
Volume 31 Issue 4 Article 11 

An integrated strategy to evaluate active substances of Astragali Radix-An integrated strategy to evaluate active substances of Astragali Radix-
Carthami Flos combination on the treatment of cerebral ischemia Carthami Flos combination on the treatment of cerebral ischemia 
reperfusion injury based on TQSM polypharmacokinetics and reperfusion injury based on TQSM polypharmacokinetics and 
pharmacodynamics pharmacodynamics 

Follow this and additional works at: https://www.jfda-online.com/journal 

 Part of the Food Science Commons, Medicinal Chemistry and Pharmaceutics Commons, Pharmacology 
Commons, and the Toxicology Commons 

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 
License. 

Recommended Citation Recommended Citation 
Zeng, Qiang; Li, Chang; Xu, Shouchao; and He, Yu (2023) "An integrated strategy to evaluate active substances of 
Astragali Radix-Carthami Flos combination on the treatment of cerebral ischemia reperfusion injury based on TQSM 
polypharmacokinetics and pharmacodynamics," Journal of Food and Drug Analysis: Vol. 31 : Iss. 4 , Article 11. 
Available at: https://doi.org/10.38212/2224-6614.3477 

This Original Article is brought to you for free and open access by Journal of Food and Drug Analysis. It has been accepted for 
inclusion in Journal of Food and Drug Analysis by an authorized editor of Journal of Food and Drug Analysis. 

https://www.jfda-online.com/journal/
https://www.jfda-online.com/journal/
https://www.jfda-online.com/journal/vol31
https://www.jfda-online.com/journal/vol31/iss4
https://www.jfda-online.com/journal/vol31/iss4/11
https://www.jfda-online.com/journal?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/84?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/65?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/66?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/66?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/67?utm_source=www.jfda-online.com%2Fjournal%2Fvol31%2Fiss4%2F11&utm_medium=PDF&utm_campaign=PDFCoverPages
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.38212/2224-6614.3477


An integrated strategy to evaluate active substances of
Astragali Radix-Carthami Flos combination on the
treatment of cerebral ischemia reperfusion injury
based on TQSM polypharmacokinetics
and pharmacodynamics

Qiang Zeng a, Chang Li b, Shouchao Xu a, Yu He a,*

a School of Pharmaceutical Sciences, Zhejiang Chinese Medical University, Hangzhou 310053, PR China
b School of Life Sciences, Zhejiang Chinese Medical University, Hangzhou 310053, PR China

Abstract

As a classic herb pair, Astragali Radix-Carthami Flos (AR-CF) has revealed good biological activity in the treatment of
cerebral ischemia/reperfusion injury (CI/RI), which remained to be further clarified together with the underlying efficacy
related compounds for material basis. In this study, the nine formulations were obtained by L9 (3

4) orthogonal array design
of four active fractions (saponin and flavonoid extracted from AR, safflower yellow and safflower red extracted from CF).
The concentrations of eleven components and the levels of four biochemical indicators in rat plasma were continuously
detected after intragastric administration of nine formulations, respectively. The collected data were analyzed by sigmoid-
Emax function to understand the polypharmacokinetics and pharmacodynamics (PK-PD) behaviors of multi-components.
Using the total quantum statistic moment polypharmacokinetics and its similarity method, the importance of four active
fractions from AR-CF in relieving CI/RI was discussed and the Q-markers were screened. The results represented that a
reliable and robust liquid chromatography tandem mass spectrometry method been successfully established to simulta-
neously determine the concentrations of eleven components in rat plasma. The AUC andMRT values of components from
flavonoid fraction had the greatest contribution to AUCT and MRTT values. The transitivity in vivo of calycosin-7-O-b-D-
glucoside (CG), astragaloside IV (AIV) and hydroxysafflor yellow A (HYA) was closer to polypharmacokinetics behavior.
All formulations up/down-regulated the levels of GSH-Px and ATP/ET and LDH to varying degrees, among which
formulation 7 had the best regulating effect. By drawing the time-concentration-effect curve, clockwise hysteresis loops
were presented in the time-concentration-effect relationships between eleven components and LDH/ET, while the rela-
tionship between eleven components and ATP/GSH-Px expressed as anticlockwise hysteresis loops. In conclusion, the
combination based on the combination principle of formulation 7 produced the best alleviation effect on CI/RI, and
flavonoid fraction might played key role in this process. The CG, AIV and HYA were identified as Q-markers. This
research offered a novel strategy for exploring the active substances, and provided further understanding regarding the
development of drugs for the treatment of cerebral ischemia-reperfusion injury.

Keywords: Active substances, Astragali Radix, Carthami Flos, Cerebral ischemia/reperfusion injury,
Pharmacokineticspharmacodynamics
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dards; MRT, mean residence time; LDH, lactate dehydrogenase; LLOQ, lower limit of quantification; MRM, multiple reaction moni-
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1. Introduction

C ardiovascular diseases (CVD) such as stroke,
heart attack and primary hypertension are the

leading cause of death globally, among which
stroke, especially ischemic stroke, accounts for a
large proportion of CVD mortality [1]. The main
treatment method for ischemic stroke is reperfusion
treatment based on thrombolytic and thrombec-
tomy. However, as one of the most serious compli-
cations, cerebral ischemia/reperfusion injury (CI/RI)
may occur after revascularization [2]. An accumu-
lating body of research has reported that CI/RI
hindered post-stroke recovery through various
complex pathological mechanisms, for example,
apoptosis, oxidative stress, inflammation, etc. [3e5].
Consequently, it is pressing to discover safer and
more effective alternative treatments in alleviating
the CI/RI to manage ischemic stroke.
For thousands of years, Traditional Chinese

Medicine (TCM) has been used to prevent and treat
many diseases, with well clinical therapeutic effects
and low incidence of adverse events. It has been
incorporated into the ancient medical system as a
therapy for various stroke-related diseases [6e8]. As
a classic herb pair, Astragali Radix (AR)-Carthami
Flos (CF) is the core of many TCM formulas for
treating CI/RI, and has good clinical efficacy in
alleviating CI/RI [9e12]. In addition, active fractions
extracted from AR and CF also alleviate CI/RI
through different regulatory pathways. For example,
saponin and flavonoid extracted from AR improved
CI/RI by exerting antioxidant activity, safflower
yellow and safflower red extracted from CF allevi-
ated the production of free radicals and inflamma-
tion during CI [10,12,13]. Therefore, these four
fractions were also regarded as the important active
fractions of AR-CF [14,15]. It is difficult to generalize
the overall effect of the prescription by studying the
efficacy of individual fraction. Effective combination
composed of multiple fractions reflect the charac-
teristics of multi-components and multi-target
therapy of TCM or prescription. By comparing the
efficacy of combinations of active fractions under
different compatibility ratios, we understand the
core in compatibility and synergism of active frac-
tions of prescription. The compatibility of the four
fractions from AR-CF has not been explored in
terms of pharmacological effects.
Pharmacokinetics (PK) has become a potent

means to explain the synergistic mechanism of TCM
by reflecting the dynamic changes of active mate-
rials in vivo [16]. In previous researches, the PK of
multiple components in the AR or CF has mostly

been reported, but not in the combinations of active
fractions from AR-CF. Furthermore, the dynamic
correlations between the multicomponents PK and
pharmacological effects of the combination of active
fraction from AR-CF remain unclear. Pharmacoki-
netics-Pharmacodynamics (PK-PD) modeling is an
efficient method to dynamically correlate the
concentration-time courses and effect-time profiles
[17]. As a viable approach to elucidate the synergism
of a formula's multiple components, it has been
applied widely for drug screening, dosing regimen
selection and clinical trial design [18]. Therefore,
based on the PK of multi-components in rat plasma
and the pharmacological effects of the combination
of active fraction from AR-CF on CI/RI, the corre-
lation between the PK of multi-components and the
PD over time may be explored by PK-PD modeling.
As a viable method, PK-PD modeling will be used in
this experiment to elucidate the therapeutic material
basis and effects of AR-CF.
The total quantum statistic moment (TQSM) pol-

ypharmacokinetics, which is similar to describing
and comparing the pharmacokinetic behaviors of
multi-components, is a feasible method to screening
TCM quality marker (Q-marker). By analyzing the
statistical moment properties of Q-marker candi-
dates in the TQSM polypharmacokinetic model, the
appropriate Q-markers in TCM were screened out.
The structures of calycosin (CAL), calycosin-7-O-b-
D-glucoside (CG), astragaloside III (AIII), for-
mononetin (FOR), ononin (ONO), astragaloside IV
(AIV), isomucronulatol 7-O-glucoside (IG), 9,10-
dimethoxyptercarpan-3-O-b-D-glucoside (DG),
hydroxysafflor yellow A (HYA), anhydrosafflor yel-
low B (AYB) and carthamin (CAR) were shown in
Fig. 1, which were considered as the important Q-
marker candidates in AF-CF. CAL, CG, FOR, ONO,
IG and DG were derived from flavonoid, while AIII
and AIV were derived from saponin, all of which
have good biological activities, especially CG and
AIV. CG and AIV were the markers of quality
evaluation in Chinese Pharmacopoeia [11,19]. HYA
and AYB were derived from safflower yellow, while
CAR was derived from safflower red. In CF, HYA
and AYB were the two most abundant water-soluble
components, while CAR was the representative fat-
soluble component. It was reported that HYA, AYB
and CAR have great potential in the prevention and
treatment of CVD [20e22].
In this study, the nine formulations were ob-

tained by L9 (34) orthogonal array design of four
active fractions (saponin and flavonoid extracted
from AR, and safflower yellow and safflower red
extracted from CF). A liquid chromatography
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tandem mass spectrometry method (LC-MS/MS)
was exploited to determine the concentrations of
the above eleven Q-marker candidates in middle
cerebral artery occlusion/reperfusion (MCAO/R)
rat after respectively intragastric administration of
nine formulations. Moreover, the levels of adeno-
sine triphosphate (ATP), glutathione peroxidase
(GSH-Px), lactate dehydrogenase (LDH) and
endothelin (ET) in rat plasma were measured to
evaluate the effect of nine formulations on CI/RI.
The Q-markers and roles of active fractions for the
anti-CI/RI effect of AR-CF were determined after
using the TQSM polypharmacokinetics and its
similarity approach to analyze the transportability
in vivo of eleven candidates. Finally, based on the
integration of measurable PK components and
biochemical indicators, a PK-PD model was con-
structed to understand the PK-PD behaviors of
multi-components from AR-CF in MCAO/R rats.

