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Abstract

Background and Objectives As a traditional Chinese Materia Medica (CMM), the Compound Danshen Dripping Pill (CDDP)
is widely used for the treatments of cardiovascular diseases. In view of its undefined applicable population and dosage, a
population pharmacokinetic (PPK) study is required. The objective of this study was to explore the feasibility of multi-
component CMM PPK in rat plasma after oral administration of CDDP based on sparse sampling.

Methods In this research, a simple, rapid and highly sensitive UFLC-MS/MS method for the simultaneous determination
of tanshinol (TSL), ginsenoside Rb1 (GRb1) and ginsenoside Rgl (GRgl) has been successfully developed in rat plasma.
Moreover, the validated method has been applied to a PPK study of CDDP based on sparse data. We established the PPK
models for these three main active constituents using a nonlinear mixed-effects model, taking into account of factors such
as gender, age in weeks and weight.

Results The PPK models of TSL and GRb1 were best described by a one-compartment model with linear elimination and
first-order absorption. The model of GRgl was best described by a two-compartment model with first-order absorption.
Bootstrap validation and a visual predictive check confirmed the predictive ability, the model stability and the precision of
the parameter estimates from these models.

Conclusion As a preliminary exploration toward the clinical population pharmacokinetic research, this study provides a
reference for the population pharmacokinetic study of traditional CMM.

A UFLC-MS/MS method for the simultaneous determi-
nation of tanshinol (TSL), ginsenoside Rb1 (GRb1) and
ginsenoside Rgl (GRg1) has been established.

. . ) - Sparse sampling can provide a reference for clinical PPK
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1 Introduction

The Compound Danshen Dripping Pill (CDDP) is a mod-
ern Chinese medicine compound, which was recorded by
the Chinese Pharmacopeia in 1990. It has been widely used
for the prevention and treatment of cardiovascular diseases,
including angina pectoris, coronary arteriosclerosis [1]. Sev-
eral studies have demonstrated the pharmacologic effects
and action mechanism of CDDP: inhibition of platelet adhe-
sion and aggregation, anti-oxidative and anti-inflammatory,
modulate energy metabolism, improvement of microcircula-
tion, etc. [2—4]. These cardioprotective functions of CDDP
are attributed to the various active substances including
phenolic acids from Radix salviae miltiorrhizae [5, 6] and
saponins from R. notoginseng [7, 8], such as tanshinol (TSL)
[9, 10], protocatechuic aldehyde (PCA) [11], salvianolic
acids, ginsenoside Rb1 (GRb1) [12-14], and ginsenoside
Rgl (GRgl) [15, 16], and notoginsenoside R1 (NR1).

With the development of analysis methods, the chemi-
cal basis of CDDP has been extensively studied in animals
and humans. Lu et al. [17] indicated that TSL from R. sal-
viae miltiorrhizae is a promising pharmacokinetic marker
for CDDP, while other active phenolic acids show poor gut
permeability or low plasma levels. Li et al. [18] reported
NR1, GRgl and GRbI as pharmacokinetic markers of R.
notoginseng. The existing pharmacokinetic studies [19-21]
on these major active ingredients have provided a basis for
elucidating the efficacy of CDDP, but research and appli-
cation processes still face some problems. Firstly, compo-
sitions of CDDP are complex, and the pharmacokinetic
characteristics are quite different. Several animal studies
[18, 22] have reported that the half-life (7 ,5) of GRb1 was
obviously longer than those of GRgl and TSL. In study-
ing the whole pharmacokinetic process of CDDP, we have
to face a longtime span of pharmacokinetic research and
dense sampling (5, 15, 30 and 45 min and 1, 1.5, 2, 3, 4, 6,
8, 10, 12, 24, 48 and 72 h after dosing). In non-clinical stud-
ies, the amount of blood collected is relatively large, which
cannot perfectly conform to animal experiment specifica-
tions with traditional sampling methods. Secondly, similar
to the concept of individualized drug administration, the
clinical application of traditional Chinese Materia Medica
(CMM) pays attention to “dialectical treatment”. However,
traditional Chinese medicine treatment based on syndrome
differentiation often relies on the experience of doctors, and
there are some uncertainties. At this point, research on the
precise medication and dosage adjustment for CDDP has
not been carried out.

