenicol were performed in a negative mode by multiple
reaction monitoring (MRM) with the ion transitions of m/z
169.0!125.1, 153.1!109.0 and 321.1!152.1, respectively.

The analytical method’s validation was conducted according
to the FDA’s Bio-analytical Method Validation guidance
(USFDA 2018). Blank samples were obtained from six subjects
for selectivity. The calibration curves were assessed by plotting
the peak response ratio against the nominal concentrations of
GA (1.00, 2.00, 10.0, 40.0, 100, 200, 320 and 400 lg/L) and PCA
(0.50, 1.00, 5.00, 20.0, 50.0, 100, 160 and 200 lg/L). The low,
medium and high QC concentrations were 3.00, 60.0 and
300 lg/L and 1.50, 30.0 and 150 lg/L for GA and PCA, respect-
ively. Intra- and inter-day accuracy and precision were measured
using six replicates of QCs in three separate batches. QCs’
acceptance criteria were ± 15% SD of nominal values, and the
precision was ± 15% RSD, except for LLOQ ± 20% SD. The
matrix effect and recovery were investigated using six lots of
blank matrix from individual sources. Stability was assessed by
spiking low and high QCs in blank samples using four condi-
tions: for post-preparative stability (24 h at 4 �C), bench-top sta-
bility (24 h at 25 �C), long-term stability (3months at �80 �C)
and freeze-thaw stability (for three cycles).

Pharmacokinetic analysis

Pharmacokinetic parameters of GA and PCA were estimated
with a non-compartmental method using Phoenix WinNonlin
version 6.4 (Certara, Princeton, NJ). The peak plasma concentra-
tion (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 calcu-
lated via the linear trapezoidal rule. AUC0–1 was calculated
using the following formula: AUC0–1 ¼ AUC0–t þ Ct/ke, where
Ct is the last plasma concentration measured. The terminal elim-
ination half-life (t1/2) was calculated as 0.693/ke, and the total
clearance (CL/F) was calculated as dose/AUC0–1. The accumula-
tion index was calculated as AUCss/AUC0–t.
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Cell culture

The human multidrug resistance protein (MDR)1-transfected
Madin–Darby Canine Kidney (MDCK) cells, human breast can-
cer resistance protein (BCRP)-transfected MDCK cells, human
organic anion transporter (OAT)1-transfected MDCK cells,
OAT3-transfected second portion of proximal tubule (S2) cells,
human organic cation transporter (OCT)2-transfected S2 cells,
human organic anion transporting polypeptide (OATP)1B1-
transfected human embryonic kidney 293 (HEK293) cells and
their MOCK cells were kindly provided by Japan Fuji Biomedical
Co., Ltd. (Osaka, Japan). Cells were cultured in DMEM supple-
mented with 10% FBS, 100 units/mL penicillin and 100 units/mL
streptomycin. All cells were incubated in a humidified atmos-
phere of 95% air and 5% CO2 at 37 �C. A solution of 0.25% tryp-
sin-EDTA was used to detach the cells from flasks. Cell culture
flasks, 24-well cell culture plates, and transwell polycarbonate
inserts (12mm diameter, 0.4 lm pore size) were purchased from
Corning Co-star Corp. (Bedford, MA).

Inhibition of cellular uptake in S2-OAT3, S2-OCT2, HEK293-
OATP1B1 and MDCK-OAT1 cells

Concentration-dependent inhibitions were conducted to study
GA and PCA’s inhibitory effects on uptake transporters OAT1,
OAT3, OCT2 and OATP1B1. The MDCK-OAT1, S2-OAT3, S2-
OCT2 and HEK293-OATP1B1 cell lines were utilized in this
study. The uptake experiments were adapted from previously
reported methods with a few modifications (Akimitsu et al. 2010;
Chiba et al. 2013; Wang et al. 2013; Li et al. 2014). Briefly, S2-
OAT3, S2-OCT2 and S2-mock cells were trypsinized and uni-
formly suspended in the culture medium’s designated volume to
provide a density of 2.0� 105 cells/mL. A 1.0-mL aliquot of the
cell suspension was added into each well of 24-well insert plates.
HEK293-OATP1B1, MDCK-OAT1 and their mock cells were
seeded in 24-well plates at a density of 1.5� 105 cells/well. After
incubating for 48 h, the cells were washed twice with preheated
DPBS and then pre-incubated with DPBS for 10min at 37 �C.
An aliquot of 500mL DPBS containing radio-labelled probe

