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Abstract: The objective of this study was to characterize pharmacokinetics (PKs) of kaurenoic acid
(KAU) after administration of the clinical usual dose of Araliae Continentalis Radix extract powder
to Korean subjects for the first time and evaluate the mechanism of its absorption in vitro. A simple,
sensitive, and selective analytical method was developed for the detection of KAU in human plasma.
Concentrations of KAU were quantified by ultra-performance liquid chromatography tandem mass
spectrometry after simple liquid–liquid extraction. This pharmacokinetic model of KAU was best
described by a two-compartment model with first-order absorption. To identify efflux transporters
involved in the absorption of KAU, a Caco-2 monolayer model was used. Estimated PK parameters
were: systemic clearance, 23.89 L/h; inter-compartmental clearance, 15.55 L/h; rate constant for
absorption, 1.72 h−1; volume of distribution of the central compartment, 24.44 L; and volume of
distribution of the peripheral compartment, 64.05 L. Results from Caco-2 bidirectional transport
study suggested that KAU was a potential substrate of efflux transporters. In summary, PKs of KAU
were successfully characterized after administration of a usual dose of Araliae continentalis Radix
extract powder in human with the newly developed bioanalytical method and the mechanism of
absorption of KAU was identified clearly.
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1. Introduction

Aralia continentalis Kitagawa has been extensively cultivated in Asia, Siberia, China, and Korea.
Its dried root, Araliae continentalis Radix, is a perennial herb that has been widely used for therapeutic
uses such as rheumatism, lumbago, and lameness [1], and it has antinociceptive [2], antidementia [3],
antioxidant [4], anticancer [5], and anti-inflammatory activities [6]. In Korea, Araliae continentalis
Radix extract powder has been approved by the Ministry of Food and Drug Safety (MFDS). It is
commercially available. It is usually administered 0.72–1.09 g per oral three times daily to patients
with pain and convulsion.

In phytochemical investigations, various diterpenes, flavonoids, saponins, and essential oils have
been isolated from roots and leaves of this plant [7]. Kaurenoic acid (KAU) is one of the representative
diterpenes isolated from Aralia continentalis. It possesses various biological activities, including
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anticonvulsant [8], tumor suppression [9], leukemia apoptosis [10], and anti-inflammatory. It also have
antibacterial [11], antifungal [12], anti-leishmanial [13], anti-plasmodial [14], anti-syphiliticus [15], and
anti-cariogenic [16] activities. Isolation of KAU from other herbs such as Mikania glomerata [17],
Copaifera langsdorffii [18], Sphagneticola trilobata [19], Pseudognaphalium vira vira [12], and several
Annonaceae families [8,20–22] has also been reported. In spite of these therapeutic uses, KAU has
to be used carefully because of its toxic effect. Costa-Lotufo et al. [18] has demonstrated its cytotoxic
and embryotoxic effects by observing embryonic cell of sea urchins and hemolysis of mouse and
human erythrocytes. Cavalcanti et al. [20] has identified its genotoxic and mutagenic effects in human
leukocytes, yeast, and mice tissue cells.

Pharmacokinetic (PK) studies for safety evaluation could provide information about the
dose-exposure relationship which is of primary concern in the drug development process and clinical
use [23]. Herbal medicines have various and variable components when these phytochemicals are
introduced into human body [24]. Therefore, robust and sensitive bioanalytical methods are essentially
required prior to assessment of the safety and efficacy of herbal medicine.

During the past decades, bioanalytical methods for KAU have not been reported. PK study
of KAU has not been reported at all. Recently, Gasparetto et al. [25] has reported an analytical
method of KAU with coumarin metabolites in human plasma after oral administration of guaco syrup.
They developed and validated the analytical method of these compounds using spiked calibration
and quality control (QC) samples. However, they could not detect KAU in human plasma after oral
administration of guaco syrup [25]. Matos et al. [26] has reported PK profile of KAU in rats after
intravenous and oral administration. Although they developed a two-compartment PK model, they
could not evaluate the bioavailability of KAU because of insufficient low limit of quantification (LLOQ,
5 ng/mL) for quantification of KAU in rat plasma after oral administration of KAU at 50 mg/kg. Due
to challenging aspects of quantitative analysis, the evaluation of PKs for KAU has not been reported in
clinical study yet.

To have a better understanding of PK behavior of KAU, transport study is necessary to clarify its
absorption mechanism. However, transport assay of KAU has not been published yet. Three major
ATP-binding cassette transporters including P-glycoprotein, multidrug resistance protein [27], and
breast cancer resistance protein [27] play important roles in the efflux of xenobiotics and endogenous
substrates from cells [27]. Caco-2 cell expressing three efflux transporters is a cell line that is widely used
as a standard screening tool to evaluate the absorption mechanism of transport of drug candidates [28].
Thus, Caco-2 monolayer model was chosen in this study.