It is well known that by combining classical pharma-
cokinetic principles with statistical models (i.e. a nonlinear
mixed-effects model), population pharmacokinetics (PPK)
can effectively utilize sparse data for pharmacokinetic
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analysis. It also provides a quantitative estimation of the
inter/intra-subject variability in pharmacokinetic response
and the influence of demographic, clinical and genetic fac-
tors on the dose—concentration relationship [23]. Applied to
multi-factor integrated individualized treatment, PPK is very
consistent with the essence of traditional Chinese medicine
philosophy. By searching the existing literature, sparse sam-
pling has been used to describe multi-component PPK stud-
ies. In this study, we first attempted to establish PPK models
for TSL, GRb1 and GRgl in rat plasma after oral CDDP
based on sparse data. We also quantitatively evaluated the
effects of demographic characteristics including gender,
week age, and body weight on pharmacokinetic parameters.
With the help of advanced model tools, we explored the
feasibility of multi-component CMM PPK research based
on sparse sampling, and hope to provide a reference for a
clinical PPK study of traditional Chinese medicine.

2 Material and Methods

2.1 Determination of Plasma Concentration
of CDDP Constituents

2.1.1 Chemicals and Reagents

The standards of TSL, GRb1, GRg1, chloramphenicol (inter-
nal standard for TSL, IS-1) and estazolam (internal standard
for GRb1 and GRgl, IS-2) were purchased from the Chi-
nese National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). CDDP (batch number:
170,203; the content of the tanshinol in each pill is about
0.27 mg, ginsenoside Rbl is about 0.12 mg, ginsenoside
Rgl is about 0.16 mg; Chinese Pharmacopoeia stipulates
that each pill contains Danshen based on tanshinol, which
should not be less than 0.10 mg since tanshinol is considered
as the main effective compound) was supplied by the Tasly
Pharmaceutical Group (Tianjin, China). Acetonitrile and
methanol (Merck, Germany) and formic acid (Fisher Sci-
entific, USA) were of HPLC-grade. The water (> 18.2 mQ)
was purified by a Milli-Q water purification system (Milford,
MA, USA). All the other analytical grade reagents, such
as N-butanol, ethyl acetate, hydrochloric acid and sodium
bisulfite, were purchased from commercial sources and were
used without further purification.

2.1.2 Instrument and LC-MS/MS Conditions

Chromatographic separation was carried out on the Shi-
madzu UFLC system using an ACQUITY UPLC® HSS T3
column (1.8 pm, 2.1 mm X 100 mm) preceded by a Van-
Guard™ HSS T3 pre-column (1.8 pm, 2.1 mm X5 mm)
at 40 °C. A gradient mixture of 0.1% formic acid aqueous
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Table 1 Mass spectrometry detection parameters (synchronization of
positive and negative ion modes)

Parameters Negative ion mode  Positive ion mode
Ton spray voltage —4500 V 5500 V

Source temperature 450 °C 550 °C

Auxiliary gas (GS1, N,) 45 psi 55 psi

Nebulizer gas (GS2, N,) 45 psi 55 psi

Curtain gas (N,) 20 psi 20 psi

solution (A) and acetonitrile (B) was constantly applied at
a flow rate of 0.4 mL/min. The gradient elution program
was: 5% B at 0-0.8 min, 5-90% B at 0.8-3.1 min, 90-5%
B at 3.1-3.3 min, and 5% B at 3.3-4.5 min. The injection
volume was 2 pL.

Samples were analyzed on a QTRAP® 5500 triple quad-
ruple mass spectrometer (AB Sciex, Foster, CA, USA) with
a Turbo V™ gsource interface. The positive ion mode and the
negative ion mode were performed simultaneously. Instru-
ment parameters were set to default values and each analyte
was acquired in the optimized multiple reaction monitoring
(MRM) mode. Relevant mass spectrometric conditions are
listed in Table 1. The optimized MRM parameters of each
compounds are listed in Table 2.

2.1.3 Standards and Quality Controls

TSL was dissolved in 0.1 M HCL (containing 0.2% sodium
bisulfite) to form stock solutions of 1.0 mg/mL. GRb1 and
GRgl were dissolved in methanol to form a stock solution
of 1.0 mg/mL, respectively. Three analytes were diluted to
obtain the following mixture working solutions of 1.6, 3.2,
8, 24, 80, 240, 800, and 1600 ng TSL/mL methanol-water
(1:1,v/v), 0f 0.5, 1, 2.5, 7.5, 25, 75, 250, and 500 ng GRb1/
mL methanol-water (1:1, v/v) and of 0.1, 0.2, 0.5, 1.5, 5,
15, 50, and 100 ng GRgl/mL methanol-water (1:1, v/v).
The mixed IS solutions were prepared at a concentration
of 20 ng/mL methanol-water (1:1, v/v) for use. The stand-
ard curve samples were obtained by mixing plasma and
the working solution in the same proportions after sample

preparation, resulting in concentrations of 1.6—1600 ng/mL
for TSL, 0.5-500 ng/mL for GRb1 and 0.1-100 ng/mL for
GRgl. Quality control (QC) samples were prepared in the
same process at low, medium and high concentrations: 4,
400, and 1200 ng/mL for TSL; 1.25, 125, and 375 ng/mL for
GRb1; and 0.25, 25, and 75 ng/mL for GRg1.