2. Materials and methods

2.1. Material and reagents

Astragali Radix (dried root of Leguminous plant
Astragalus membranaceus (Fisch.) Bge., batch number:
20210818) and Carthami Flos (dried flowers of
Compositae plant Carthamus tinctorius L., batch
number: 20210806) were purchased from Hangzhou
Huadong Herbal Pieces Co., Ltd. (Zhejiang, China),

and authenticated by Professor Shengwu Huang of
Zhejiang Chinese Medical University.
The standards of HYA (batch number:

DSTDQ001702), CAL (batch number: DST200609-
012), CG (batch number: DST200619-013), AIII (batch
number: DST201116-023), FOR (batch number:
DST191202-011), ONO (batch number: DST201129-
044), AIV (batch number: DSTDH001501), DG (batch
number: DST200206-159), IG (batch number:
DST200629-107) and puerarin (batch number:
DSTDG000201) were purchased from Chengdu
Dester Technology Co., Ltd (Chengdu, China),
digoxin (batch number: 0222-RA-0003) was pur-
chased from CATO Research Chemicals Inc.
(Guangzhou, China), nimodipine (batch number:
H10910081) was purchased from Shandong Xinhua
Pharmaceutical Co., Ltd (Shandong, China), AYB
and CAR were prepared as described in our previ-
ous study [23,24]. The purity of all standards was
greater than or equal to 98%.
Enzyme linked immunosorbent assay (ELISA)

kits, including ATP kit (MB-6931A), GSH-Px kit
(MB-6722A), LDH kit (MB-6863A) and ET kit (MB-
6634A), were purchased from Jiangsu Mei Biao
Biological Technology Co., Ltd. (Jiangsu, China).

2.2. Preparation of herbal active fractions

Saponin fraction and flavonoid fraction from AR,
and safflower yellow fraction and safflower red

Fig. 1. Chemical structure of eleven components.
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fraction from CF were prepared according to the
methods previously reported in our laboratory
[23e26]. Meanwhile, CG (49.5 mg/mg), CAL (9.4 mg/
mg), FOR (1.3 mg/mg), IG (9.9 mg/mg), ONO
(11.2 mg/mg) and DG (3.9 mg/mg) from flavonoid
fraction, AIII (47.1 mg/mg) and AIV (105.8 mg/mg)
from saponin fraction, AYB (50.6 mg/mg) and HYA
(304.8 mg/mg) from safflower yellow fraction, and
CAR (63.8 mg/mg) from safflower red fraction were
found and identified. The representative HPLC was
shown in Suppl. Fig. 1 and the detailed preparation
processes for four fractions were described in the
supplement material.

2.3. LC-MS/MS analysis

The chromatographic conditions were optimized
through OSAKA SODA CAPCELL PAK ADME HR
C18 Column (3 mm, 4.6 mm � 150 mm). 0.1%
aqueous formic acid (A) and acetonitrile (B) made
up the mobile phase. The following were the
gradient elution conditions: 0e2 min, B from 10% to
31%, 2e6 min, B from 31% to 45%, 6e26 min, B from
45% to 52%, 26e27 min, B from 52% to 95%,
27e29 min, maintain 95%, 29e30 min, B from 95% to
10%. The flow rate of 0.5 mL/min and injection
volume of 5 mL were used.
Mass spectrometric detection was operated on

mass spectrometer (API 4500 Q-TRAP, AB SCIEX,
USA) in multiple reaction monitoring (MRM) mode.
The source temperature, curtain gas (nitrogen),
heater gas (nitrogen) and nebulizer gas (nitrogen)
were 500 �C, 30 psi, 50 psi and 50 psi, respectively.
AYB, CAL, HYA, CAR and puerarin were monitored
in negative ionization mode with �4500 V, other
analytes were monitored in positive ionization
mode with 5000 V. Some other MS parameters were
shown in Suppl. Table 1.

2.4. Samples preparation

Accurately weighed standards were dissolved
with methanol to prepare stock solutions consisting
of 1.43 mg/mL for CAL, 2.02 mg/mL for CG,
2.26 mg/mL for FOR, 2.36 mg/mL for ONO, 0.95 mg/
mL for IG, 0.61 mg/mL for DG, 0.98 mg/mL for AIV,
0.65 mg/mL for AIII, 4.90 mg/mL for AYB, 2.64 mg/
mL for HYA and 0.52 mg/mL for CAR. Individual
stock solutions were serially diluted before being
blended together to create working standard solu-
tions. The calibration standard solutions were pre-
pared by adding mixed working solution to blank
plasma.
Quality control samples (QCs) were prepared

similarly at 3.5, 10.5, 100, 6000 ng/mL for CG, 0.5, 1.5,

100, 2000 ng/mL for CAL, 1, 3, 100, 2000 ng/mL for
ONO, 8, 24, 100, 2000 ng/mL for FOR, 1, 3, 100,
2000 ng/mL for IG, 10, 30, 100, 2000 ng/mL for DG, 5,
15, 100, 4000 ng/mL for AIV, 10, 30, 100, 2000 ng/mL
for AIII, 8, 24, 2000, 30000 ng/mL for HYA, 50, 150,
2000, 20000 ng/mL for AYB, 50, 150, 2000, 10000 ng/
mL for CAR, respectively. The concentrations of
internal standard (IS) solutions were 100 ng/mL
(puerarin) and 1000 ng/mL (digoxin).

2.5. Plasma sample pretreatment

20 mL puerarin, 20 mL digoxin, 100 mL rat plasma
and 360 mL methanol were added to an empty tube,
followed by fully vortex mixing for 3 min. After-
ward, the mixed samples were centrifuged at
12000 rpm for 10 min at 4 �C. The supernatant was
transferred to new tube and blown dry under mild
nitrogen. The residue was redissolved with 100 mL
injection solvent (mixture of mobile phase A and B,
90/10, v/v), and centrifuged at 12000 rpm for 10 min
at 4 �C. The processed samples were stored at
�20 �C.

2.6. Method validation

According to relevant guidelines, the calibration
standards and QCs were applied to validate the
specificity, precision, accuracy, linearity, stability,
matrix effect and recovery of the analytical method
[27].

2.7. Experimental design

The experimental animals were SpragueeDawley
male rats, which were supplied from the Zhejiang
Chinese Medical University Laboratory Animal
Research Center. Rats were raised in SPF laboratory
conditions and free diet prior to experimental use.
The rats (280e320 g) were acclimated to the feeding
conditions for at least one week. The “Guiding
Principles in the Care and Use of Animals” (China)
were followed for conducting the animal study,
which received approbation from the Animal Sub-
jects Review Board of Zhejiang Chinese Medical
University (approval number: SYXK (Zhe) 2021-
0012).
Rats were randomly divided into twelve groups (a

sham-operation group, a model group, a positive
drug group and nine model treated groups, n ¼ 6
each group) and fasted 12 h before the experiment.
Nimodipine, a widely reported anti-CI/RI drug, was
used as positive drug in this study [28,29]. The
transient MCAO approach with suitable modifica-
tion was used to induce the focal CI/RI model
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[30,31]. After a brief MCAO for 1 h, the mono-
filament was slowly withdrawn and rats were kept
under a warming lamp during the operation until
woke up.
All administration doses were exhibited in milli-

grams of each active fraction per kilogram of body
weight (mg/kg). The dose was founded on body
weight measured prior to dosing. The ratio of
Astragali Radix (AR) to Carthami Flos (CF) in the
AR-CF was determined as 3:1 (weight:weight) based
on the previous research results and the ratio of AR
to CF in TCM prescription [3]. According to the
Chinese Pharmacopoeia (2020 edition) [32], the
recommended clinical doses for adults were 30 g/
day for AR and 10 g/day for CF. Based on pilot ex-
periments, three dose levels of AR and CF were
defined, which were 2 times, 4 times, and 8 times the
clinical equivalent doses, respectively. After
obtaining the yield of the four fractions, the three
dose levels of four fractions extracted from AR-CF
were determined through the conversion of yield,
respectively. The L9 (34) orthogonal table was used
to design nine formulations. The orthogonal design
scheme was composed of four-factors (four frac-
tions) and three-levels (three dose levels). The
combination scheme of nine formulations were
shown in Table 1. Positive drug group rats were
given 14.4 mg/kg nimodipine, other two groups rats
were given the same amount of saline
intragastrically.
About 0.5 mL blood sample was collected from

rat fossa orbitalis vein into vacuum tubes contain-
ing heparin sodium anticoagulant at 0.083, 0.25, 0.5,
0.75, 1, 2, 3, 4, 6, 8, 12, 24 h respectively after dosing.
Collected blood was immediately replaced with
equal volume of sterile normal saline by intraper-
itoneal injection. The blood samples that were
gathered underwent centrifugation, and the
resulting supernatants were harvested and kept at
a temperature of �20 �C. Two parts were obtained
by dividing the supernatant, the first part contain-
ing 100 mL supernatant was pretreated according to

the plasma sample pretreatment method, and the
concentrations of eleven components were detec-
ted according to the established LC-MS/MS
approach; the remaining supernatant was used to
measure the LDH, ATP, GSH-Px and ET levels by
ELISA according to the respective manufacturers’
guidelines.