substrates was added to initiate the uptake in the presence or
absence of GA (50, 150, 500, 1500 and 5000lg/L), PCA (10, 30,
100, 300 and 1000 lg/L) or positive inhibitors at 37 �C for the
designated uptake time. The probe substrates and positive inhibi-
tors were 14C-PAH (5mM) and probenecid (100 mM), 3H-ES
(0.05 mM) and cimetidine (600 mM), 14C-TEA (5mM) and pro-
benecid (100 mM), 3H-ES (0.05 mM) and rifampicin (60mM) for
OAT1, OAT3, OCT2 and OATP1B1, respectively. Three washes
terminated the experiment with ice-cold DPBS buffer after
removing the incubation buffer. Cells were lysed with 400 lL of
0.1mM sodium hydroxide solution. The cell lysate and 3.0mL of
aquasol-2 scintillation fluid were put into a scintillation flask.
The radioactive intensity was measured using a Tri-Carb 2910TR
scintillator (PerkinElmer, Waltham, MA). The final concentra-
tion of DMSO in the assay was less than 0.1%. All experiments
were performed in triplicate.

Inhibition of cellular efflux in MDCK-MDR1 and MDCK-
BCRP cells

Inhibitory effects of GA and PCA on efflux transporters MDR1
and BCRP were investigated with the fluorogenic substrates
rhodamine 123 (10 mM) and lucifer yellow (10mM), respectively.
The positive control inhibitors of MDR1 and BCRP were verap-
amil (10 mM) and cyclosporine (20 mM), respectively. The efflux
experiments were adapted from previously reported methods
with minor modifications (Reznicek et al. 2017). Briefly, MDCK-
MDR1, MDCK-BCRP and MDCK-mock cells were trypsinized
and uniformly suspended in the designated volume of HBSS to
provide a density of 4.0� 105 cells/mL. For 0.5mL of cell sus-
pension and 1.5mL of HBSS buffer medium were added in the
apical and basolateral compartments of 12-well Transwell plates.
After cultivation for 7 d, cells were washed twice and equilibrated
for 30min at 37 �C with the pre-warmed HBSS buffer. The integ-
rity of cell monolayers was verified by the determination of the
value of transepithelial electrical resistance (TEER) using a
Millipore Millicell-ERS system (Millipore Corporation, Bedford,
MA) (200–300 X � cm2). An aliquot of 1.5mL transport buffer

Figure 2. Typical chromatograms of (1) gallic acid, (2) protocatechuic acid, (3) quercitrin, (4) quercetin and (5) kaempferol obtained from an analysis of standard solu-
tion (A) and RLQ solution (B).
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containing probe substrates was added in the basolateral com-
partment to initiate the efflux in the presence or absence of GA
(50, 150, 500, 1500 and 5000lg/L), PCA (10, 30, 100, 300 and
1000 lg/L) or positive inhibitors at 37 �C. An aliquot of 0.5mL
empty transport buffer was placed in the apical compartment.
After 2 h of co-incubation, 100 lL of HBSS in the apical com-
partment was transferred to 96-well plates. 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. The final concentration of DMSO in the assay
was less than 0.1%. All experiments were performed in triplicate.

Statistical analysis

All data were presented as means ± SD. Statistical analyses were
performed using SPSS software version 22 (Chicago, IL).
Differences between groups were compared using Student’s t-
test. p< 0.05 was considered statistically significant.