2.1.4 Sample Preparation

An aliquot (100 pL) of rat plasma was mixed with 50 pL
of mixed IS solution, 100 pL. of methanol-water (1:1, v/v)
and 100 pL of 1 M HCI. After vortexing for 3 min with
2 mL N-butanol-ethyl acetate (1:4, v/v), the sample was
centrifuged (4500 rpm for 10 min) to obtain the superna-
tant, which was evaporated under nitrogen at 25 °C and
resolved with 100 pL of acetonitrile—water (1:1, v/v). After
the second centrifugation (13,000 rpm for 6 min), 2 pL of
the supernatant was injected for analysis.

2.1.5 Method Validation

The established method was validated according to the FDA
guidance for bioanalytical method validation. Chromato-
grams of blank plasma from six rats, corresponding plasma
with the three compounds and ISs, and plasma samples after
oral CDDP were compared to confirm that the assay was free
of potential interfering substances.

The calibration curves were established by plotting the
analyte/IS peak area ratios (y) versus the corresponding con-
centrations (x). The standard curve equation (y=a + bx) and
correlation coefficient (r) were calculated using the weighted
least square method (1/x?). Six parallel QC samples were
evaluated on the same day (intra-day) and on three differ-
ent days (inter-day) to assess the precision and accuracy of
the method. The precision was measured by the RSD and
accuracy was evaluated by deviation between measured
value and predetermined value (RSD < 15%, |RE| < 15%).
The lower limit of quantitation (LLOQ) was defined as the
lowest concentration of the standard curve that can be quan-
tified with acceptable precision and accuracy (RSD <20%,
IRE| <20%).

Table 2 The main mass

parameters of TSL, IS. 1, GRbL, Analytes Q1 (m/z) Q3 (m/z) DP (V) EP(V) CE(V) CXP (V) Polarity

GRgl and IS-2 TSL 197.3 134.8 -51 -10 -25 -16 Negative
IS-1 321.3 152.4 —65 -10 —24 -12 Negative
GRb1 1131.5 364.9 40 10 74 15 Positive
GRgl 823.6 643.5 59 10 51 12 Positive
IS-2 295.1 267.1 120 10 47 23 Positive

TSL tanshinol, IS-1 internal standard for TSL, GRb1 ginsenoside Rbl, GRg! ginsenoside Rg1, IS-2 internal
standard for GRb1 and GRgl, QI precursor ion, O3 product ion, DP declustering potential, EP entrance
potential, CE collision energy, CXP collision cell exit potential
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Suppose A is the sample obtained by replacing plasma
with equal amount of water during the preparation of the
QC sample and B is the blank sample resolved with standard
solution. The matrix effects (ME) at three QC levels were
evaluated by comparing the responses of A with the QC
samples and extraction recoveries were calculated by com-
paring the peak areas of B with the QC samples. The RSD
of the IS-normalized MEs calculated from the six lots of the
matrix should be less than 15%.

The stability of the analytes was guaranteed by analyzing
six parallel samples at low and high QC levels under four
conditions: exposure at 25 °C for 6 h, in an autosampler at
4 °C for 24 h, at — 40 °C for 2 weeks ,and three freeze—thaw
cycles.

2.2 Population Pharmacokinetic Study of CDDP
Constituents

2.2.1 Animal Experiments

All the rat experiments were approved by the Animal Ethics
Committee of Tianjin Tasly Academy and conducted fol-
lowing the Guidelines for the Care and Use of Laboratory
Animals. A total of 136 Wistar rats (50% male and 50%
female) were included in the study. Male rats were 12.9+4.3
(range 6-20) weeks old and weighed 375.8 +110.3 (range
163.3-603.0) g. Female rats were 13.1 +4.5 (range 6-21)
weeks old and weighed 242.8 +57.2 (range 155.3-376.5) g.
They were all obtained from Vital River Laboratory Animal
Technology (Beijing, China). After 12 h fasting, the animals
were given intragastric administration of dripping pills at
a dosage of 1500 mg/kg with a syringe with a ball-tipped
needle. The dosing solutions were prepared by dissolving
CDDPs in normal saline to 0.3 g/mL in a plastic container. A
series of blood samples of 500 pL (3—4 samples per animal)
were collected from the jugular vein of each animal at times
of 5,15,30 and45 minand 1 h, 1.5, 2, 3, 4, 6, 8, 10, 12,
24, 48 and 72 h after dosing. The samples were centrifuged
at 4500 rpm for 10 min to obtain plasma, which was stored
at—40 °C until analysis.