2.8. PK and PD modeling

The contents of LDH, ATP, GSH-Px and ET were
applied to calculate treatment-related changes to
facilitate PK-PD simulations using the following
equation:

jDLDHT �DLDHMj¼ jðLDHTt�LDHT0Þ
�ðLDHMt �LDHM0Þj

ð1Þ

where DLDHT and DLDHM meant the change of
LDH values in treatment groups and model group,
respectively. LDHTt and LDHMt meant the levels of
LDH at time t in treatment groups and model group,
respectively. LDHT0 and LDHM0 meant the baseline
LDH levels in treatment groups and model group,
respectively. The equations of ATP, GSH-Px and ET
were the same as above.
Plasma levels of four pharmacodynamic in-

dicators and concentrations of eleven components
were applied to formulate the PK-PD relationship
model. The sigmoid Emax was chosen for PK-PD
analysis because the best goodness of fit values was
obtained when using the following equation [33]:

E¼ Emax �Cg

ECg
50 þCg

ð2Þ

where E, Emax, EC50, C and g corresponded to the
change of pharmacodynamic index levels in plasma,
maximal possible efficacy, concentration that ach-
ieves 50% of the maximal possible effect, concen-
tration in effect compartment and Hill coefficient,
respectively.

Table 1. Dose compatibility of four active fractions of AR-CF.

Formulation Doses

Flavonoid fraction
(mg/kg)

Saponin fraction
(mg/kg)

Safflower yellow fraction
(mg/kg)

Safflower red fraction
(mg/kg)

1 120 110 170 240
2 120 220 340 480
3 120 440 680 960
4 240 110 340 960
5 240 220 680 240
6 240 440 170 480
7 480 110 680 480
8 480 220 170 960
9 480 440 340 240
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2.9. Statistical data analysis

DAS 3.2.6 is capable of conducting various statis-
tical analyses on drug data, including pharmacoki-
netic-pharmacodynamic modeling, drug
metabolism, drug interaction, and more. It enables
fitting of various models, including the sigmoid Emax

model, and directly generate results for submission.
The pharmacokinetic parameters were obtained by
DAS 3.2.6 using non-compartmental. Difference in
means between two groups was tested using t test.
For multiple comparisons of means involving a
combination of two or three independent factors,
two- or three-way analysis of variance (ANOVA)
was performed respectively, followed by Tukey's (to
compare all pairs of means) or Holm-Sidak (to
compare selected pairs of means) post hoc tests was
performed. Statistical analysis was implemented
using GraphPad Prism 8.0, with a threshold of
p < 0.05 for determining statistical significance.
The TQSM parameters of eleven components

from nine formulations were respectively calculated
using the following equations:

AUCT ¼
Xn

i¼1

AUCi ð3Þ

MRTT ¼
Pn

i¼1ðMRTi �AUCiÞPn
i¼1AUCi

ð4Þ

where AUCT (zero moment of total quanta) meant
the area under the curve of all components blood
concentration versus time (all components concen-
trations integration versus time from zero to infin-
ite), MRTT (first moment of total quanta)
corresponded to the average retention time for all-
components, AUCi and MRTi meant the area under
curve of ith component and the mean residence
time of ith component, respectively.
The similarity of TQSM (ST) for two pharmacoki-

netic profiles was defined to their overlapped area
of cross-curve which were converted probability
density function surrounding with t-axis. The ST
was calculated using the following equation:

ST ¼1�
����
Zt2

t1

h
1=

�
ð2pÞ1=2$sa

�i
$exp

h
� ðt� taÞ2=2s2

a

i
dt

�
Zt2

t1

h
1=

�
ð2pÞ1=2$sb

�i
$exp

h
� ðt� tbÞ2=2s2

b

i
dt
����
ð5Þ

The ta and tb were first moment of total quanta
for two pharmacokinetic profiles, the s2a and s2b

were second moment of total quanta for two
pharmacokinetic profiles, the cross points for two
normal distribution curves were presented both
of t1 and t2. Detailed descriptions of the above
equations were available in the reported literature
[34].

3. Results

3.1. Method validation

The mass spectrum chromatograms were pre-
sented in Suppl. Fig. 2. MRM mode detected ana-
lytes and ISs with high specificity and selectivity.
The calibration curves and LLOQ of analytes were
shown in Suppl. Table 2. The test ranges of cali-
bration curve fully met the observed concentration
and showed good linearity (R2 > 0.99).
The precision and accuracy results of analytes at

three QC levels and LLOQ were displayed in Suppl.
Table 3. The precision (RSD%) and accuracy (RE%)
of intra- and inter-day were less than 15%.
The stability of sample under different storage at

three QCs levels was measured. For Suppl. Table 4,
the samples were stable under different storage
conditions (RSD% < 15%).
As shown in Suppl. Table 5, The matrix effects of

analytes were all lower than 15%, and extraction
recoveries were all more than 77.0% at three QCs
levels. The results suggested that the matrix effect
was insignificant on the quantification of analytes.
The results of all methodological investigations

met the requirements of the guidelines, suggesting
that the established method was appropriate for PK
analysis of eleven components.

3.2. TQSM polypharmacokinetics and its similarity
analysis

The concentration-time curves of eleven compo-
nents were displayed in Fig. 2. The corresponding
pharmacokinetic parameters for eleven components
in nine formulations were listed in Suppl. Table 6-
16, the eleven components were quickly absorbed
and reached Tmax between 0.10 and 3.0 h after being
administered. Among the nine formulations, the
contents of flavonoid fraction in the formulation 1, 2
and 3 were the same. Interestingly, when combined
with other fractions in different doses, the phar-
macokinetic parameters of the flavonoid from AR in
the three formulations were changed, in which the
AUC of flavonoid from AR (as a whole) raised with
the doses increase of saponin, safflower yellow and
safflower red fraction (p < 0.05). In addition, the
MRT of flavonoid from AR in formulation 2 and 3
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was larger than that in formulation 1, while the MRT
of flavonoid from AR in formulation 2 was not
different from that in formulation 3. The results
indicated that the AUC of flavonoid from AR would
raise with the dose of other fraction, but the MRT
would not raise continuously with the dose increase,
and it would reach a peak and maintain a relatively
stable level (Suppl. Fig. 3). Similarly, the contents of
saponin fraction in the formulation 1, 4 and 5 were
the same, the contents of safflower yellow fraction in
the formulation 1, 6 and 8 were the same, and the
contents of safflower red fraction in the formulation
1, 5 and 9 were the same. However, after combining
with other fractions of different doses, the pharma-
cokinetic parameters of representative components
in the three formulations with same fraction con-
tents were also different. The results indicated that
the different combinations of effective fractions
affected the pharmacokinetic prosesses of compo-
nents in vivo.
The TQSM is a statistical analysis method which

uses the principle of statistical moment to analyze
the continuous or discrete variable function curve
and obtain the moment parameters of the whole
function. Based on the pharmacokinetic parameters
of eleven components in the nine formulations, the
TQSM parameters such as AUCT and MRTT of
eleven components from nine formulations were
respectively obtained according to equations (3) and
(4). The AUCT and MRTT values of eleven

components from formulations 1 to 9 were listed in
Table 2. The orthogonal design assistant V3.1 was
used to conduct variance analysis on the TQSM
parameters. A larger F value indicates a greater ef-
fect of the factor on the results. As shown in Table 3,
the effect of flavonoid from AR on AUCT was sta-
tistically significant (p < 0.05). The contribution rates
of flavonoid, saponin, safflower yellow and saf-
flower red to AUCT and MRTT values were 52.09%,
22.15%, 23.90%, 1.86% and 34.14%, 11.77%, 27.27%,
26.82%, respectively. Flavonoid from AR had the
greatest contribution to the AUCT and MRTT values,
suggesting that it may be the main active fraction of
AR-CF.
The TQSM pharmacokinetic parameters of eleven

components from the formulation 7 were converted
into normal distribution probability density function,
and each TQSM similarity was calculated out by
equation (5). As shown in Table 4, the TQSM simi-
larities (ST) between the eleven components and their
TQSM were 0.8915 (CAL), 0.9067 (CG), 0.7218 (FOR),
0.8905 (ONO), 0.8858 (IG), 0.8612 (DG), 0.9166 (AIV),
0.8930 (AIII), 0.9558 (HYA), 0.8854 (AYB) and 0.8938
(CAR), respectively. The greater value of ST, the
closer pharmacokinetic behavior of the component
with the multipharmacokinetic behavior, and the
more important role it plays in the multi-component
formulations. The ST values of CG (0.9067), AIV
(0.9166) and HYA (0.9558) were all greater than
0.9020.

Fig. 2. The mean concentration-time curves of eleven components. (A) calycosin; (B) calycosin-7-O-b-D-glucoside; (C) formononetin; (D) ononin; (E)
isomucronulatol 7-O-glucoside; (F) 9,10-dimethoxyptercarpan-3-O-b-D-glucoside; (G) astragaloside IV; (H) astragaloside III; (I) hydroxysafflor
yellow A; (J) anhydrosafflor yellow B; (K) carthamin. (Mean ± SD, n ¼ 6).