Results

Chemical analysis

The HPLC-UV fingerprint of RLQ was detected and established
at the 254 nm wavelength. Five characteristic peaks were identi-
fied by comparison with the references (Figure 2). The relative
retention times of GA, PCA, quercitrin, quercetin and kaemp-
ferol were 5.86, 11.95, 17.82, 20.32 and 21.04min, respectively.
According to the label, the specification of RLQ is 4 g. The quan-
titative determination of the five phenolic markers was imple-
mented by using an LC-MS/MS instrument. The GA, PCA,
quercitrin, quercetin and kaempferol contents were 25.32, 1.25,
1.62, 0.21 and 0.13mg, respectively. It showed that the GA con-
tent in this batch meets the Chinese Pharmacopoeia require-
ments, stating that the level of GA in RLQ should not be less
than 23.0mg (Chinese Pharmacopoeia Commission 2020).

Assay validation

The typical MRM chromatogram showed no peak interfering at
the retention times of GA, PCA and IS in blank plasma samples,
proving a reasonable specificity (Figure 3). GA and PCA’s cali-
bration curves exhibited good linearity over the concentration
range of 1.00–400.0 and 0.50–200.0 lg/L, respectively. The lower
limit of quantification (LLOQ) of GA and PCA were 1.00 and
0.50 ng/mL, respectively. The intra-day precision and accuracy of
quality control samples ranged from 0.95% to 9.06% and �7.41%
to �2.98%, respectively. The inter-day precision and accuracy of
quality control samples were in the range of 1.74–9.98% and
�8.54% to �3.14%, indicating that this method is within the
acceptable range for precision and accuracy (Table 1). The
extraction recovery and matrix effect were in the range of
91.08–99.79% and 101.39–111.65%, respectively. The stability of
GA and PCA in the biological matrix were validated under vari-
ous storage conditions, including room temperature for 24 h, fro-
zen at �80 �C for 3months, three freeze-thaw cycles and the
post-preparative stability at 4 �C for 24 h (Table 2).

Demographic characteristics

Twelve healthy subjects (six males and six females) were enrolled
in the pharmacokinetic study of RLQ. Their age, height, weight,
and body mass index were 27.0 ± 1.94 (24.0–30.0) years,
1.65 ± 0.08 (1.57–1.81) m, 58.6 ± 6.27 (50.2–70.1) kg and
21.5 ± 1.37 (19.5–23.3) kg/m2, respectively (Table 3). All 12
recruited subjects were healthy native Chinese individuals whom
all completed the study protocol as planned. No major protocol
deviations were identified, and no serious side effects were
observed throughout the study.

Plasma GA and PCA profiles of RLQ in human subjects

GA and PCA showed a relatively high response in human
plasma and urine samples, while quercetin, quercetin and
kaempferol displayed little or no response. Consequently, GA

Figure 3. Multiple reaction monitoring chromatograms of (A) blank plasma; (B) blank plasma spiked with a standard mixture of gallic acid (GA, 1) and protocatechuic
acid (PCA, 2) at the LLOQ level with internal standard (IS, 3); (C) human plasma sample taken 2 h following the oral administration of RLQ to human subjects.
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and PCA were identified as PK-markers of RLQ in this study.
Figure 4 presents the plasma concentration-time profiles of GA
and PCA after oral administration of single and multiple RLQ
doses to human subjects. The main pharmacokinetic parameters
of GA and PCA are summarized in Table 4. After a single dose,
GA and PCA were rapidly absorbed with the Cmax of
139 ± 49.4 lg/L at 0.75 (0.5–1.0) h and 6.06 ± 2.28 lg/L at 0.33
(0.17–0.5) h, respectively. GA and PCA were rapidly eliminated
from the plasma with the t1/2 values of 1.37 ± 0.37 and
0.33 ± 0.14 h, respectively. The apparent total clearance rates of
GA and PCA were 124 ± 42.0 and 337 ± 135 L/h, respectively. No
cumulative effects were observed after taking multiple doses,
with median accumulation ratios of 0.89 (0.75–1.20) and 1.04
(0.56–1.51) for GA and PCA, respectively.