2.2.2 Population Pharmacokinetic Model Development

PPK models for TSL, GRb1 and GRg1 were developed with
Phoenix NLME (v.8.0; Pharsight, USA) using the extended
least square method (FOCE ELS). Based on Akaike’s infor-
mation criteria (AIC) value and coefficient of variation
(CV%) of estimates, different compartment models with
extravascular input were investigated to obtain the optimal
structural model. The basic pharmacokinetic parameters
estimated were the first-order absorption rate constant (K,),
volume of distribution (V/F) and oral clearance (CL/F).

A\ Adis

The inter-individual variability was described with expo-
nential models: P;=tvP;Xexp(;), where P, represents the
Jjth pharmacokinetic parameter, / represents individual, tv
represents the population typical value, and 7; is a Gauss-
ian random variable distributed with mean 0 and a variance
of .

The residual error was described by the additive error
model: Cobs = C+ CEps, or the multiplicative error model:
Cobs=Cx(1+CEps), where Cis the predicted concentra-
tion, Cobs is the observed concentration. CEps is the default
epsilon variable name, and represents a normal error with
mean 0 and standard deviation o.

After the basic model was selected, the Cov. Srch. Step-
wise run mode was performed to screen the significant
covariate based on the specified criterion options: add
P value (0.01) and remove P value (0.001). Continuous
covariates such as rat age (week) and body weight (WT)
were introduced as a power model: tvP;=tvP; X (week,/14)
A dedweekx (WT/260) » dedWT, where dedweek and
dP,dWT are the corresponding fixed effect parameters. In
addition, a categorical covariate as rat gender was intro-
duced as follows: tvP;=tvP;Xexp (dedseXO X (sex =0)),
where (sex=0) is a logical judgment symbol which return
s 1 when the rat was female and O otherwise. To facilitate
subsequent descriptions, for example, we use WT-K,, to refer
to the effect of body weight on K,,.

We also used graphical methods and goodness-of-fit
plots to evaluate the fitness of the final models, including
observed concentrations (DV) versus individual predicted
concentrations (IPRED) and population predicted concen-
trations (PRED), conditional weighted residuals (CWRES)
versus time after dose (TAD) and PRED. Moreover, the
accuracy, robustness and predictability of the final models
were assessed by bootstrap validation and visual predictive
check (VPC) based on 1000 re-samples.

3 Results
3.1 Method Development and Validation

A total of 136 (68 male and 68 female) Wistar rats were
enrolled in the PPK research. The described UFLC-MS/
MS method enables the simultaneous quantification of three
compounds in CDDP.

Retention times observed were 2.39, 2.68 and 2.97 min
for TSL, GRb1 and GRgl, respectively. And their typical
chromatograms of blank plasma, plasma with the three com-
pounds and ISs, and plasma samples after oral CDDP are
shown in Fig. 1.

Tables 3 and 4 show the results of linearity, LLOQ, pre-
cision and accuracy obtained in the validation of the ana-
lytical methods. The assay was found to be linear referring
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Fig. 1 Typical MRM chromatograms for analytes in rat plasma. From
top to bottom, the graphs in each row are used to show the content of
tanshinol, chloramphenicol (internal standard for tanshinol), ginseno-
side Rb1, ginsenoside Rgl and estazolam (internal standard for GRb1

and GRgl) separately. Columns: a only blank plasma; b plasma sam-
ple spiked with mixed standards; ¢ plasma samples from a rat after
oral CDDP. TSL tanshinol, LMS chloramphenicol, GRb1 ginsenoside
Rb1, GRgl ginsenoside Rgl, ASZL estazolam

Table 3, The linejar ranges, Analytes Regression equation Linear range (ng/mL) r LLOQ
regression equations and (ng/
LLOQs of TSL, GRb1 and mL)
GRgl
TSL y=0.00324x+0.0094 1.6-1600 0.9972 1.6
GRbl y=0.00511x+0.00088 0.5-500 0.9924 0.5
GRgl y=0.00722x+0.0000748 0.1-100 0.9965 0.1

r the correlation between the predicted values and the observed values, LLOQ the lower limit of quantita-

tion

to the linear regression for the three compounds: TSL
between 1.6 and 1600 ng/mL (slope: 0.00324, intercept:
0.00940, r=0.9972); GRb1 between 0.5 and 500 ng/mL
(slope: 0.00511, intercept: 0.00088, r=0.9924); and GRg1
between 0.1 and 100 ng/mL (slope: 0.00722, intercept:
0.00007, r=0.9965). The LLOQ were tested 1.6 ng/mL
for TSL, 0.5 ng/mL for GRb1 and 0.1 ng/mL for GRgl.
Intra- and inter-assay results showed that the methods had
good reproducibility (RSD < 11.85%) and excellent accuracy
(— 8.64% <RE <8.12%).