JOURNAL OF FOOD AND DRUG ANALYSIS 2023;31:711e738 717

O
R
IG

IN
A
L
A
R
T
IC

L
E



3.3. PD analysis

The LDH, ATP, GSH-Px and ET were monitored
by using ELISA at different time points. For Fig. 3A,
the contents of LDH, ATP, GSH-Px and ET
remained basically stable in sham-operation group
and decreased in model group. There were notice-
able differences between model group and sham-
operation group when analyzing the LDH, ATP,
GSH-Px, and ET levels between the two groups,
suggesting that the experimental model has been

successfully prepared. Furthermore, the contents of
LDH and ET in all treatment groups decreased,
while the contents of ATP and GSH-Px increased.
There were significant differences at most time
points during the test (p < 0.05).
In terms of the overall trend, AR-CF remarkably

reduced the levels of ET and LDH in vivo between 3
and 8 h and effectively promoted the generation of
ATP between 1 and 4 h after administration. As the
active components were metabolized in vivo, these
regulatory effects were gradually weakened. Inter-
estingly, the regulation effect of AR-CF on GSH-Px
release did not decrease with the extension of time.
In addition, compared with other formulations,
formulation 7 showed significant adjustment ability
to the four biochemical indicators at multiple time
points within the detection range. The differences
among the groups were shown in Fig. 3B through
the calculation of AUCs from 0 to 24 h after MCAO/
R. It is displayed that the levels of LDH, ET, ATP
and GSH-Px of MCAO rats treated with nine for-
mulations were suppressed/promoted in varying
degrees. Among the nine formulations, formulation

Table 3. The result of variance analysis of orthogonal test. (n ¼ 6).

Index Source of variation Sum of squares Degrees of freedom F value Significance Contribution
rate %

AUCT Flavonoid 1233738127.99 2 28.03 p < 0.05 52.09
Saponin 524710928.85 2 11.92 22.15
Safflower yellow 566224680.28 2 12.86 23.90
Safflower red 44013427.50 2 1.00 1.86

MRTT Flavonoid 2.68 2 2.90 34.14
Saponin 0.92 2 1.00 11.77
Safflower yellow 2.14 2 2.32 27.27
Safflower red 2.11 2 2.28 26.82

Note: F0.05, (2,2) ¼ 19; F0.01, (2,2) ¼ 99.

Table 4. TQSM similarities of single component and eleven entirety in the formulation 7. (n ¼ 6).

Components CAL CG FOR ONO IG DG AIV AIII HYA AYB CAR TQSM

CAL 1 0.8371 0.7329 0.9512 0.9985 0.9653 0.8123 0.7896 0.8494 0.9857 0.9859 0.8915
CG 0.8371 1 0.8230 0.8009 0.8363 0.8131 0.8222 0.8078 0.8567 0.8376 0.8167 0.9067
FOR 0.7329 0.8230 1 0.8603 0.8192 0.9631 0.6573 0.6310 0.6909 0.8168 0.8140 0.7218
ONO 0.9512 0.8009 0.8603 1 0.9818 0.9530 0.8196 0.8085 0.8521 0.9786 0.9952 0.8905
IG 0.9985 0.8363 0.8192 0.9818 1 0.9678 0.8064 0.7826 0.8442 0.9732 0.9756 0.8858
DG 0.9653 0.8131 0.9631 0.9530 0.9678 1 0.7829 0.7593 0.8196 0.9633 0.9580 0.8612
AIV 0.8123 0.8222 0.6573 0.8196 0.8064 0.7829 1 0.9329 0.9597 0.8025 0.8157 0.9166
AIII 0.7896 0.8078 0.6310 0.8085 0.7826 0.7593 0.9329 1 0.9528 0.7834 0.7988 0.8930
HYA 0.8494 0.8567 0.6909 0.8521 0.8442 0.8196 0.9597 0.9528 1 0.8399 0.8499 0.9558
AYB 0.9857 0.8376 0.8168 0.9786 0.9732 0.9633 0.8025 0.7834 0.8399 1 0.9523 0.8854
CAR 0.9859 0.8167 0.8140 0.9952 0.9756 0.9580 0.8157 0.7988 0.8499 0.9523 1 0.8938
TQSM 0.8915 0.9067 0.7218 0.8905 0.8858 0.8612 0.9166 0.8930 0.9558 0.8854 0.8938 1

Note: The number represents the TQSM similarity for two pharmacokinetic profiles. CAL, calycosin; CG, calycosin-7-O-b-D-glucoside;
FOR, formononetin; ONO, ononin; IG, isomucronulatol 7-O-glucoside; DG, 9,10-dimethoxyptercarpan-3-O-b-D-glucoside; AIV, astra-
galoside IV; AIII, astragaloside III; HYA, hydroxysafflor yellow A; AYB, anhydrosafflor yellow B; CAR, carthamin.

Table 2. The results of TQSM analysis in nine formulations.
(Mean ± SD, n ¼ 6).

Formulation AUCT/(mg/L*h) MRTT/h

1 42990.81 ± 3362.93 6.87 ± 0.92
2 25541.23 ± 1930.04 6.84 ± 0.59
3 59286.99 ± 4633.36 6.28 ± 0.45
4 47860.77 ± 3012.63 6.16 ± 0.66
5 52107.74 ± 3360.81 3.80 ± 0.40
6 65175.80 ± 5850.49 6.65 ± 0.65
7 87070.78 ± 5176.39 5.66 ± 0.51
8 59744.75 ± 4589.71 5.75 ± 0.69
9 66799.88 ± 4610.41 5.03 ± 0.91
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Fig. 3. (A) Effect of different formulations on the ATP, GSH-Px, ET and LDH levels at different time points after intragastric administration; (B) AUCs
of LDH (I), ET (II), ATP (III), and GSH-Px (IV) of MCAO/R rats in 24 h after intragastric administration. (Mean ± SD, n ¼ 6). #p < 0.05, ##p < 0.01
vs sham-operation group; *p < 0.05, **p < 0.01 vs model group.
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7 showed better regulating effect on the disordered
biochemical index levels (p < 0.05), suggesting that
the active fraction combination according to the
composition principle of formulation 7 might exer-
ted better anti-CI/RI ability.

3.4. PK and PD correlation analysis

To clarify the correlation between PK and PD, PK-
PD modeling was conducted for eleven components
in formulation 7 to analyze the links between
exposure of eleven components and contents of four
efficacy indicators.
The time-concentration-effect curves were fitted

by DAS 3.2.6. The larger the adjusted R2, and
smaller the Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC), the better the
model fit. The best-fitting model was selected via
evaluation of AIC, BIC, and adjusted R2. The
goodness-of-fit information of eleven components
was displayed in Suppl. Table 17-20. The optimal
PK-PD formulae for analytes were listed in Table 5.
There was no one-to-one correspondence between
drug concentration and effect after intragastric
administration, and maximum effect lagged behind
maximum plasma concentration. Moreover, there
were anticlockwise hysteretic loops between the
concentrations of eleven components and the levels
of ATP and GSH-Px, and clockwise hysteretic loops
between the concentrations of eleven components
and the levels of LDH and ET in the time-concen-
tration-effect curves (Fig. 4). The active compounds
in AR-CF were positively or negatively correlated
with biochemical factors, indicating the combined
synergistic effect of multiple components on
MCAO/R rats rather than a single compound
extracted from the formulas. PK-PD equation com-
bined with drug concentration and four index ef-
fects objectively reflects the regulatory ability of
each component to pharmacodynamic indexes.

4. Discussion

TCM provides a large number of effective treat-
ments for various diseases. However, widespread
adoption of TCM requires a more comprehensive
understanding of the active substances which un-
derpin therapeutic efficacy. For the TCM formula-
tions with multiple active components, the single
main component is still taken as the activity index,
and the traditional compartment model is used for
PK research, which is inconsistent with the overall
effect theory embodied in the TCM formulations, nor
conducive to the further research on the mechanism
and material basis of drug effects [35]. The TQSMTa
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method integrates the pharmacokinetic parameters
of single component, and achieves the unification
with the total quanta of multiple components [36].
The TQSM method overcomes the limitations of
traditional mathematical models and has a wide
range of applications, so that more suitable for the
overall evaluation of multi-component system of
formulation. However, the correlation of obtained
pharmacokinetic parameters with pharmacody-
namic data is not considered frequently, which leads
to difficulties in guiding clinical medication. PK-PD
modeling aims to more scientifically and objectively
explain the dynamic effects of drugs in vivo by
correlating the dynamic concentration-time course
and effect-time curve, and provides more

comprehensive theoretical foundation for the
rational usage of drugs.
Effective combination composed of multiple frac-

tions could reflect the characteristics of multi-com-
ponents and multi-target therapy of TCM or
prescription. Effective combination depended on the
rational combination of fractions according to
appropriate proportion to exert biological activity. It
is noteworthy that the effective combination is not a
simple combination of multiple active fractions. Each
fraction should contribute to the overall efficacy of
TCM in different degrees. Based on the results of
previous research in our laboratory and literature
survey [10,21,22,37], the four important active frac-
tions from AR and CF were selected, using