The objective of this study was to evaluate PKs of KAU after clinical usual dose of Arailae
continentalis Radix extract powder orally administered to healthy Korean subjects and identified the
mechanism of absorption of KAU to interpret the behavior of KAU in human body. In addition,
a simple, sensitive, and selective bioanalytical method using UPLC-MS/MS was developed to
determination of KAU in human plasma.

2. Materials and Methods

2.1. Chemicals and Reagents

The reference standard (RS) of KAU (purity > 98.6%) and honokiol used as an internal
standard (IS) (Figure 1) were obtained from the Ministry of Food and Drug Safety (Cheongju-si,
Chungcheongbuk-do, Korea). Methanol, acetonitrile, and methyl-tert-butyl ether were purchased
from J.T. Baker (Phillipsburg, NJ, USA). Ammonium acetate, formic acid, and trifluoroacetic acid were
purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade water (18.2 MΩ) was obtained
using an Elga Purelab option-Q system (Elga Labwater, Marlow, UK). It was used throughout this
study. Other chemicals were of HPLC grade or the highest quality available.
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Figure 1. Structures of the investigated compound and internal standard (IS). (A) Kaurenoic acid
(KAU), and (B) IS.

2.2. Preparation of Herbal Extract

Araliae continentalis Radix extract powder was purchased from Hankook Shin Yak Corp
(Nonsan-si, Chungcheongnam-do, Korea). It was manufactured according to the Korean
pharmacopoeia codex. One kg of the root of Aralia continentalis Kitagawa (Araliae continentalis
Radix) was extracted with 80–100 ◦C water (10 L) for 2–3 h. To gain dried extract powder, the extract
solution was filtered and evaporated under vacuum. Then 100 mg of dried extract powder was
physically mixed with 168 mg of lactose.

2.3. Content of KAU

Content of KAU in Araliae continentalis Radix extract powder was determined using assay test
for Araliae continentalis Radix extract powder described in the Korean Pharmacopeia (Ministry of
Food and Drug Safety, 2012). Briefly, 1.0054 g of extract powder was accurately weighed and 50 mL
of 100% ethanol was added for extraction by sonication for 30 min. The extract was then filtered by
filter paper. To the residual extract powder, 50 mL of 100% ethanol was added followed by extraction
under ultrasound sonication for 30 min. The mixture was then repeatedly filtered. Filtered extract
was concentrated under vacuum condensation. It was then resuspended in exactly 50 mL of 100%
ethanol. This extract was filtered using a 0.45 µm syringe filter. Separately, 1.0 mg of KAU of RS was
weighed and dissolved in 100% ethanol to make 1000 µg/mL. The resulting solution was used as
standard solution. Each 20 µL of the test solution and the standard solution were injected directly
to HPLC. KAU content was analyzed by HPLC using Waters Nova-Pak®, C18 column (3.9 mm ×
150 mm, 4 µm particle size, Waters, Milford, MA, USA). Separation was carried out with gradient
elution procedure using 0.1% trifluoroacetic acid in water (mobile phase A) and acetonitrile (mobile
phase B). The composition of mobile phases used was as follows: 0–5 min, 10% of B; 5–15 min, 10–60%
of B; 15–20 min, 60% of B; 20–25 min, 60–10% of B; and 25–30 min, 10% of B. The wavelength for UV
detection was set at 208 nm and the flow rate was set at 1.0 mL/min. Peak areas of KAU of the test
solution (AT) and the standard solution (AS) were determined. Content analysis was performed in
triplicates. The amount of KAU is reported as mean ± SD.

Amount (mg) of KAU = amount (mg) of KAU RS × (AT/AS) (1)

2.4. Quantification of KAU in Biological Samples

Quantitative analysis of KAU in human plasma was conducted with the newly developed
bioanalytical UPLC-MS/MS method. This bioanalytical method was optimized via lots of trials for
various mobile phase conditions and sample preparation procedure. Each 200 µL of plasma sample
was prepared by adding 10 µL of the IS solution (10 ng/mL of honokiol in 50% methanol) to reduce
error in sample preparation procedures. Samples added with IS solution were simply extracted by
liquid–liquid extraction (LLE) [28] using methyl-tert-butyl ether. Then 1000 µL of methyl-tert-butyl
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ether was added to separate the analyte from impurities. The mixture was then vortexed for 3 min and
centrifuged at 10,000 × g for 5 min. Then 900 µL of the supernatant organic layer which was separated
from aqueous layer was transferred to a clean microtube and dried under a nitrogen steam at 50 ◦C in
a centrifugal evaporator. The dried matter was reconstituted with 100 µL of 50% acetonitrile in water
and vortexed for 1 min. After centrifugation at 10,000 × g for 5 min, 10 µL of the aliquot was injected
into the UPLC-MS/MS system. Liquid chromatography was performed on an Acquity™ UPLC®