The matrix effects and recoveries of TSL, GRbl and
GRgl were studied (Table 5). The matrix effects RSD values

were between 4.09 and 11.01% (Table 5), which revealed the
absence of endogenous substance interference. The method
could offer good extraction efficiency, considering that the
recovery values were over the range of 71.24-87.41% for
TSL, 79.44-91.43% for GRb1 and 85.97-94.70% for GRgl1.
The stability test showed that the components were stable in
rat plasma and processed samples under different conditions.

3.2 Population Pharmacokinetic Model

The objective function value (OFV) is — 2 times the log like-
lihood (LL) and AIC. Generally, the model with lower OFV
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Table 4 The intra- and inter-day

s Analytes Conc. (ng/mL) Intra-day Inter-day
precision and accuracy of the
three analytes Measured RSD (%) RE (%) Measured RSD (%) RE (%)
TSL 1.6 1.67+0.18  10.62 4.12 1.55+0.18 11.85 -3.04
4 4.24+0.36 8.48 6.00 3.99+0.34 8.43 -0.23
400 426.09+25.17 591 6.52 428.45+19.23 449 7.11
1200 1264.46+58.14  4.59 537 1272.23+65.65 5.16 6.02
GRbl 0.5 0.54+0.03 5.86 8.12 0.54+0.04 7.58 7.08
1.25 1.26+0.14  10.77 1.12 1.26+0.11 8.94 0.43
125 124.60+7.96 6.39 -0.32 121.53 +8.81 7.25 -2.717
375 354.23+30.59  8.64 —-554  35323+23.69 6.71 -5.81
GRgl 0.1 0.10+0.01 9.32 —1.60 0.10+0.01  10.55 -0.13
0.25 0.26+0.01 5.51 5.44 0.26+0.02 6.15 3.84
25 22.84+1.12 491 —8.64 24.37+2.30 9.43 -2.51
75 75.58+6.50 8.60 0.77 74.07£6.56 8.85 -1.24
RSD relative standard deviation, RE relative error
Table 5 Matrix effects and Analytes Conc. (ng/mL) Matrix effect (%) RSD (%) Recovery (%) RSD (%)
recoveries of the three analytes
TSL 4 105.51+£7.24 6.87 78.95+£7.71 9.77
400 107.44 +£4.39 4.09 82.88+4.53 5.47
1200 108.35+7.73 7.14 81.61+4.56 5.59
GRbl 1.25 111.49+11.73 10.53 87.89+3.54 4.01
125 116.34+10.38 8.92 83.75+3.04 3.62
375 119.77+7.76 6.48 84.62+5.18 6.12
GRgl 0.25 103.75+5.33 5.14 89.84+2.86 3.19
25 109.06 +12.01 11.01 88.97+3.00 3.37
75 98.67 +10.06 10.20 91.29+3.41 3.74
Table 6 Screening of basic pharmacokinetic models of TSL Table 8 Screening of basic pharmacokinetic models of GRg1
Basic pharmacokinetic models of TSL ~ OFV  AIC If chosen Basic pharmacokinetic models of GRgl OFV  AIC If chosen
(Y or N) (Y orN)
One-compartment model 4 additive error 3640.6 3654.6 N One-compartment model 4+ additive error  950.0 964.0 N
One-compartment model + multiplica- ~ 3582.7 3596.7 Y One-compartment model + multiplica- 914.1 928.1 N
tive error tive error
Two-compartment model + additive 3628.0 3650.0 N Two-compartment model + additive error  859.7 881.7 Y
error Two-compartment model + multiplica- 804.5 8265 N

Two-compartment model + multiplica-
tive error

3501.1 3523.1 N

Table 7 Screening of basic pharmacokinetic models of GRb1

Basic pharmacokinetic models of GRbl OFV  AIC If chosen
(Y orN)
One-compartment model 4+ additive error 3696.3 3710.3 N
One-compartment model + multiplica- 3598.5 3610.6 Y
tive error
Two-compartment model + additive error 3695.2 3717.2 N
Two-compartment model + multiplica- 3593.8 3615.8 N

tive error
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tive error

Peripheral elimination model +additive ~ 2350.3 23723 N

error

and AIC values is considered better. Basic pharmacokinetic
models of TSL (Table 6) and GRb1 (Table 7), including
multiplicative errors, have lower OFV and AIC comparing to
the model with additive error. The two-compartment model
of GRb1 (Table 8) has lower OFV and AIC compared to the
one-compartment model.