Fig. 4. Time-concentration-effect curves between concentrations of eleven components and ATP, GSH-Px, LDH and ET levels in plasma (Mean ± SD,
n ¼ 6). (CAL, calycosin; CG, calycosin-7-O-b-D-glucoside; FOR, formononetin; ONO, ononin; IG, isomucronulatol 7-O-glucoside; DG, 9,10-
dimethoxyptercarpan-3-O-b-D-glucoside; AIV, astragaloside IV; AIII, astragaloside III; HYA, hydroxysafflor yellow A; AYB, anhydrosafflor yellow
B; CAR, carthamin).
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orthogonal design to combine. The pharmacokinetic
parameters of eleven components from different
combinations have changed, and their PD in vivo
have also shown differences. Among the nine for-
mulations, formulation 7, which was composed of
480 mg/kg of flavonoid fraction, 110 mg/kg of
saponin fraction, 680 mg/kg of safflower yellow
fraction and 480 mg/kg of safflower red fraction,
displayed better regulatory effect on the abnormal
levels of GSH-Px, ATP, LDH and ET in vivo. More-
over, the AUCT value of eleven components from
formulation 7 was the largest among all formulations,
and the MRTT value was similar between formula-
tion 7 and other formulations. The values of AUCT

and MRTT indirectly reflected the overall situation of
components in absorption and elimination in vivo.
The components in formulation 7 had better ab-
sorption and longer retention time in vivo. According
to the result of variance analysis of TQSM parame-
ters, flavonoid fraction had the greatest contribution
to the values of AUCT and MRTT, followed by saf-
flower yellow, and finally saponin and safflower red,
which was consistent with the combination principle
of effective fractions in formulation 7. The saponin
and flavonoid were the major active fractions isolated
from AR and had been established as two most
beneficial fractions. The therapeutic effect of drug
will better exerted through the rational combination
of active fractions according to the appropriate pro-
portion. Moreover, it is beneficial to better evaluate
the anti-CI/RI effect of AR-CF and explore Q-
markers by using PK and PD data from formulation
7. The eleven components in formulation 7 were
compared holistically for their TQSM poly-
pharmacokinetic similarities. The greater TQSM
similarity (ST) of the component, the more important
its position in the formulation. Furthermore, by
comparing the similarity and AUC of each candidate
to TQSM, it was more viable to establish Q-marker
screening method [34]. The ST values of CG, AIV and
HYA were 0.9067, 0.9166 and 0.9558. Therefore, CG,
AIV and HYA were considered as Q-markers in AR-
CF. The screened Q-markers are expected to provide
reference indicators for safety and effectiveness of
clinical application on a material basis.
GSH-Px is an important in-vivo peroxidase, which

inhibits production of free radicals, and reduces the
damage of organic hydroperoxides to body by
removing hydrogen peroxide and lipid hydroper-
oxides [38]. In the state of ischemia and hypoxia, the
systemic stress responses stimulate the increase of
ET synthesis and release, and the increase of
thrombin in the ischemic area also induces the
release of ET, resulting in the abnormal increase of
ET in vivo. The hypoperfusion induced by

vasospasm caused by abnormal increase of ET, is
also an important factor leading to brain cell injury
[39]. The LDH had been considered as a tissue
damage biomarker in many diseases so that its level
reflected the degree of tissue damage [40]. ATP is
the most direct source of energy in living organisms.
When cerebral ischemia occurred, ATP synthesis
was blocked and anaerobic metabolism increased in
vivo. After cerebral ischemia-reperfusion, AR-CF
rapidly assisted the generation of ATP and pro-
moted the release of antioxidants, alleviating the
further damage of ischemic tissue, and then the
contents of ET and LDH in plasma decreased, which
indicated that AR-CF played positive role in anti-CI/
RI. As the active components were metabolized in
vivo, the regulation effect of AR-CF on ATP, ET and
LDH was gradually weakened, but it still promoted
the release of GSH-Px, suggesting that AR-CF exerts
anti-CI/RI mainly by inhibiting the generation of
free radicals and removing hydrogen peroxide and
lipid hydroperoxide.
Through PK and PD modeling, the bio-physio-

logical key characteristics of drugs (potency, effi-
cacy, affinity and specific systemic factors) are
discovered, and the extent and duration of drug
action under specific pathological conditions are
predicted [41]. As a phenomenon reflecting the ac-
tion state of drugs, hysteresis occasionally occurs in
PK-PD modeling. By drawing the time-concentra-
tion-effect curve, the hysteresis loop is intuitively
observed. It is helpful to describe the hysteresis
loop through effect compartment link model [42]. In
correlation analysis of PK and PD, the counter-
clockwise hysteresis loop is generally regarded as
the process of increasing the efficacy over time at
given drug concentration. In contrast, the clockwise
hysteresis loop implies decrease in effectiveness
[43]. It is noteworthy that hysteresis may occur
attributable to a consequence of different mecha-
nisms of PK and PD, such as time-dependent pro-
tein binding, formation of active metabolites,
tolerance, distribution delay, and so on [44]. The
correlation was not simple linear, but complex with
delayed effect. The plasma drug concentration and
efficacy did not reach the peak at the same time,
and the peak efficacy obviously lagged behind the
plasma drug concentration, indicating that the site
of drug action was not in the blood compartment.
When cerebral ischemia occurred, the bloodebrain
barrier was damaged, and active components in AR
and CF crossed damaged bloodebrain barrier and
acted on brain tissue. It takes time for the drugs in
the central compartment to be transferred to the
effect compartment through the first-order dispo-
sition kinetics, so the change of plasma
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concentration was not synchronized with the drug
effect. Clockwise hysteresis loops were presented in
the time-concentration-effect relationships between
eleven components and LDH/ET, while the rela-
tionship between eleven components and ATP/
GSH-Px expressed as anticlockwise hysteresis
loops. AR-CF combination up-regulated ATP and
GSH-Px levels, and down-regulated LDH and ET
levels over time at a given drug concentration. In
this experiment, a PK-PD model with an effect
compartment was used to analyze the therapeutic
material basis and effects of AF-CF combination,
which was helpful to better explain the relationship
between drug and effects.

5. Conclusions

In summary, the material basis of AR-CF in treat-
ment of CI/RI was explored by the PK-PD analysis of
the combination of four active fractions (saponin and
flavonoid extracted from AR, and safflower yellow
and safflower red extracted from CF). First, a reliable
and robust LC-MS/MS approach was developed for
the simultaneous determination of eleven compo-
nents concentrations in rat plasma. The flavonoid
fraction was considered to plays an important role
for anti-CI/RI in the AR-CF combination through the
TQSM method combined with variance analysis of
orthogonal experiment. GC, AIV and HYA were
identified as Q-markers for AR-CF on CI/RI by
TQSM polypharmacokinetics and its similarity
approach. Secondly, the contents of biochemical in-
dicators were measured in MCAO/R rats after
intragastric administration of nine formulations,
respectively. The levels of biochemical indicators in
the model group tended to be adjusted to that in
sham group after treatment, indicating that AR-CF
alleviated CI/RI. Among the nine formulations,
formulation 7 had the best regulating effect. Finally,
the correlation between candidates and anti-CI/RI
efficacy of AR-CF was clarified by PK-PD modeling.
This research represents novel study method for the
exploration of therapeutic material basis, and pro-
vides a more refined compatibility scheme for the
TCM prescriptions to exert the best therapeutic
effect.
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Appendix

Flavonoid fraction derived from Astragali Radix (In
“2.2 Preparation of herbal active fractions” section)

Astragali Radix powder was imbibed in 54%
ethanol with a liquid-to-solid ratio of 18 mL/g. Af-
terward, heat reflux extraction was performed for
254 min. The extraction solution was filtered, and
then concentrated under reduced pressure to obtain
the crude extraction solution with the concentration
of 0.22 g/mL. The crude extraction solution was
purified using a chromatographic column equipped
with CAD-40 macroporous resin. The adsorption
conditions of purification were as follows: pH value
of 6.9, and adsorption flow rate of 1.6 mL/min, while
the desorption conditions were as follows: ethanol
concentration of 55%, desorption flow rate of
1.5 mL/min and elution volume of 8.5 BV. The
eluent was collected and freeze-dried.

Saponin fraction derived from Astragali Radix

Astragali Radix powder was extracted with 50%
(v/v) ethanol assisted by microwave for 260 s. The
working power was fixed at 695 W, and the ratio of
liquid-to-solid was 21.5 mL/g. The extraction solu-
tion was evaporated to dryness and redissolved to
the concentration of 0.15 g/mL with water, then
purified using a chromatographic column equipped
with AB-8 macroporous resin. The purification
process involved adjusting the pH value of sample
to 6.0, loading the sample at an adsorption flow rate
of 1.5 mL/min, and eluting with 75% ethanol at a
desorption flow rate of 2.0 mL/min and an elution
volume of 8 BV. The eluent was collected and
freeze-dried.

Safflower red fraction derived from Carthami Flos

An appropriate amount of Carthami Flos powder
and 70% acetone solution with a liquid-to-solid ratio
of 20 mL/g were placed into a conical flask. The
mixture was then extracted using an ultrasonic
extractor at 40 �C for 30 min, and the process was
repeated twice. The combined filtrate was trans-
ferred to a separating funnel and mixed with a su-
persaturated amount of ammonium sulfate. The
upper phase solution was collected and freeze-
dried.
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Safflower yellow fraction derived from Carthami Flos

Carthami Flos powder was extracted with pure
water assisted by ultrasound for 39 min. The work-
ing temperature and liquid-to-solid ratio were 55 �C
and 16 mL/g. The extraction process was repeated
two additional times. The impurities such as poly-
saccharide and protein in the extraction solution
were removed by alcohol precipitation method. The

extract was further purified using a chromato-
graphic column equipped with HPD-300 macro-
porous resin. The concentration of sample was
adjusted to 0.06 g/mL. The sample was loaded onto
the column at a volume flow rate of 2.5 V/h, fol-
lowed by washing with deionized water. The col-
umn was eluted with 75% ethanol at a volume flow
rate of 2.0 V/h. The eluent was collected and freeze-
dried.

Suppl. Table 1. Retention time (RT) and MS/MS parameters of the thirteen analytes in MRM analysis.