system (Waters Corp., Milford, MA, USA) coupled to a Mass Spectrometer (Xevo™ TQ-S, Waters Corp.,
Milford, MA, USA). Each aliquot was injected into a Kinetex C18 column (2.1 mm × 50 mm, 1.7 µm
particle size, Phenomenex, Torrance, CA, USA) at a column temperature of 40 ± 0.5 ◦C. Separation
was carried out by gradient elution procedure using 5 mM ammonium acetate in water (mobile
phase A) and acetonitrile (mobile phase B). The ratio of both mobile phases was as follows: 0–1 min,
50% B; 1–3 min, 80% B; and 3–4 min, 50% B. The mass spectrometer was operated with electrospray
ionization interface in negative ion mode. Multiple reaction monitoring (MRM) transitions such as m/z
301.2→301.2 and 265.2→224.2 were used for KAU and IS, respectively. The following parameters were
used: capillary voltage, 2.8 kV; ion source temperature, 150 ◦C; and desolvation temperature, 350 ◦C.
Nitrogen was used as the cone and desolvation gas at a flow rate of 150 and 550 L/h, respectively.
The optimized collision energy was 30 eV for KAU and 22 eV for IS. Cone voltages of KAU and IS
were 30 V. Argon gas was used at a pressure of approximately 4.2 × 10−3 mbar. Data acquisition and
analysis were achieved using Masslynx 4.1 software (Waters Corp., Milford, MA, USA). The developed
UPLC-MS/MS method was validated for selectivity, accuracy, precision, recovery, calibration curve,
sensitivity, and stability (at room temperature and −80 ◦C, after freeze and thaw cycles, and at 10 ◦C in
an autosampler after the preparation procedure) according to the Guidance for Industry: Bioanalytical
Method Validation established by FDA [29].

2.5. Clinical Trials Design

Ten healthy male Korean subjects (21–33 years, 60.4–86.7 kg, and 167–183 cm) were enrolled in an
open labeled study for investigator-initiated clinical trial. Our investigator-initiated clinical study is
a part of the project of “Pharmacological Standardization of Herbal Preparation” to determine PKs
after oral administration of Araliae continentalis Radix extract to healthy male subjects. All subjects
participated in this study after providing written informed consent. This study protocol was approved
by the Institutional Review Board of Oriental Medicine Hospital of Dongshin University, Suncheon-si,
Jeollanam-do, Korea (https://cris.nih.go.kr) (approval number: KCT0001211). This study was carried
out according to the revised Declaration of Helsinki for biomedical research involving human subjects
and rules of Good Clinical Practice. These subjects were in good health prior to this study as confirmed
by physical examination, medical history and laboratory tests, including hemoglobin, hematocrit, red
blood cell (RBC), white blood cell (WBC), platelet, albumin, total cholesterol, and triglyceride, hepatic
function test, alkaline phosphatase (ALP), alanine transaminase [30], and aspartate transaminase (AST),
renal function test, blood urea nitrogen [31], creatinine, and creatinine clearance (CrCL). These subjects
were selected if there was no possibility of being sensitive to this medication and if they had no history
of illness of hepatic, renal, or cardiovascular system and no history of excessive alcohol intake or other
medications. All subjects were fasted for at least 10 h before administration of the extract powder. They
continued to fast for 4 h thereafter. They abstained from consumption of alcohol, xanthine-containing
food, and xanthine-containing beverage during the study. Each subject received clinical oral dose of
Araliae continentalis Radix extract powder (1.0054 g) with 240 mL of spring water. The administered
dose is a clinical usual dose of Araliae continentalis Radix extract powder approved MFDS, Korea.

Blood was drawn from the forearm vein before administration and at 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8,
10, and 12 h after oral administration. Blood samples were transferred to Vacutainer® (10 mL, Becton,
Dickinson and Company, Franklin Lakes, NJ, USA) tubes and immediately centrifuged (10,000 × g,
10 min, 4 ◦C) to obtain plasma samples. After separation of plasma from blood samples, 5 mL aliquots
of plasma were transferred into a polyethylene tube and stored at −80 ◦C until analysis.

https://cris.nih.go.kr
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2.6. Pharmacokinetic Analysis

PK analysis was performed by non-compartmental and compartmental analyses using Phoenix
WinNonlin with conventional built in PK models and NLME with naive pooled engine (version 8.0,
Pharsight®, a Certara™ Company, Princeton, NJ, USA).