Renal elimination of GA and PCA in human subjects

The mean urinary concentration-time profiles of GA and PCA
after a single RLQ dose are similar to those observed after mul-
tiple doses (Figure 5). The mean urinary concentrations of GA
and PCA in the first 2 h after administration were approximately
8500 and 150 lg/L, respectively, indicating that the exposures of
GA and PCA in urine were higher than that in plasma. The
amounts of GA and PCA recovered in urine within 24 h were
2.48 ± 1.34 and 0.046 ± 0.040mg, respectively, which suggested
that GA and PCA in urine accounted for approximately 8.6%
and 4.2% of the total dose, respectively. Meanwhile, the mean
fractions of GA and PCA recovered in the urine after multiple
doses were 10.73% and 5.41%, respectively. No significant differ-
ence was observed in the cumulative excretion of GA and PCA
in urine after multiple doses (p> 0.05) compared to the sin-
gle dose.

Gender-related difference on PK parameters of GA and PCA

Gender differences between male and female subjects in the
main pharmacokinetic parameters of GA and PCA are compared
in Figure 6. After a single RLQ dose, significant gender differen-
ces were observed in GA’s plasma pharmacokinetic parameters,
including Cmax, AUC0–t and CL/F. Generally, systematic drug
exposures are dependent on the volume of distribution and
clearance. Compared with men, statistical increases were
observed in women in the plasma GA exposures, such as Cmax

(102 ± 29.0 and 176 ± 35.3 lg/L in men and women, respectively)
and AUC0–t (201 ± 63.3 and 301 ± 46.3 h� lg/L in men and
women, respectively). The same conclusion was drawn in the
plasma PCA exposures with the Cmax of 4.54 ± 2.02 and
7.58 ± 1.35lg/L in men and women, respectively. Besides, the
primary parameters Vz/F and CL/F of GA also showed signifi-
cantly lower levels in females than in males (p< 0.05). Since GA
and PCA possess a particular affinity with OAT1, OAT3 and
OAT4, the pharmacokinetic differences between women and
men may be attributed to gender differences in human key
transporter activities. We, therefore, conducted transporter-medi-
ated inhibition experiments in the following studies.

Inhibition of OAT1, OAT3, OCT2 and OATP1B1 mediated
uptake by GA and PCA

The net uptake of OAT1-mediated 14C-PAH, OAT3-mediated
3H-ES, OCT2-mediated 14C-TEA and OATP1B1-mediated 3H-ES
were defined as the control (Figure 7). After co-incubation with
GA, the intracellular accumulation of 14C-PAH and 3H-ES were
decreased in the MDCK-OAT1 and S2-OAT3 cells, respectively.
In MDCK-OAT1 cells, GA reduced the cellular uptake of 14C-
PAH to 41.61% and 35.45% of the control at the concentrations
of 1500lg/L (8.82 mM) and 5000 lg/L (29.41mM), respectively
(Figure 6). GA’s inhibiting ability was comparable to probenecid
(100 mM, 38.91%), a positive inhibitor of OAT1. The estimated
half-maximal inhibitory concentration (IC50) of GA was
634.1 lg/L (3.73mM), suggesting that GA is a potent inhibitor of
OAT1. Meanwhile, GA weakly inhibited the OAT3-mediated
uptake of 3H-ES (an index substrate of OAT3, IC50 ¼ 29.41 mM).
Compared with the control, GA displayed a significant inhibitory
effect on the OCT2-mediated uptake of 14C-TEA at concentra-
tions of 150 and 500lg/L (p< 0.05). Similarly, a statistical

Table 1. Accuracy, precision, recovery and matrix effect for analysis of gallic acid (GA) and protocatechuic acid (PCA) in quality control samples (n¼ 6).