Compound RT
(min)

Precursor ion
(m/z)

Product ion
(m/z)

Declustering
Potential/V

Collision
Energey/V

Calycosin 15.8 282.9 268.0 �45 �32
Calycosin-7-O-b-D-glucoside 10.0 447.0 284.9 46 25
Formononetin 24.7 268.9 197.1 96 51
Ononin 12.2 431.0 269.0 41 29
9,10-dimethoxyptercarpan-3-O-b-D-glucoside 13.7 485.1 323.0 121 31
Isomucronulatol 7-O-glucoside 13.8 463.1 286.1 �100 �22
Astragaloside IV 19.7 807.3 627.4 256 65
Astragaloside III 20.5 807.4 334.9 291 73
Carthamin 16.7 909.0 500.9 �100 �38
Hydroxysafflor yellow A 8.1 611.1 491.0 �100 �44
Anhydrosafflor yellow B 10.0 1043.1 449.1 �100 �40
Puerarin 9.0 415.0 295.1 �115 �32
Digoxin 18.6 789.4 651.5 81 21

Suppl. Table 2. Linearity and LLOQ of the eleven analytes in rat plasma.

Components Regression
equation

Linearity range
(ng/mL)

Correlation coefficient
(R2)

LLOQ
(ng/mL)

Calycosin y ¼ 3.40024xþ0.00528 0.5e2000 0.995 0.5
Calycosin-7-O-b-D-glucoside y ¼ 481.91493xþ1.25273 3.5e6000 0.999 3.5
Formononetin y ¼ 212.05082xþ0.12364 8.0e2000 0.999 8.0
Ononin y ¼ 855.40177xþ0.69924 1.0e2000 0.994 1.0
Isomucronulatol 7-O-glucoside y ¼ 1.85165xe0.00627 1.0e2000 0.994 1.0
9,10-dimethoxyptercarpan-3-O-b-D-glucoside y ¼ 1.9209xþ0.00385 10.0e2000 0.998 10.0
Astragaloside IV y ¼ 1.10152xþ0.00264 5.0e4000 0.992 5.0
Astragaloside III y ¼ 0.35777xþ5.26031e�4 10.0e2000 0.995 10.0
Hydroxysafflor yellow A y ¼ 0.05559xþ0.00782 8.0e30000 0.993 8.0
Anhydrosafflor yellow B y ¼ 9.27615e�4xþ5.68151e�4 50.0e20000 0.992 50.0
Carthamin y ¼ 6.24087e�4xþ6.20660e�4 50.0e10000 0.998 50.0
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Suppl. Table 3. Intra- and inter-day precision, accuracy of the eleven analytes in rat plasma. (n ¼ 6)

Components Spiked concentration (ng/mL) Intra-day Inter-day

Precision Accuracy Precision Accuracy

RSD (%) RE (%) RSD (%) RE (%)

Calycosin 0.5 12.41 �2.00 7.31 �1.56
1.5 4.08 �0.70 4.44 �0.22
100 11.57 �1.28 9.14 1.16
2000 3.54 �6.41 5.83 �4.33

Calycosin-7-O-b-D-glucoside 3.5 3.31 4.40 3.72 2.51
10.5 8.56 �0.04 9.12 0.86
100 5.64 8.17 9.40 2.31
6000 2.63 4.60 5.72 �1.16

Formononetin 8 8.06 �10.83 8.51 �10.60
24 4.60 �6.82 10.33 2.44
100 10.56 6.27 9.92 2.08
2000 11.51 8.45 7.91 3.53

Ononin 1 5.96 �7.67 7.66 �11.89
3 5.69 �13.67 10.94 �8.48
100 4.55 12.52 9.58 3.78
2000 2.29 �6.29 6.73 �1.47

Isomucronulatol 7-O-glucoside 1 4.75 �12.33 6.97 �13.33
3 5.16 9.89 8.32 1.41
100 10.37 4.95 7.46 7.39
2000 1.76 �4.22 5.31 �1.12

9,10-dimethoxyptercarpan-3-O-b-D-glucoside 10 7.26 11.23 7.41 11.42
30 3.08 10.67 5.36 10.63
100 5.54 9.00 7.35 10.57
2000 3.86 12.50 3.62 12.57

Astragaloside IV 5 3.50 �5.30 4.36 �4.53
15 5.08 �4.00 4.06 �5.99
100 14.58 3.85 12.26 4.32
4000 2.05 8.90 4.62 8.66

Astragaloside III 10 2.28 9.90 8.27 10.24
30 3.08 7.80 4.86 11.17
100 8.75 3.57 8.75 7.08
2000 8.65 6.32 8.65 3.08

Hydroxysafflor yellow A 8 5.52 �5.80 4.24 �6.31
24 6.83 8.58 5.10 9.83
2000 5.41 �5.65 3.85 �4.12
30000 2.95 8.18 5.12 12.66

Anhydrosafflor yellow B 50 2.34 6.69 4.58 10.01
150 3.43 10.69 4.96 13.51
2000 1.90 8.50 7.43 �0.18
20000 4.18 13.07 5.88 12.66

Carthamin 50 2.68 �6.84 3.91 �7.08
150 3.22 �8.18 5.88 �5.85
2000 12.31 6.23 10.09 9.48
10000 12.74 11.60 8.55 12.44
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Suppl. Table 4. Stability of the eleven analytes in rat plasma. (n ¼ 6)

Components Spiked concentration
(ng/mL)

room temperature for
12 h (RSD%)

4 �C for 24 h
(RSD%)

�20 �C for 7 days
(RSD%)

After three freezes
(at �20 �C)/thaw
(at 4 �C) cycle
(RSD%)

Calycosin 1.50 7.34 3.38 3.64 8.13
100 8.93 6.25 6.30 5.73
2000 9.08 3.69 7.57 6.05

Calycosin-7-O-b-D-glucoside 10.5 6.40 3.89 7.71 10.83
100 8.67 5.11 4.04 11.20
6000 5.28 4.81 3.71 3.56

Formononetin 24 5.04 11.81 4.35 7.69
100 4.49 6.86 4.80 8.05
2000 2.89 6.24 6.61 6.90

Ononin 3 4.99 3.48 7.45 4.80
100 9.65 7.53 8.00 11.50
2000 6.69 7.48 8.05 7.66

Isomucronulatol 7-O-glucoside 3 7.45 8.06 6.97 12.89
100 7.23 7.94 9.43 9.11
2000 2.62 7.00 6.53 8.75

9,10-dimethoxyptercarpan-3-O-b-
D-glucoside

30 4.48 5.90 7.84 7.79
100 10.44 11.04 13.51 9.44
2000 8.54 14.92 1.95 10.05

Astragaloside IV 15 10.93 3.19 5.37 8.11
100 12.27 6.07 10.12 5.96
4000 5.11 8.00 7.93 8.09

Astragaloside III 30 6.78 10.75 10.59 11.24
100 12.27 8.69 8.41 12.48
2000 14.91 6.80 5.07 7.11

Hydroxysafflor yellow A 24 9.90 6.30 9.07 7.49
2000 6.25 5.54 8.51 9.39
30000 6.23 4.50 6.21 6.33

Anhydrosafflor yellow B 150 2.40 8.98 10.04 9.09
2000 9.53 7.35 9.81 10.05
20000 9.69 8.32 8.39 9.18

Carthamin 150 12.64 13.11 13.87 12.11
2000 7.69 10.81 11.67 11.77
10000 10.27 13.94 14.33 13.33
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Suppl. Table 5. Recovery and matrix effect of the thirteen analytes in rat plasma. (n ¼ 6)

Components Spiked concentration (ng/mL) Recovery Matrix effect

(Mean ± SD) % (RSD) %

Calycosin 1.5 86.4 ± 4.3 1.08
100 85.8 ± 9.2 2.93
2000 86.5 ± 7.1 2.06

Calycosin-7-O-b-D-glucoside 10.5 84.8 ± 10.0 3.44
100 89.8 ± 3.7 2.38
6000 83.2 ± 11.6 2.61

Formononetin 24 87.7 ± 2.6 5.39
100 87.6 ± 9.2 2.41
2000 88.5 ± 11.7 1.95

Ononin 3 84.0 ± 4.4 1.98
100 90.5 ± 9.8 4.46
2000 87.3 ± 8.5 3.26

Isomucronulatol 7-O-glucoside 3 86.1 ± 10.0 2.21
100 86.7 ± 5.5 1.17
2000 85.3 ± 9.2 3.99

9,10-dimethoxyptercarpan-3-O-b-D-glucoside 30 79.0 ± 1.8 1.93
100 80.8 ± 4.5 5.32
2000 78.8 ± 10.2 1.29

Astragaloside IV 15 85.7 ± 12.4 6.38
100 86.5 ± 6.2 6.22
4000 85.2 ± 5.4 4.85

Astragaloside III 30 85.5 ± 6.9 3.98
100 85.2 ± 3.0 7.28
2000 88.5 ± 8.9 3.15

Hydroxysafflor yellow A 24 86.0 ± 12.6 6.35
2000 88.5 ± 12.7 7.91
30000 82.0 ± 11.1 7.97

Anhydrosafflor yellow B 150 85.3 ± 2.0 7.30
2000 85.6 ± 7.3 7.87
20000 81.0 ± 9.9 14.68

Carthamin 150 79.5 ± 5.3 10.98
2000 86.1 ± 8.1 2.13
10000 77.9 ± 4.1 7.37

Digoxin 1000 87.9 ± 8.3 13.28
Puerarin 100 85.5 ± 9.1 1.96
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Suppl. Table 6. The main PK parameters of calycosin in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 14.41 ± 2.48 10.36 ± 1.66 12.17 ± 1.06 15.91 ± 1.77 10.19 ± 2.01 12.06 ± 1.69 10.84 ± 2.64 8.57 ± 1.01 6.71 ± 0.87
Tmax(h) 0.14 ± 0.04 0.26 ± 0.07 0.25 ± 0.06 0.17 ± 0.08 0.15 ± 0.05 0.16 ± 0.06 0.11 ± 0.03 0.12 ± 0.01 0.26 ± 0.08
Cmax(mg/L) 203.21 ± 63.13 115.03 ± 24.11 133.91 ± 21.99 502.32 ± 45.64 839.5 ± 110.21 847.32 ± 97.33 603.74 ± 78.91 856.32 ± 54.52 1434 ± 155.12
AUC(0-t)