PK parameters were estimated using the following ordinary differential equations:

dAa

dt
= −ka·Aa (Aa = F·dose at time = 0)

dA1

dt
= Aa·ka −CL·A1

V
−CLD·

(
A1

V
− A2

V2

)
dA2

dt
= CLD·

(
A1

V
− A2

V2

) (2)

where Aa was the amount in the absorption compartment, t was time, ka was the first order
absorption rate, dose was the administered amount of KAU per oral, A1 was the amount in the
central compartment, CL was systemic clearance, V was the volume of distribution of the central
compartment, CLD was inter-compartmental clearance, V2 was the volume of distribution of the
peripheral compartment, and A2 was the amount in the peripheral compartment. In this model, CL,
CLD, V, and V2 were apparent parameters that actually included fraction (F) of absorption.

To select the optimal PK model for KAU, goodness of fit via visual inspection, diagnostic plots of
weighted residuals and scatter plots of observations versus model predicted plasma concentration,
and general diagnostic criteria such as akaike information criteria (AIC), condition number, count of
minimization iteration, and twice the negative log likelihood were used.

A proportional error model was used to describe residual errors (ε) of the data that were randomly
distributed with a mean of zero and a variance of σ2 with the following equation:

Cobs = Cpred × (1 + ε) (3)

where the observed plasma concentration of KAU for individuals (Cobs) was presented as the model
predicted concentration (Cpred) plus the error value (ε).

Secondary PK parameters such as maximum plasma concentration (Cmax), time to reach the Cmax

(Tmax), area under the concentration-time curve from zero to infinity (AUC0-∞), and elimination half-life
(t1/2) were determined by non-compartmental analysis with data obtained from model predicted
time-plasma concentration of KAU. Cmax and Tmax were determined by visual observation of the
plasma concentration–time curve. AUC0-∞ was integrated by linear trapezoidal rule from time zero to
the final measured concentration. It was extrapolated from the final measured concentration to infinity.

2.7. Cell Culture

Caco-2 cells were obtained from the American Type Culture Collection (Manassas, VA, USA).
Cells were cultured on tissue culture flasks in Dulbecco’s modified Eagle medium supplemented
with 10% fetal bovine serum (Corning, NY, USA) and 1% penicillin streptomycin (Corning, NY, USA).
These cells were maintained in an atmosphere of 5% CO2/95% air at 37 ◦C. The culture medium was
refreshed every 3 to 5 days after detaching with trypsin-EDTA. For transport experiments, Caco-2
cells with passage number 49 were seeded into 12-well Transwell plates (1.12 cm2 in surface, 0.4 µm in
pore size, 12 mm in diameter, Corning Costar Corporation, Cambridge, MA, USA) at a density of 3.5
× 105 cells/insert and cultured for 3 weeks. The integrity of cell monolayer was evaluated prior to
transport experiments by measuring transepithelial electrical resistance (TEER). TEER values greater
than 200 Ωcm2 for Caco-2 cell monolayers were used in the transport experiment.
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2.8. In Vitro Cytotoxicity Assay

Cytotoxicity of KAU to Caco-2 cells was evaluated using Cell Counting Kit-8 (CCK-8) reagent
(Dojindo Molecular Technologies, Inc., Washington, D.C., MD, USA). Briefly, these cells were seeded
into 96-well plates at a density of 1.0 × 104 cells/well followed by pre-incubation for 24 h at 37 ◦C with
5% CO2. Then 10 µL of KAU at various concentrations was added into each well. After incubation and
exposure for 24 h in the incubator, CCK-8 reagent (10 µL) was added to each well of the 96-well plate.
After incubation at 37 ◦C with 5% CO2 for 4 h, absorbance of each well was measured at 450 nm using
a 96-well plate reader (SpectraMax i3x, Molecular Devices, LLC, San Jose, CA, USA). Cell viability (%)
was calculated based on the measured value relative to the absorbance of cells exposed to the negative
control. All data are shown as mean ± standard deviation (SD) (n = 6). Statistical comparisons were
made with Student’s t-test. p-values of less than 0.05 were considered statistically significant.

2.9. Bidirectional Transport Assay

Bidirectional transport assay was conducted based on previous reports [32,33] and FDA
guidance [34]. Before transport experiments, Caco-2 cell monolayers were washed twice and incubated
at 37 ◦C for 30 min with transport buffer (Hank’s balanced salt solution with 10 mM HEPES, pH 7.4).
Then 10 mM stock solution of KAU was prepared in DMSO and diluted with transport buffer to 1, 10,
50, and 100 µM. Each concentration of KAU was added onto either the apical (0.5 mL) or basolateral
side (1.5 mL) and plates were shaken gently for 2 h at 37 ◦C on a plate shaker. After 200 µL sample
was taken from the receiver side at 15, 30, 45, 60, 90, and 120 min, the same volume of fresh transport
buffer was added as replacement. Each sample was analyzed with established UPLC-MS/MS method
to calculate apparent permeability coefficients (Papp) as shown below:

Papp =
dQ/dt

AC0
(4)

where dQ/dt (µmol/s) is the cumulative rate transported of KAU on receiver side, A (cm2) is the
membrane surface area, and C0 (µM) is initial concentration in donor compartment.