The plasma concentration—time profiles of TSL » GRb1
and GRgl are shown in Fig. 2, while Table 9 shows the
final PPK parameters estimates of TSL, GRb1 and GRgl.
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Fig.2 Mean plasma concentration—time plots of TSL, GRb1, GRgl after intragastric administration of 1500 mg/kg CDDP to rats. a TSL, b

GRbl, ¢ GRgl

Table 9 Summary of the final
population pharmacokinetic
parameters of TSL, GRb1 and

Analytes (pharmacoki-
netic model)

TSL (1-compartment)

GRb1 (1-compartment) GRgl1 (2-compartment)

GRgl Population mean parameter
K, (1/h) 3.310 (week/14)%°1 3.203 4.488
VI/F (L) 6.165 (WT/260)'% 57.868 x (WT/260)" 177 44.552
V2/F (L) - - 653.185
CLI1/F (L/h) 6.842 (WT/260)*32 xexp  2.005 x (WT/260)%673 324.088 x (WT/260)" 4%

(—0.247 x (sex=0))

CL2/F (L/h) - - 447.976
Interindividual variability
% 0.215 0.855 0.628
o e 0.034 0.475 1.999
oy - - 0.283
@’k 0.043 0.164 0.394
@ cLo - - 0.288
Residual error 0.318 0.253 0.201

K, first-order absorption rate constant, VI/F apparent volume of distribution of compartment 1, V2/F
apparent volume of distribution of compartment 2, CLI/F apparent total body clearance of compartment
1, CL2/F apparent total body clearance of compartment 2, w?y, variance of K,, w?,;, variance of V1/F,
@*y,p variance of V2/F, @*c; ;- variance of CL1/F, ” ¢, variance of CL2/F

For a typical rat (i.e., male; age 14 weeks; weigh 260 g)
that received 1500 x 0.26 mg CDDP once daily, the typical
parameters were as follows: for TSL, CL/F was 6.842L/h,
V/F was 6.165L; For GRbl, CL/F was 2.005L/h, V/F
was 57.868L; for GRgl, CL/F of compartment 1 was
324.088 L/h, CL/F of compartment 2 was 447.976 L/h,
V/F of compartment 1 was 44.552L, V/F of compart-
ment 1 was 653.185 L. Inter-individual variability (random
effects) was estimated for all parameters (i.e., ka, CL/F,
and V/F) in the one-compartment model. Relatively large
inter-individual variability (w*) was observed in V1/F of
GRgl (0%, r=1.999). Goodness-of-fit plots for the final
PPK models (Fig. 3) indicated the adequacy of fitting.
Bootstrap validation results (Table 10) were similar to
parameters obtained from the original data which indicated
that the final model adequately estimated the model param-
eters. In addition, zero did not include in the 2.5th-97.5th
confidence intervals which meant that the results of the

estimated parameters were reliable. The VPC showed that
most of the observed data of three compounds were within
95% prediction percentiles (Fig. 4). Therefore, these results
indicate that the population pharmacokinetic model fitted
the observed data and adequately described the population
and individual rat plasma concentrations of TSL, GRb1 and
GRgl.

4 Discussion

In this study, a simple, rapid and highly sensitive UFLC-MS/
MS method for the simultaneous determination of TSL,
GRb1 and GRgl has been successfully developed in rat
plasma. We tried to perform the same sample preparation
operation which has been reported, but we found that it was
difficult to balance the avoidance of material interference
with the lower limit of quantitation. We proved that TSL
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Fig.3 Goodness-of-fit plots for the final population pharmacokinetic
models of TSL, GRb1 and GRgl in rat plasma after oral administra-
tion of CDDP. DV vs. PRED scatterplots, DV vs. IPRED scatterplots,
CWRES vs. TAD scatterplots and CWRES vs. PRED scatterplots
are displayed from left to right. The plots showed no remarkable pre-

had no obvious response when the sample was treated with
protein precipitation. When liquid-liquid extraction with
ethyl acetate was applied, GRb1l and GRgl could hardly
be detected owing to a very poor recovery. Li et al. [18]
reported that the combination of N-butanol along with ethyl
acetate (1:4, v/v) as well as adding 1% formic acid was cho-
sen as the extraction solution of phenolic acid and saponin
components. We found that, when using formic acid, the
TSL channel showed other peaks at 2.9 min. Although it
did not affect the determination, the LLOQ of TSL was lim-
ited. After replacing formic acid with hydrochloric acid, this
problem was minimized and the method was more stable.
Finally, we used liquid-liquid extraction of three analytes
with N-butanol-ethyl acetate (1:4, v/v) and 1 M HCI for the
sample processing. Proteins supposedly precipitate in acid
solution. Adding acid can ensure a higher recovery for both
phenolic acid and saponin components, because acid can
prevent the binding of analyte to the protein. Meanwhile,
acid can also protonate the compounds to their neutral
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dicted biases and indicate that residual errors are randomly distrib-
uted around mean zero. DV dependent variable, PRED population
prediction, /PRED individual predicted values, CWRES conditional
weighted residuals, TAD time after dose

forms, which makes them more soluble in organic solvents
than in the ionized salts.