(mg/L*h)
680.22 ± 55.56 347.43 ± 44.64 466.34 ± 57.51 724.84 ± 65.41 691.47 ± 44.10 716.43 ± 115.12 522.11 ± 77.44 876.96 ± 69.41 1187.09 ± 221.44

MRT(0-t) (h) 6.87 ± 0.64 6.45 ± 0.78 7.22 ± 1.02 7.21 ± 0.99 4.99 ± 0.57 4.89 ± 1.06 5.73 ± 0.79 4.38 ± 0.76 3.38 ± 0.35

Suppl. Table 7. The main PK parameters of calycosin-7-O-b-D-glucoside in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 21.95 ± 2.36 13.06 ± 1.27 12.26 ± 0.29 11.7 ± 1.55 15.03 ± 2.17 14.41 ± 0.95 15.24 ± 0.74 4.56 ± 0.82 11.09 ± 1.14
Tmax(h) 0.34 ± 0.09 2.05 ± 0.04 0.32 ± 0.04 0.44 ± 0.06 0.83 ± 0.06 0.53 ± 0.03 0.55 ± 0.06 1.09 ± 0.07 0.59 ± 0.05
Cmax(mg/L) 537.21 ± 124.12 242.11 ± 48.23 131.84 ± 38.84 468.48 ± 44.14 728.72 ± 63.22 2413.01 ± 359.15 5440.03 ± 486.31 1427.06 ± 157.65 2001.02 ± 312.72
AUC(0-t) (mg/L*h) 833.29 ± 147.35 1313.19 ± 212.66 531.1 ± 96.99 1418.09 ± 87.94 1041.01 ± 102.64 5968.02 ± 634.58 5308.41 ± 589.66 3254.61 ± 478.31 5124.43 ± 229.09
MRT(0-t) (h) 2.95 ± 0.13 6.72 ± 0.54 7.14 ± 0.85 6.03 ± 0.95 2.27 ± 0.18 7.39 ± 0.27 3.04 ± 0.24 3.45 ± 0.67 6.19 ± 1.06
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Suppl. Table 8. The main PK parameters of formononetin in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 6.71 ± 1.02 6.18 ± 1.13 8.63 ± 0.64 5.04 ± 0.76 7.86 ± 0.89 5.18 ± 0.62 8.23 ± 0.92 18.54 ± 2.15 10.45 ± 1.47
Tmax(h) 0.12 ± 0.05 0.15 ± 0.01 0.25 ± 0.05 0.11 ± 0.04 0.10 ± 0.01 0.09 ± 0.02 0.11 ± 0.04 0.14 ± 0.07 0.12 ± 0.03
Cmax(mg/L) 193.32 ± 19.55 119.78 ± 21.22 117.12 ± 18.46 272.31 ± 32.12 344.56 ± 46.78 228.91 ± 56.11 725.69 ± 121.66 717.71 ± 98.44 667 ± 102.77
AUC(0-t) (mg/L*h) 249.04 ± 63.36 236.47 ± 74.26 287.07 ± 52.25 302.67 ± 69.65 295.35 ± 71.47 229.51 ± 74.17 289.28 ± 23.23 528.05 ± 98.31 763.16 ± 88.68
MRT(0-t) (h) 3.17 ± 0.57 8.52 ± 0.98 4.9 ± 0.15 2.85 ± 0.35 2.21 ± 0.54 6.03 ± 0.75 2.01 ± 0.14 3.71 ± 0.21 6.04 ± 1.08

Suppl. Table 9. The main PK parameters of ononin in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 6.16 ± 0.84 15.14 ± 1.05 17.02 ± 1.07 12.72 ± 0.68 12.67 ± 0.77 15.82 ± 1.28 17.34 ± 1.04 14.45 ± 1.13 10.24 ± 0.28
Tmax(h) 0.86 ± 0.08 0.75 ± 0.04 0.58 ± 0.05 0.51 ± 0.06 0.77 ± 0.07 0.55 ± 0.05 0.71 ± 0.05 1.04 ± 0.07 0.61 ± 0.08
Cmax(mg/L) 164.61 ± 35.54 178.82 ± 32.51 187.52 ± 25.15 439.7 ± 25.65 171.42 ± 23.12 1101.56 ± 162.13 242.98 ± 26.15 368.6 ± 36.88 508.84 ± 46.56
AUC(0-t) (mg/L*h) 319.65 ± 45.64 1133.75 ± 96.64 367.27 ± 42.16 3009.78 ± 221.06 736.27 ± 54.45 1156.21 ± 166.64 550.05 ± 34.16 897.42 ± 68.91 1865.38 ± 264.16
MRT(0-t) (h) 4.28 ± 0.45 8.72 ± 0.68 6.84 ± 0.66 9.54 ± 0.72 7.89 ± 1.07 3.94 ± 0.21 6.36 ± 0.74 5.03 ± 0.46 8.02 ± 0.87
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Suppl. Table 10. The main PK parameters of isomucronulatol 7-O-glucoside in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 12.21 ± 1.54 10.79 ± 2.52 11.36 ± 3.54 8.59 ± 2.12 16.83 ± 2.34 18.36 ± 3.87 10.41 ± 1.59 14.3 ± 0.98 9.38 ± 1.07
Tmax(h) 0.84 ± 0.12 0.79 ± 0.24 0.65 ± 0.16 0.71 ± 0.09 0.69 ± 0.56 0.59 ± 0.19 0.57 ± 0.11 1.06 ± 0.41 0.58 ± 0.08
Cmax(mg/L) 266.61 ± 12.25 257.25 ± 15.97 348.01 ± 42.12 751.24 ± 24.13 897.56 ± 56.89 843.52 ± 123.87 1331.45 ± 251.22 1164.47 ± 245.23 1206.5 ± 274.25
AUC(0-t) (mg/L*h) 499.42 ± 96.15 434.36 ± 145.65 371.28 ± 65.42 1661.32 ± 351.25 1103.95 ± 128.98 1463.29 ± 426.56 1385.05 ± 200.21 1611.12 ± 298.64 1502.11 ± 318.29
MRT(0-t) (h) 5.56 ± 0.45 6.17 ± 25 6.41 ± 0.64 3.81 ± 0.12 1.83 ± 0.46 3.79 ± 0.31 5.51 ± 1.02 5.16 ± 0.23 4.79 ± 0.64

Suppl. Table 11. The main PK parameters of 9,10-dimethoxyptercarpan-3-O-b-D-glucoside in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 6.98 ± 0.74 12.63 ± 0.69 14.55 ± 0.92 6.87 ± 0.58 9.31 ± 0.67 6.77 ± 0.77 3.53 ± 0.35 4.73 ± 0.44 12.25 ± 1.05
Tmax(h) 0.79 ± 0.11 0.58 ± 0.05 0.55 ± 0.04 0.51 ± 0.06 0.78 ± 0.07 0.64 ± 0.06 2.01 ± 0.14 1.11 ± 0.25 0.64 ± 0.07
Cmax(mg/L) 148.56 ± 22.01 139.49 ± 19.99 612 ± 44.32 268.1 ± 41.32 182.2 ± 20.01 348.65 ± 45.12 104.5 ± 19.16 234.12 ± 41.02 564.7 ± 66.32
AUC(0-t) (mg/L*h) 377.54 ± 31.10 608.78 ± 77.64 3073.78 ± 226.45 2072.65 ± 251.64 416.19 ± 36.49 123.05 ± 24.11 567.56 ± 69.45 546.74 ± 62.15 1750.18 ± 196.64
MRT(0-t) (h) 4.54 ± 0.55 7.93 ± 0.46 9.29 ± 0.37 8.49 ± 0.49 4.48 ± 0.61 6.99 ± 1.05 5.65 ± 0.96 3.51 ± 0.43 7.42 ± 0.85
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Suppl. Table 12. The main PK parameters of astragaloside IV in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 12.16 ± 1.08 12.05 ± 1.13 8.25 ± 0.85 18.35 ± 0.96 10.87 ± 1.05 10.92 ± 1.21 12.34 ± 0.99 10.75 ± 0.46 7.82 ± 1.04
Tmax(h) 0.79 ± 0.09 0.70 ± 0.10 0.81 ± 0.06 3.04 ± 0.24 0.95 ± 0.04 1.06 ± 0.11 0.64 ± 0.04 0.94 ± 0.13 0.68 ± 0.02
Cmax(mg/L) 311.91 ± 23.01 217.12 ± 41.51 625.65 ± 66.48 196.7 ± 11.21 211.43 ± 19.96 1179.06 ± 223.25 2776.87 ± 336.44 836.11 ± 114.25 1037.03 ± 156.36
AUC(0-t) (mg/L*h) 1035.18 ± 144.44 729.53 ± 195.78 1562.07 ± 280.09 1547.56 ± 115.17 703.82 ± 124.45 7965.3 ± 634.17 10158.82 ± 1005.65 4010.21 ± 685.21 4753.63 ± 578.33
MRT(0-t) (h) 4.98 ± 0.68 4.97 ± 0.99 4.42 ± 0.86 8.11 ± 1.08 4.75 ± 0.11 7.9 ± 0.68 6.42 ± 0.75 6.35 ± 0.94 5.91 ± 0.77