The efflux ratio was calculated by:

Efflux ratio =
Papp(BL→AP)

Papp(AP→BL)
(5)

where Papp(BL→AP) was the Papp of basolateral to apical side and Papp(AP→BL) was the Papp of apical to
basolateral side.

3. Results and Discussion

3.1. Content of Kaurenoic Acid

Average content (± SD) of KAU in the Araliae continentalis Radix extract powder was estimated
to be 1.1408 ± 0.008 mg/g. For clinical trial, clinical usual dose of 1.0054 g Araliae continentalis Radix
extract powder containing 1.147 mg of KAU was orally administrated to humans.

3.2. Quantification of KAU

UPLC–MS/MS has been emerging as a powerful analytical technique for determination of analyte
in biological samples to improve sensitivity and selectivity. Herein, we developed a simple, selective,
and sensitive bioanalytical UPLC-MS/MS method for quantification of KAU after oral administration
of Aralia continentalis Radix extract powder to humans. Prior to this study, Gasparetto et al. [25]
reported kinetic profiles of Main Guaco metabolites using syrup formulation after 60 mL Guaco
syrup containing 8.9 mg of KAU was administered to humans. However, the PK profile of KAU
was not identified due to a high LLOQ of 5 ng/mL which was 25 times higher than our LLOQ at
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0.2 ng/mL. Matos et al. [26] has also reported the PK profile of KAU in rats after administration of
KAU at 50 mg/kg per oral or intravenous route. Considering a normal rat’s weight was 0.25 kg,
approximately 12.5 mg of KAU was administered to each rat in their study. However, the PK profile
after oral administration was not identified due to the same limitation (i.e., LLOQ of 0.75 µg/mL
was too high, which was 3750 time higher than our LLOQ). In contrast, our developed bioanalytical
UPLC-MS/MS method was able to successfully quantitate KAU after usual oral administration of
Araliae continentalis Radix powder to human.

Chromatographic condition, sample preparation method, and mass spectrometric parameters
such as the capillary voltage, collision energy, desolvation temperature, ion source temperature, and
flow rate of desolvation and cone gases were optimized for the determination of KAU and IS. Figure 2
shows full scan product mass spectra of KAU and IS.
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MRM transitions for KAU and IS were at m/z 301.2→301.2 and 265.3→224.3, respectively. (The
m/z −255.2 was to unknown peak in the blank matrix and no interference to detect KAU with
optimizing MRM.). For KAU, the intensity of daughter ion was extremely low and the intensity
of parent ion was sufficiently detected. For this reason, we used pseudo MRM (m/z 301.2→301.2) and
Gasparetto et al. [25] also reported that they were used m/z 301.1 for the detection of KAU to estimate
PK profile of KAU. Generally for pseudo MRM collision energy used is kept low in order to achieve
better abundance of parent peak. We also examined the various collision energies to obtain the best
abundance of parent peak. When we tested at 30 eV of collision energy, we got the highest sensitivity
of KAU, therefore, the 30 eV was chosen as collision energy for KAU. In addition, we could not find
Na adduct with our developed analytical method although there were some reported papers that they
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detected Na adduct in detecting any compound not KAU. Considering the selectivity and effects of
co-eluting peak for KAU, we optimized the LC chromatography method. The selectivity for KAU
could be confirmed through Figure 3A,B, and it was suitable in accordance with the FDA guidance
criteria [29]. The retention time of KAU was 2.39 min and that of IS was 1.56 min (Figure 3).Pharmaceutics 2018, 10, x FOR PEER REVIEW  8 of 16 
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plasma samples. (A) Blank human plasma extract, (B) Human plasma sample extract containing
KAU at LLOQ of 0.2 ng/mL and IS at 10 ng/mL, (C) human plasma sample extract (15.32 ng/mL for
KAU) taken at 1 h after clinical oral dose administration of Araliae continentalis Radix extract powder
(1.0054 g containing 1.147 mg KAU).
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First, we investigated various mobile phases A such as water and variable acidic and buffer
solutions including formic acid, acetic acid, ammonium formate, and ammonium acetate to find the
most pertinent mobile phase for analysis of KAU. The peak of KAU was not detected when water was
used as mobile phase A. In contrast, the peak area of KAU was significantly increased when acidic
and buffer mobile phase such as water containing formic acid, acetic acid, and ammonium formate or
ammonium acetate was used. Among these candidates, when 5 mM ammonium acetate in water was
used as mobile phase A, the intensity was higher than others and proper peak shape, retention time,
and interference peaks were observed.