Analyte Spiked concentration (lg/L)

Intra-day Inter-day

Recovery (%, means ± SD) Matrix effect (%, means ± SD)Accuracy (%) Precision (%) Accuracy (%) Precision (%)

GA 1.00 �5.13 7.04 �3.14 9.36 – –
3.00 �3.62 1.53 �3.98 2.62 99.22 ± 3.62 109.27 ± 5.77
60.0 �2.98 2.44 �3.38 3.13 92.49 ± 2.01 103.11 ± 0.51
300.0 �7.41 0.95 �6.87 1.93 91.08 ± 2.37 102.36 ± 0.47

PCA 0.50 �4.29 9.06 �8.54 9.98 – –
1.50 �6.93 2.46 �7.01 4.01 99.79 ± 3.34 111.65 ± 8.18
30.0 �5.56 2.07 �5.03 2.63 92.49 ± 2.45 101.39 ± 0.51
150.0 �5.54 1.42 �6.39 1.74 92.26 ± 2.21 101.40 ± 0.74

Table 2. Stability of gallic acid (GA) and protocatechuic acid (PCA) in quality control samples (n¼ 3).

Analyte Spiked concentration (lg/L)

Post-preparative Bench-top Long-term Three freeze-thaw cycles

Stability (%) RSD (%) Stability (%) RSD (%) Stability (%) RSD (%) Stability (%) RSD (%)

GA 3.00 88.48 2.15 98.11 6.99 99.70 2.30 85.89 2.76
300.0 94.37 5.00 94.81 8.21 93.68 2.33 93.17 3.83

PCA 1.50 90.60 3.85 97.69 2.96 99.04 2.15 87.22 4.42
150.0 96.93 5.21 95.44 7.48 93.67 2.35 94.22 3.79

Table 3. Demographic characteristics of healthy subjects in
this study (n¼ 12).

Characteristic Mean ± SD (range)

Male/female 6/6
Age (years) 27.0 ± 1.94 (24–30)
Height (m) 1.65 ± 0.08 (1.57–1.81)
Weight (kg) 58.6 ± 6.27 (50.2–70.1)
BMI (kg/m2) 21.5 ± 1.37 (19.5–23.3)
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decline (p< 0.05) was observed on the OCT2-mediated uptake of
14C-TEA after incubation with PCA at ranges from 100 to
1000 lg/L (0.65–6.5 mM). However, no statistical differences were
observed in GA and PCA’s inhibitory effects on the OATP1B1-
mediated uptake of 3H-ES. PCA showed no significant inhibitory
effect on OAT1 and OAT3 at dose ranges from 10 to 1000 lg/
L (0.65–6.5 mM).

Inhibition of MDR1 and BCRP mediated efflux by GA
and PCA

Inhibition results were demonstrated when MDCK-MDR1 and
MDCK-BCRP cells were exposed to GA or PCA within a specific
concentration range. After co-incubation with the corresponding
positive inhibitor, the cell efflux of rhodamine 123 and lucifer
yellow reduced to 21.9% and 26.4%, respectively (Figure 8).
However, no significant inhibitory effect was observed on the
efflux of MDR1-mediated rhodamine 123 or BCRP-mediated
lucifer yellow after co-incubation with GA (50–5000 lg/L) or

PCA (10–1000 lg/L), respectively. Compared with the control, a
significant increase was presented on the efflux of rhodamine
123 and lucifer yellow after the co-incubation with GA and PCA,
respectively, at relatively high concentrations. Especially for PCA
at 1000lg/L (6.5 mM), the efflux of rhodamine 123 rose to
approximately 189.5%.

Discussion

RLQ, a best-selling Chinese patent medicine, is widely used to
treat various urological disorders in China. Previous studies have
demonstrated that the fractions of phenolic acids and flavonoids
are the sugar-free RLQ’s main components (Liao et al. 2013;
Zhang et al. 2013). GA has been officially regarded as a quality
control ingredient of RLQ to ensure its quality in Chinese
Pharmacopoeia (Chinese Pharmacopoeia Commission 2020). In
this study, the quantitative analysis of TZQ was performed on
five ingredients: GA, PCA, quercitrin, quercetin and kaempferol.
Tang et al. (2013) reported that the contents of GA, PCA and

Table 4. Pharmacokinetic parameters of gallic acid and protocatechuic acid after oral administration of single and multiple doses of Relinqing
to human subjects (means ± SD, n¼ 6).