Gradient elution with modified mobile phases (acetoni-
trile-0.1% formic acid water) was chosen to improve the
peak shape of TSL and to improve the signal intensity of
ginsenosides. All the analytes were quantified with a high
sensitivity within a much shorter time of merely 4.5 min
compared with previous similar studies. Good linearity was
found in the validated concentration range (r>0.9924). The
LLOQ were 1.6 ng TSL, 0.5 ng GRb1 and 0.1 ng GRgl/
mL plasma, which was three times lower than the method
reported by Li et al. [18].

This study was the first to develop the PPK models for the
three constituents of CDDP. According to previous studies
[18], the GRb1 model was constructed with 72 h data, while
the data of GRg1 and TSL were up to 6 and 8 h. Commonly
used approaches for handling below the limit of quantifica-
tion (BLQ) concentrations have been shown to introduce
bias in the parameter estimates [24]. In order to reduce the
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Table 10 Bootstrap validation Analytes Parameters Unit Final estimate Bootstrap validation
results of PPK models of TSL,
GRb1 and GRgl1 Mean  SE CV% Median 2.50%  97.50%
TSL tvKa 1/h 3.310 3.339 0406 12.153 3294 2659  4.180
tvV L 6.165 6.106 0.357 5845 6.118 5383 6.784
tvCl L/h 6.842 6.848 0.276 4025 6837 6327 7.39%
dCldsex0 —-0.247 -0.250  0.055 -21.903 -0.250 -0.355 -0.143
dVdweight 1.505 1.520 0.123 8.097  1.511 1.294  1.780
dCldweight 0.879 0.879 0.081 9241 0.880 0.714  1.022
dKadweek 0915 0.933 0214 22942 0929 0.515 1.387
stdev0 0.318 0.317 0.023 7.146 0317 0275 0.364
GRbl tvKa 1/h 3.203 3.262 0393 12.036 3232 2,607  4.096
tvV L 57.868 58.057 3.760 6.476 57.876 51.227 65.878
tvCl L/h 2.005 1.980 0.121 6.113 1974 1755  2.238
dVdweight 1.177 1.189 0.169  14.251 1.182  0.877 1.524
dCldweight 0.675 0.665 0.136 20394  0.657 0405  0.945
stdev0 0.253 0.252 0.023 9.165 0252 0209  0.301
GRgl tvKa 1/h 4.488 4.592 0.713 15534 4433 3.647 6.273
tvV L 44.552 41235 12.126  29.407 41.086 18.449 68.571
tvV2 L 653.185 660.733 108.382  16.403 647.611 482.528 892.266
tvCl L/h  324.088 318.186  25.546 8.029 318.013 266.191 367.786
tvC12 L/h 447976 441.037 54.636  12.388 437.599 340.019 554.171
dCldweight 1.494 1.501 0.184 12247 1496 1.170  1.896
stdev0 0.201 0.200 0.040  20.051  0.201 0.114  0.278

tvKa typical population mean values for Ka, tvV typical population mean values for V, tvV2 typical popula-
tion mean values for V of compartment 2, rvCl typical population mean values for Cl, tvCi2 typical popula-
tion mean values for Cl of compartment 2, dVdweight the derivative of the parameter value with respect
to weight, dV is the increment of volume divided by dweight (the increment of weight), dCldweight the
derivative of the parameter value with respect to weight, dCI the increment of volume divided by dweight,
stdev0 the additive standard deviation

DV (ug/L)
DV(ug/L)

Time (h)

Fig.4 Visual predictive check for the final PPK models of TSL,
GRb1 and GRgl. The blue circles indicate the observed concentra-
tions. The red lines (from top to bottom) represent the 95th, median

possibility of model misspecification, the BLQ data were
not used in this analysis. Table 9 summarizes the final PPK
parameters of TSL, GRb1 and GRg1 in rat plasma after oral
CDDP.