We also compared protein precipitation using methanol and acetonitrile by LLE using ethyl
acetate, ethyl ether, methyl-tert-butyl ether, and methylene chloride to determine the best sample
preparation method. According to results of each method, the extraction using methyl-tert-butyl ether
was better than other preparation methods for intensity at a low concentration. For this reason, the
LLE method using methyl-tert-butyl ether was found to be the optimum preparation method for the
determination of KAU in human plasma.

3.3. Quantitative Method Validation

Method validation was conducted in accordance with the FDA guidance [29]. All results ranged
within the criteria of guidance. Thus, the developed bioanalytical method for quantification of KAU
was successfully validated.

The selectivity was confirmed by comparing chromatograms of blank plasma sample, blank
plasma containing KAU at LLOQ, and human plasma sample after oral administration. All peaks
of KAU and IS separated with high resolution. No chromatographic interference from endogenous
substances was observed at retention time of KAU or IS.

The calibration curve for KAU in human plasma exhibited a good linearity over the concentration
range of 0.2–100 ng/mL for KAU, with correlation coefficients exceeding 0.997 at each batch (n = 5).
Typical linear regression equation of the calibration curve was y = (0.15222 ± 0.01135)x + (0.00614 ±
0.00122) for KAU by plotting peak area ratio (y) of KAU to IS versus nominal concentration (x) of KAU
that was weighted [9]. The developed UPLC-MS/MS analysis in our study provided LLOQ that was
sufficient for further PK study after oral administration of Araliae continentalis Radix extract powder
in humans.

Results of intra- and inter-batch precision and accuracy, as well as the stability of KAU under
various conditions (n = 5), are summarized in Tables 1 and 2.

Table 1. Precision and accuracy of UPLC-MS/MS analysis for the determination of KAU in human plasma.

Spiked (ng/mL) Measured (Mean± SD) Precision (CV, %) Accuracy (%)

Intra-batch (n = 5)

0.2 0.195 ± 0.013 6.72 97.50
0.6 0.564 ± 0.021 3.67 94.07
16 16.052 ± 0.182 1.13 100.33
80 79.783 ± 5.366 6.73 99.73

Inter-batch (n = 5)

0.2 0.206 ± 0.022 10.55 102.90
0.6 0.577 ± 0.034 5.91 96.21
16 15.958 ± 0.558 3.49 99.74
80 78.082 ± 2.114 2.71 97.60
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Table 2. Stability of KAU under various conditions.

Condition Spiked Concentration
(ng/mL)

Measured Concentration
(Mean± SD)

Deviation
(%)

Freeze and thaw stability
(3 cycles)

0.6 0.54 ± 0.02 −4.72
80 75.41 ± 2.15 −6.15

Short-term stability
(25 ◦C for 8 h)

0.6 0.54 ± 0.05 −3.83
80 75.08 ± 0.77 −5.89

Long-term stability
(−80 ◦C for 3 months)

0.6 0.48 ± 0.03 −14.65
80 69.20 ± 7.78 −13.27

Post-preparative stability
(10 ◦C for 6 h)

0.6 0.51 ± 0.04 −9.21
80 71.46 ± 2.45 −10.44

CVs of precision were within 10.55% for QC samples. Results of intra- and inter-batch accuracy
ranged from 94.07 to 102.90%. Detected concentrations for five replicates at low and high concentrations
deviated within ±14.65%, demonstrating that KAU was stable in human plasma at room temperature
for 8 h, at −80 ◦C for 3 months, after three freeze and thaw cycles, and at 10 ◦C in an autosampler for
6 h after the preparation procedure.

Extraction recovery of KAU from human plasma was 95.1 ± 5.4% while the recovery of IS was
93.4 ± 9.8%. Thus, this simple LLE method was successfully applied to the determination of KAU in
human plasma after clinical oral dose administration of Araliae continentalis Radix extract powder.

3.4.Clinical Pharmacokinetic Study

Demographic characteristics, biomarkers related renal and hepatic function, and lipid blood tests
data of the 10 subjects participated in this clinical study are summarized in Table 3.

Table 3. Characteristics of 10 healthy Korean male subjects.