Variable

Gallic acid Protocatechuic acid

Single dose Multiple dose Single dose Multiple dose

Cmax (lg/L) 139 ± 49.4 118 ± 39.5 6.06 ± 2.28 5.45 ± 1.58
AUC0–t (h�lg/L) 251 ± 74.4 205 ± 62.8 3.20 ± 1.17 2.81 ± 0.81
AUC0–1 (h�lg/L) 256 ± 74.9 209 ± 63.5 3.64 ± 1.35 3.09 ± 0.90
tmax (h)

a 0.75 (0.5, 1) 0.75 (0.75, 1) 0.33 (0.17, 0.5) 0.33 (0.17, 0.5)
ke (h

�1) 0.53 ± 0.11 0.54 ± 0.12 2.42 ± 0.87 2.84 ± 0.72
t1/2 (h) 1.37 ± 0.37 1.34 ± 0.32 0.33 ± 0.14 0.26 ± 0.08
Vz/F (L) 241 ± 82.7 292 ± 113 158 ± 101 139 ± 46.1
CL/F (L/h) 124 ± 42.0 152 ± 51.6 337 ± 135 379 ± 119
Fu (%) 8.55 ± 4.62 10.7 ± 7.87 4.24 ± 3.72 5.41 ± 3.40
aMedian (range).
AUC0–t: area under the plasma concentration-time curve from time zero to the last measurable concentration; AUC0–1: area under the plasma
concentration–time curve from time 0 to infinity; Cmax: maximum plasma concentration after administration; CL/F: total body clearance; t1/2:
terminal elimination half-life; tmax: time of Cmax; Fu: fraction of administered dose excreted in the urine; Vz/F: oral volume of distribution
No statistically significant differences were observed between single and multiple doses of RLQ in human using a two-tailed unpaired t-
test (p> 0.05).

Figure 4. Plasma concentration-time and semilogarithmic scale profiles of gallic acid (A and B) and protocatechuic acid (C and D) after oral administration of single
(�) and multiple (�) doses of Relinqing granules (RLQ, 8 g) in human subjects (means ± SD, n¼ 12).
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quercitrin in eight different batches of RLQ were 26.76–35.06,
0.94–1.27 and 2.88–4.12mg, respectively. The contents of GA
and PCA in this batch of RLQ are comparable to those reported
by Tang et al. (2013). The therapeutic effect of RLQ on UTIs is
mainly attributed to the antibacterial and anti-inflammatory
effects of phenolic acids and flavonoids (Liao et al. 2011).
Therefore, GA, PCA, quercitrin, quercetin and kaempferol can
safely be used as quality control markers for ensuring the quality
assessment and process control of RLQ products.

Due to herbal medicines’ complexity, it is essential to identify
suitable PK-markers for illustrating their pharmacokinetic prop-
erties. It is the first time single and multiple doses pharmacokin-
etics of RLQ has been investigated in healthy humans. Before
this study, Ma et al. (2015, 2016) selected GA and PCA as PK-
markers to depict the in vivo disposition and tissue distribution
following intragastric administration of 20, 60 and 120mg/kg
RLQ in rats. The plasma exposure parameters (Cmax, AUC0–t and
AUC0–-1) of GA and PCA increased proportionally with the
increase of RLQ doses from 20 to 120mg/kg (Ma et al. 2015).
The urinary excretion of GA and PCA followed a concentrated
elimination over a 4-h period (Ma et al. 2016). However, the
amount of unchanged GA and PCA that survived the metabol-
ism was approximately 14.6% and 15.7% of the total intake,
respectively (Ma et al. 2016). Whether in humans (Table 4) or
animals (Huang et al. 2017), both GA and PCA undergo a rapid
absorption process, while the urinary excretions of GA and PCA
in humans are lower than that in rats. The reduction may be
attributed to species-specific differences in the excretion mecha-
nisms, including the different types and expressions of renal
transporters, such as OATs, OCTs and MDR1. GA and PCA

exhibited a relatively targeted distribution in kidney tissue (Ma
et al. 2016), which helps explain this extract’s practical use as a
treatment for kidney diseases. Consequently, GA and PCA have
been identified as the preferred PK-markers of RLQ in human
plasma and urine.