DV (uglL)

Time (h) Time (h)

and 5th percentiles of the observed concentrations. The shaded areas
(from ftop to bottom) represent the corresponding 90% prediction
interval based on 1000 re-samples

Three different concentrations (167 mg/kg, 500 mg/kg,
1500 mg/kg) had been chosen as the administration dose of
CDDP. However, the content of GRb1 and GRg1 was below
the detection limit at the dose of 167 mg/kg and 500 mg/kg.
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Additionally, 1500 mg/kg was found as an equivalent dose
for rats according to the Phase II&III clinical trials. We also
found the AUC,,_, of TSL (272.11+57.00, 615.9+113.20,
1762.84 +438.90 ng/mL h) was proportional to the dose
(167 mg/kg, 500 mg/kg, 1500 mg/kg).

Table 6 shows that population pharmacokinetic model of
TSL was best described by a one-compartment model with
first-order absorption and linear elimination. We chose a
multiplicative error model to describe the residual error, and
chose exponential models for the inter-individual variability
of pharmacokinetic parameters. The population estimate in
the base model for K, V/F and CL/F were 3.31 h™!,6.18L
and 6.80 L/h, respectively. Statistically significant covariates
consisted of week-Ka, WT-V, gender-CL and WT-CL were
added to obtain the final model. The CV% for the pharma-
cokinetic parameters stayed within the range from 3.95 to
11.34%. The results showed that the clearance rate of TSL
is related to gender. Except for the difference in bioavail-
ability, it may also be related to its extensive metabolism in
the liver [25], but the mechanisms behind have not yet been
clearly understood.

In previous studies, one-compartment was reported for
GRb1 pharmacokinetic study in rats [26]. Based on primary
drug concentration—time plot, goodness-of-fit plot and the
result of the basic model in Table 7, we chose a one-com-
partment model with first-order absorption and linear elimi-
nation as the structural model for GRb1. The inter-individual
variability was calculated by exponential models for the
three pharmacokinetic parameters, and residual error by a
multiplicative model. The final model contained WT-V/F
and WT-CL/F, where the CV% values for all the estimated
parameters were below 16.23%.

Disposition of GRgl in rat plasma was established by
a two-compartment model and clearance was adequately
described with linear elimination, as shown in Table 8.
The random effects included residual error estimated by an
additive model with the low concentration of GRg1 in vivo.
Inter-individual variability was estimated by exponential
models. The introduction of WT-CL decreased AIC from
881.7 to 834.7. The CV% values of the estimates were
acceptable, with a range of 8.03-42.43%. Saponins are
mainly metabolized by intestinal flora, and the metabolites
absorbed into the body are less metabolized by the liver.
Most saponins play their pharmacological role directly by
secondary glycosides or aglycones [27]. In this study, we did
not observe a significant relationship between ginsenoside
metabolism and gender, which was consistent with previous
research.

As can be seen from Fig. 3, there were still deviations
between PRED and DV in the final model of ginsenosides.
Quantitative effects of intestinal flora differences on drug
metabolism need to be further studied. Figure 4 shows
good association between the observed and predicted
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concentrations. Although it has only been a preclinical study
at present, the influence of gender and age and other factors
on drug metabolism also has reference value for CMM clini-
cal application.

There are still some deficiencies in the present study and
further research is needed. We did not include experiments
to compare the sparse sampling approach with traditional
dense sampling, since sparse sampling is widely accepted
in small animal pharmacokinetic space and the pharmacoki-
netic profiles of TSL, GRb1 and GRg1 are not thought to be
variable. Secondly, the pharmacological mechanism of each
compound has not been thoroughly studied. To a certain
extent, this may restrict the PPK study of the three com-
pounds. From further study, it seems necessary to compare
the pharmacokinetic of the three compounds after adminis-
tering CDDP and the pharmacokinetic after administering
each compound alone. Thirdly, the PPK model was not con-
firmed in a different cohort. In addition to bootstrap valida-
tion and VPC, external validation studies are also needed to
confirm the predictability of the PPK models.

5 Conclusion

Simultaneous determination methods of TSL, GRb1 and
GRgl in rat plasma were established by using UFLC-MS/
MS system. The specificity, accuracy, precision and matrix
effects of the methods met the requirements of biological
sample determination. On this basis, we first constructed
the population pharmacokinetic models of TSL, GRb1 and
GRgl in rats after oral CDDP, and the relationship between
pharmacokinetic parameters and physiological information
of rats was also clarified. Compared with previous CMM
pharmacokinetic studies, this study took advantage of sparse
sampling and quantitative prediction of variation, which can
more effectively explain drug application information. As
a preliminary exploration toward the clinical population
pharmacokinetic research, this study provides a reference
for the population pharmacokinetic study of traditional Chi-
nese medicine.
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