Characteristic (Units) Mean SD Median Range

Age (years) 25.8 4.3 24.5 21.0–33.0
Body weight (kg) 73.3 6.8 73.65 60.4–86.7

Height (cm) 172.5 6.5 173.5 157.0–183.0
SCr (mg/dL) 0.95 0.09 0.97 0.80–1.10

CrCl (mL/min) 115.0 11.8 115.7 98.0–139.1
BUN (mg/dL) 17.4 11.7 14.3 10.3–51.9

Total protein (g/dL) 8.0 0.2 8.1 7.6–8.3
Total cholesterol (mg/dL) 170.2 16.6 167.6 148.1–203.4

Triglyceride (mg/dL) 148.3 31.0 139.2 95.7–201.0
Albumin (g/dL) 5.01 0.12 4.98 4.83–5.20

Alk (U/L) 65.6 14.5 64.8 47.3–93
ALT (U/L) 20.2 5.0 19.5 12.3–32.1
AST (U/L) 24.7 6.0 24.5 16.8–39.0

GGTP (U/L) 21.4 5.0 20.2 15.2–34.4

In the present study, we identified characteristics of PKs of KAU in humans for the first time.
Compatibilities of each PK model based on AIC, condition numbers, and count of minimization
iteration were compared to determine the best optimized PK model. One- and two-compartment
PK model with/without lag time were applied to describe the observed PK data. The model of
two-compartment with first-order absorption was found to be the best optimized PK model due to
its significantly low AIC, condition numbers, and count of minimization iteration compared to other
models (data not shown).

The plasma concentration–time curve of KAU described by the two-compartment model with
first-order absorption without lag time is illustrated in Figure 4. The predicted line well captured the
trend of the observed data.
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Figure 4. Plasma concentration-time profile described by the two-compartment model of KAU after
oral administration of Araliae continentalis Radix extract powder (1.0054 g containing as 1.147 mg
KAU) to human subjects (n = 10). Open circles and solid line represent observed and model predicted
plasma concentrations of KAU, respectively.

Diagnostic plots shown in Figure 5 contained predicted plasma concentration of KAU (PRED)
versus observed plasma concentration plot (A). There was a good agreement between observed
concentration and PRED. In plots of weighted residuals versus PRED (B) or time (C), there was no
obvious trend. Residuals were symmetrically distributed around zero.
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Estimated results of PK parameters were: 23.89 L/h for CL/F, 15.55 L/h for CLD/F, 24.44 L
for V/F, 64.05 L for V2/F, and 1.72 h−1 for ka. Coefficient of variation (CV) of PK parameters
was approximately within 20% with appropriate degree of precision (Table 4). However, two PK
parameters had relatively large CV%: V/F and ka. The total volume of distribution was 88.49 L.
Compared to 3 L, the volume of human plasma [35], KAU was well distributed throughout the body.
In terms of physicochemical property of KAU, the calculated LogP was 5.04 (ChemDraw Ultra® ver.
7.0.1, CambridgeSoft Corporation, Waltham, MA, USA). This means that KAU has high lipophilicity
which indicates that the hydrophobic interaction between biological membrane and KAU can play an
important role in the absorption of KAU. According to results of Caco-2 bidirectional transport assay,
Papp was increased in a concentration-dependent manner with a linear pattern between concentration of
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KAU and Papp of AP to BL despite the action of the efflux transporters. Among demographic data, body
weight and height ranged from 60.4 to 86.7 kg and from 157.0 to 183.0 cm, respectively. These factors
can lead to variations in the volume of distribution of KAU.

The other PK parameter with relatively large CV was rate constant for absorption. Its estimated
value was 1.72 h−1 with CV of 28.79%. The cause of this variability might be primarily in terms of the
sparse data on the absorption phase. In addition, there was inter-individual variability (IIV) in the
physiological absorption process. In the observed versus PRED plot as shown in Figure 5A, in the low
concentration range of 0 to 4 µg/L, observation value and predicted value were well superimposed.
However, when the concentration was increased, the distribution between observation and PRED
was also increased. This phenomenon can be interpreted by applying proportional error model.
The visually determined Cmax from individual time-plasma concentration profile ranged from 10.24 to
34.29 µg/L. This is another example of significant variability in the absorption process. The cause of
this IIV can occur via transporters involved in the absorption process. Thus, we investigated the role
of efflux transporters in the absorption of KAU.

To clarify the underlying cause of the IIV of parameters, non-linear mixed effect modeling was
conducted. After establishing the basic model, we explored potential covariates, such as age, body
weight, height, SCr, CrCl, ALT, AST, and GGTP etc., to explain IIV of primary parameters. In addition,
we considered the relationship could be explained by physiologically plausible. Following this process,
we only identified the relationship between CrCl and CL/F. However, even after incorporation of the
CrCl as covariate, the basic model was not significantly improved. Therefore in this study, the PK
parameters derived from the basic model were presented. It might be due to the limitations of this
study that are the PK data derived from on ethnic group (healthy male Koreans) and small sample
size (only 10 subjects participated in this trial). According to the Savic and Karlsson, the quality of
the individual parameter estimate heavily depends on the observed data available [36]. As a further
study, the pharmacogenetics of biochemical factors which might affect the IIV of PK parameters of
KAU would be additionally investigated.