Suppl. Table 13. The main PK parameters of astragaloside III in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 13.25 ± 1.49 15.77 ± 2.06 13.91 ± 2.45 15.47 ± 1.48 15.77 ± 1.88 13.17 ± 1.08 11.72 ± 1.44 13.48 ± 1.29 13.82 ± 1.78
Tmax(h) 0.79 ± 0.06 0.85 ± 0.05 0.64 ± 0.03 0.55 ± 0.07 0.75 ± 0.18 0.57 ± 0.04 0.59 ± 0.05 0.78 ± 0.07 0.54 ± 0.02
Cmax(mg/L) 71.63 ± 3.54 49.97 ± 10.25 110.29 ± 21.22 20.95 ± 5.64 48.83 ± 5.97 53.1 ± 12.64 36.32 ± 9.81 49.37 ± 10.64 123.21 ± 18.61
AUC(0-t) (mg/L*h) 298.97 ± 29.64 257.15 ± 35.26 394.06 ± 37.87 193.91 ± 39.44 260.61 ± 28.89 236.89 ± 25.47 326.461 ± 41.52 314.77 ± 174.16 388.47 ± 169.63
MRT(0-t) (h) 9.11 ± 1.09 8.26 ± 1.47 7.55 ± 0.87 9.27 ± 0.44 8.15 ± 0.68 7.81 ± 0.97 7.99 ± 1.08 8.27 ± 1.44 7.29 ± 1.99
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Suppl. Table 14. The main PK parameters of hydroxysafflor yellow A in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 10.91 ± 1.06 15.52 ± 1.17 7.97 ± 0.96 17.33 ± 0.48 11.01 ± 1.06 9.51 ± 1.27 18.95 ± 1.96 11.84 ± 0.96 9.51 ± 0.88
Tmax(h) 1.04 ± 0.23 0.79 ± 0.19 0.35 ± 0.09 1.11 ± 0.06 0.78 ± 0.08 2.11 ± 0.25 0.58 ± 0.04 0.77 ± 0.05 0.66 ± 0.04
Cmax(mg/L) 8040.12 ± 552.06 8302.05 ± 414.14 4435.22 ± 298.69 2296.31 ± 252.45 20590.01 ± 1548.94 4385.04 ± 354.21 27770.06 ± 1974.44 11970.25 ± 1064.22 15650.2 ± 1232.08
AUC(0-t)

(mg/L*h)
22514.55 ± 1421.49 9252.02 ± 212.21 16325.79 ± 1456.28 7390.05 ± 365.54 36045.26 ± 1946.61 21639.42 ± 1783.26 40825.12 ± 2001.4 36872.11 ± 1889.51 36370.11 ± 1639.77

MRT(0-t) (h) 7.54 ± 1.23 6.47 ± 0.25 8.11 ± 0.66 8.56 ± 0.76 3.42 ± 0.34 5.85 ± 0.46 5.89 ± 0.64 6.11 ± 0.74 4.71 ± 0.69

Suppl. Table 15. The main PK parameters of anhydrosafflor yellow B in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation 1 formulation 2 formulation 3 formulation 4 formulation 5 formulation 6 formulation 7 formulation 8 formulation 9

T1/2(h) 17.84 ± 1.22 10.65 ± 0.95 8.86 ± 0.44 11.04 ± 1.06 20.65 ± 2.58 10.17 ± 1.05 11.73 ± 1.21 5.05 ± 0.25 11.21 ± 0.64
Tmax(h) 1.21 ± 0.22 0.79 ± 0.11 0.58 ± 0.05 0.48 ± 0.02 0.39 ± 0.04 0.64 ± 0.07 0.71 ± 0.04 0.76 ± 0.09 1.05 ± 0.03
Cmax(mg/L) 4232.45 ± 264.54 2913.04 ± 623.21 7272.05 ± 456.21 2929.05 ± 194.26 4053.02 ± 189.52 11990 ± 678.88 16180.25 ± 1125.54 4208.05 ± 214.12 7543.14 ± 335.77
AUC(0-t)

(mg/L*h)
13037.64 ± 1101.56 8535.66 ± 636.58 32295.34 ± 1985.89 9439.2 ± 457.55 8422.52 ± 458.52 19378.86 ± 1487.64 23141.43 ± 864.19 8322.75 ± 565.22 10533.37 ± 697.44

MRT(0-t) (h) 7.08 ± 0.64 7.07 ± 0.78 5.25 ± 0.22 7.19 ± 0.56 4.86 ± 0.47 7.77 ± 0.98 5.46 ± 0.15 5.04 ± 0.54 4.01 ± 1.59

Suppl. Table 16. The main PK parameters of carthamin in rat plasma after oral administration of different formulations. (Mean ± SD, n ¼ 6)

Parameter Group

formulation
1

formulation
2

formulation
3

formulation
4

formulation
5

formulation
6

formulation
7

formulation
8

formulation 9

T1/2(h) 5.96 ± 0.78 7.03 ± 1.05 5.78 ± 0.96 6.4 ± 0.46 4.96 ± 0.62 6.39 ± 0.74 6.28 ± 0.74 6.14 ± 0.66 6.19 ± 0.61
Tmax(h) 1.12 ± 0.11 1.21 ± 0.13 1.07 ± 0.48 0.79 ± 0.22 1.11 ± 0.05 0.58 ± 0.06 1.07 ± 0.09 0.79 ± 0.08 1.07 ± 0.07
Cmax(mg/L) 1677.45 ± 264.16 465.15 ± 65.21 751.15 ± 45.56 9518 ± 355.05 732.1 ± 74.36 3285 ± 325.14 452.12 ± 36.18 501.12 ± 41.08 298.4 ± 45.25
AUC(0-t)

(mg/L*h)
3145.31 ± 226.64 2692.89 ± 198.54 3612.89 ± 332.45 20100.7 ± 987.98 2391.29 ± 364.21 6298.82 ± 478.77 3996.49 ± 269.48 2510.01 ± 199.88 2761.95 ± 206.94

MRT(0-t) (h) 3.75 ± 0.64 6.76 ± 0.98 5.11 ± 1.03 4.08 ± 0.66 5.06 ± 0.78 4.91 ± 0.92 6.01 ± 0.86 6.55 ± 0.69 6.21 ± 1.04
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Suppl. Table 17. The best compartmental model parameters attained by fitting the △LDH and the concentrations of 11 components.

CAL CG FOR ONO IG DG AIV AIII HYA AYB AYB

AIC 25.304 21.743 9.858 69.189 6.261 20.336 9.904 3.819 18.577 219.261 14.08
BIC 28.213 24.652 12.767 72.098 9.17 23.245 13.783 6.728 21.487 222.17 17.959
R2 0.94 0.985 0.937 0.936 0.949 0.915 0.914 0.923 0.936 0.958 0.957

Note: AIC, Akaike Information Criterion; BIC, Bayesian Information Criterion; CAL, calycosin; CG, calycosin-7-O-b-D-glucoside; FOR,
formononetin; ONO, ononin; IG, isomucronulatol 7-O-glucoside; DG, 9,10-dimethoxyptercarpan-3-O-b-D-glucoside; AIV, astragaloside
IV; AIII, astragaloside III; HYA, hydroxysafflor yellow A; AYB, anhydrosafflor yellow B; CAR, carthamin.

Suppl. Table 18. The best compartmental model parameters attained by fitting the △ATP and the concentrations of 11 components.

CAL CG FOR ONO IG DG AIV AIII HYA AYB AYB

AIC 39.483 22.06 9.858 15.316 6.261 21.037 9.904 4.493 18.57 219.261 14.08
BIC 43.362 25.939 12.767 19.195 9.17 24.916 13.783 8.372 22.449 222.17 17.959
R2 0.981 0.930 0.937 0.919 0.949 0.917 0.914 0.904 0.959 0.958 0.957

Suppl. Table 19. The best compartmental model parameters attained by fitting the △GSH-Px and the concentrations of 11 components.

CAL CG FOR ONO IG DG AIV AIII HYA AYB AYB

AIC 39.483 10.31 63.279 15.316 13.394 21.037 9.904 3.819 18.57 219.261 14.08
BIC 43.362 14.19 66.188 19.195 17.274 24.916 13.783 6.728 22.449 222.17 17.959
R2 0.981 0.968 0.988 0.919 0.946 0.917 0.914 0.923 0.959 0.958 0.957

Suppl. Table 20. The best compartmental model parameters attained by fitting the △ET and the concentrations of 11 components.

CAL CG FOR ONO IG DG AIV AIII HYA AYB AYB

AIC 39.483 10.31 9.858 15.948 6.261 21.037 9.904 4.493 125.906 219.261 14.08
BIC 43.362 14.19 12.767 19.827 9.17 24.916 13.783 8.372 129.785 222.17 17.959
R2 0.981 0.968 0.937 0.937 0.949 0.917 0.914 0.904 0.994 0.958 0.957
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Suppl. Fig. 1. HPLC chromatogram of the flavonoid (A and B) and saponin (C) from Astragali Radix and the safflower yellow (D) and safflower red
(E) from Carthami Flos. 1. calycosin-7-O-b-D-glucoside; 2. ononin; 3. 9,10-dimethoxyptercarpan-3-O-b-D-glucoside; 4. isomucronulatol 7-O-
glucoside; 5. calycosin; 6. formononetin; 7. astragaloside V; 8. astragaloside IV; 9. astragaloside III; 10. astragaloside II; 11. astragaloside I; 12.
isoastragaloside I; 13. isoastragaloside II; 14. hydroxysafflor yellow A; 15. anhydrosafflor yellow B; 16. carthamin. (The components 7, 10, 11, 12, and
13 were undetected in rat plasma within 24 h of administration, so these five components were not included in the detection index of PK).
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Suppl. Fig. 2. (Continued).
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