Extensive reviews on the pharmacokinetic differences between
sexes have already been published (Ueno and Hiromi 2012; Mai
et al. 2018; Hartigan and Dmochowski 2020). Evidence for the
sex-related difference in drug PK/PD is markedly increasing. In
many cases, female sex is a risk factor for adverse effects or atte-
nuated clinical responses because of lower clearance, smaller dis-
tribution volumes, higher activity of some metabolic enzymes
(especially CYP3A4) or presence of sex hormones (Ueno and
Hiromi 2012). It is the first study to report gender differences in
the pharmacokinetics of GA and PCA. Systematic drug expo-
sures are dependent on the volume of distribution and clearance.
GA presented lower clearances, smaller distribution volumes and
higher plasma exposures in women than men. Usually, women
have a higher percent body fat and a lower rate of glomerular fil-
tration, contributing to the lowered Vz/F of GA. Sex-specific dif-
ferences in activities of transporters, CYP450, UDGT enzymes
and renal excretion will also result in differences in the Vz/F of
GA. There is evidence that women have lower CYP1A2,
CYP2E1, P-gp and UDGT but higher activities of CYP3A4,
CYP2A6 and CYP2B6 (Hartigan and Dmochowski 2020). Mai
et al. (2018) reported that P-gp protein and mRNA levels are
lower in female rats, contributing to the high bioavailability of
the substrate drugs, such as GA and PCA. In brief, the sex-spe-
cific differences in GA and PCA pharmacokinetics may be attrib-
uted to any process of absorption, distribution, metabolism and

Figure 5. Urinary concentration-time profiles of gallic acid (GA, A) and protocatechuic acid (PCA, B), and urinary recovery-time curves of GA (C) and PCA (D) after oral
administration of single (�) and multiple (�) doses of Relinqing granules (8 g) to human subjects, as well as the cumulative urinary recoveries of GA (E) and PCA (F)
in urine (means± SD, n¼ 12).
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excretion. Further study is needed to clarify the mechanism of
this phenomenon, which may have considerable pharmacological
and clinical relevance.

With the introduction of guidelines on drug interactions,
transporter-mediated interactions have assumed increasing value
documented in recent years. The secretory transporters OAT1,
OAT3 and OCT2 are mainly distributed on the kidney proximal
tubules’ basal side. Wang and Sweet (2012) reported that GA
and PCA show stronger affinity with OAT1-mediated 3H-PAH
uptake in CHO-OAT1 cells and OAT3-mediated ES uptake in
HEK-OAT3 cells. We have found that GA is a potent inhibitor
of OAT1 and a weak inhibitor of hOAT3 and hOCT2, which is
roughly consistent with the literature results. The FDA’s
Guidance for Industry Drug interaction research recommends
that an in vivo clinical study is needed where the Cmax/IC50 ratio
of the investigational drug is more than 0.1 (USFDA 2020). The
Cmax/IC50 value of GA was approximately 0.25 in this study,
while the value ranged from 0.39 to 1.27 in rat plasma (Ma et al.
2015). The maximum DDI indices for GA indicate that it is
necessary to perform in vivo DDI studies between GA and sensi-
tive substrates of OAT1. The results have demonstrated that GA-
based herbal medicines and foods may significantly alter the
pharmacokinetics of OAT1 substrates. A dose-dependent rising
trend in the cellular inhibition assay showed statistical increases

in the MDR1/BCRP-mediated efflux. The relatively high GA con-
centrations in human urine (8500 lg/L, Table 4) and rat kidney
tissue (1218 ng/g, Ma et al. 2016) will enhance the MDR1/BCRP-
mediated transport in the apical side of the proximal tubules of
the kidney. In this case, it is necessary to implement an in vivo
DDI study with an MDR1 or BCRP substrate. Since the co-incu-
bation time is 2 h, it may be challenging to say that the MDR1/
BCRP-mediated transport’s statistical increase is due to GA or
PCA’s induction effect. Consequently, the mechanism needs fur-
ther in-depth study.