Table 4. Model estimated pharmacokinetic (PK) parameters of KAU.

Parameter Unit Definition Estimate CV%

Primary parameters

CL/F L/h Systemic clearance 23.89 9.30
CLD/F L/h Inter-compartmental clearance 15.55 13.77

Ka h−1 Rate constant for absorption 1.72 28.79
V/F L Volume of distribution of the central compartment 24.44 29.16
V2/F L Volume of distribution of the peripheral compartment 64.05 21.05
ε - Proportional residual error 0.48 11.09

Secondary parameters *

Cmax µg/L Peak plasma concentration 18.02 -
tmax h Time to reach the peak plasma concentration 0.6 -
AUC µg·h/L Area under the time-plasma curve 47.89 -
t1/2 h Plasma elimination half-life 4.97 -

* Secondary parameters were estimated by non-compartmental analysis with data of predicted plasma concentration
of KAU.

3.4. Cytotoxicity Assay of KAU

Cytotoxicity of KAU treatment at different concentrations (1, 10, 50, 100, 500, and 1000 µM) for
24 h to Caco-2 cells was evaluated by CCK-8 assay. As shown in Figure 6, treatment with KAU at 1, 10,
50, or 100 µM for 24 h had no cytotoxic effects on Caco-2 cells. Therefore, these concentration levels
were chosen as concentrations of KAU for bidirectional transport assay.
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3.5. Bidirectional Transport Assay

Based on results of cytotoxicity analysis, bidirectional membrane transport of KAU at
concentrations of 1, 10, 50, and 100 µM in Caco-2 cell monolayer was evaluated. KAU was stable after
2 h of incubation in the transport buffer at 37 ◦C.

According to FDA guidance [34] and Volpe DA et al. [32], it was reported that Papp of propranolol
and nadolol as high and low permeability drug were 30.76 ± 1.91 and 0.62 ± 0.18 × 10−6 cm/s,
respectively. In this study, the permeability of KAU increased with concentration-dependent manner.
So it is hard to compare directly with these values, but we could qualitatively interpret the relationship
between the Cmax of KAU and Papp(AP→BL). The estimated Cmax of KAU was 18.02 µg/L, and
approximately 60 µM, and calculated Papp(AP→BL) by linear regression line based on the result in the
Table 5 at Cmax was 28.00 × 10−6 cm/s. Therefore, it is suggested that KAU is highly permeable
through intestinal membrane by comparing with permeability of propranolol.

Table 5. Permeability of KAU in Caco-2 cell monolayer (mean ± SD, n = 6).

KAU (µM)
Caco-2 Papp (× 10−6 cm/s)

Efflux Ratio
AP→BL BL→AP

1 0.18 ± 0.03 0.34 ± 0.01 1.98
10 4.47 ± 0.64 7.40 ± 1.55 1.70
50 21.78 ± 5.93 44.3 ± 2.71 2.15
100 49.42 ± 18.38 107.26 ± 32.14 2.37

As shown in Table 5, KAU transport was higher in secretory (BL→AP) direction than that in
absorptive (AP→BL) direction. In FDA guidance [37], any compound with observed efflux ratio (ER)
of 2 or more is considered a potential substrate of active efflux transporters. ER of KAU was 1.70 to 2.37
(Table 5). Thus, it was uncertain whether KAU was a substrate of efflux transporters. Liang et al. [38]
have reported the transport of analytes through inhibition study, although their efflux ratios were
less than 2. Sun et al. [39] has also reported a passive diffusion and transport by efflux transporters
as an absorption mechanism of analytes. In addition, the Papp(AP→BL) of KAU was increased in a
concentration-dependent manner. If the efflux transport is saturated, the efflux rate is fixed as constant.
So this phenomenon could be explained by saturating absorption process. Therefore, we suggest
that KAU is a potential substrate of efflux transporter and an additional inhibition study needs to be
performed to confirm the clear absorption mechanism of KAU in the future.
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4. Conclusions

In this study, an analytical method using UPLC-MS/MS was developed and validated for KAU
in human plasma. This is the first study to evaluate PKs of KAU in humans and investigate the
mechanism of its absorption. Based on our results, we will perform population pharmacokinetic
analysis to explain the IIV of PK parameters (i.e., clearance, volume of distribution, and absorption
rate constant etc.) with additional clinical trials and reveal metabolic characteristics and elimination
mechanism of KAU to explain the relationship between PK parameters. Potential covariates affecting
the variation need to be explored in the future. In addition, we need to identify which transporters
involved in the absorption process of KAU to clarify PK properties of KAU in future studies.
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