Although drug therapy using RLQ alone is a feasible and
effective treatment in patients with urinary system infection, it is
commonly co-administered with antibiotics to enhance UTIs’
treatment (Liao et al. 2011). Ciprofloxacin has been extensively
used alone or in combination with other antibacterial drugs in
the empiric treatment of infections for which the bacterial patho-
gen has not been identified (Lu et al. 2016). As reported in the
literature, ciprofloxacin is a substrate of transporters OAT1
(Mulgaonkar et al. 2013), OAT3 (Mulgaonkar et al. 2013),
MDR1 (Zimmermann et al. 2019), BCRP (Haslam et al. 2011),
OATP (Xiao et al. 2014) and OCT2 (Zakelj et al. 2006). The pos-
sibility of drug interactions is greatly increased after the combin-
ation of RLQ and ciprofloxacin. A previous study has shown
that the concomitant administration of RLQ results in an

Figure 6. Gender difference on the main pharmacokinetic parameters Cmax (A) and AUC0–t (B) of gallic acid, and Cmax (C) and AUC0–t (D) of protocatechuic acid after
single and multiple doses of Relinqing granules (8 g) in human subjects (means± SD, n¼ 6).
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approximately 70% reduction in systemic exposure to ciprofloxa-
cin and an 89% increase in the clearance levels (Lu et al. 2016).
The inhibitory effect of GA and PCA on the basolateral uptake
transporters OAT1, OAT3 and OCT2 in the proximal tubules of
the kidney would seem to increase the systemic circulation of
ciprofloxacin (Vanwert et al. 2008), which is not consistent with
the 70% reduction in the bioavailability of ciprofloxacin reported
by (Lu et al. 2016). Hence the reduction in the plasma cipro-
floxacin concentrations would be attributed to GA and PCA’s
enhancement effect on the apical efflux transporters MDR1 and
BCRP in the enterocyte, hepatocytes and renal tubule cells
(Alvarez et al. 2008).

GA and PCA, which have been identified as PK-markers of
RLQ, enabled us to study the pharmacokinetic profiles of RLQ

and the potential herb-drug interactions between RLQ and con-
comitant medications. However, some limitations should be
acknowledged in this study. Our findings should be interpreted
with caution because the recruited subjects were healthy volun-
teers from the same ethnic background rather than the target
patient population from different geographical regions. The
effects of GA and PCA on the expressions of the efflux/uptake
transporters were examined to explore potential mechanisms of
the HDIs, but the two tracer components do not wholly repre-
sent the integrated effects of RLQ. Due to herbs’ complexity,
some other phytochemicals, such as quercetin, quercetin and
kaempferol, may also cause potential HDI between RLQ and
concomitant drugs. Wang et al. (2013) reported that quercetin
significantly increases MDR1 activity in healthy Chinese subjects.

Figure 7. Inhibitory effects of gallic acid (GA) and protocatechuic acid (PCA) on the uptake of 14C-amino hippuric acid (14C-PAH, A), 3H-estrone sulphate-ammonium
salt (3H-ES, B),14C-tetraethylammonium bromide (14C-TEA, C) and 3H-ES (D) into MDCK-hOAT1, S2-hOAT3, S2-hOCT2 and HEK293-hOATP1B1 cells, respectively.

Figure 8. Inhibitory effects of gallic acid (GA) and protocatechuic acid (PCA) on the efflux of rhodamine 123 (A) and lucifer yellow (B) across MDCK-hMDR1 and
MDCK-hBCRP cells, respectively.
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Caco-2 cells pre-treated with quercetin showed an increase in
the apical transport of BCRP-mediated benzo(a)pyrene-3-sul-
phate, regulated via AhR-dependent signalling pathways (Ebert
et al. 2006).

Conclusions

GA and PCA are identified as PK-markers of RLQ based on the
qualitative fingerprint analysis, the multi-component quantitative
analysis and the plasma and urine exposure analysis in humans.
When herbs rich in GA are used in combination with OAT1
substrate drugs, potential herb-drug interactions may occur.
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