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ABSTRACT

Context: Sibiricose A5 (A5), sibiricose A6 (A6), 3,6'-disinapoyl sucrose (DSS), tenuifoliside A (TFSA) and
3,4,5-trimethoxycinnamic acid (TMCA) are the main active components of Polygala tenuifolia Willd.
(Polygalaceae) (PT) that are active against Alzheimer’s disease.

Objective: To compare the pharmacokinetics and bioavailability of five active components in the roots of
raw PT (RPT), liquorice-boiled PT (LPT) and honey-stir-baked PT (HPT).

Materials and methods: The median lethal dose (LDsg) was evaluated through acute toxicity test. The
pharmacokinetics of five components after oral administration of extracts of RPT, LPT, HPT (all equivalent
to 1.99g/kg of RPT extract for one dose) and 0.5% CMC-Na solution (control group) were investigated,
respectively, in Sprague-Dawley rats (four groups, n=6) using UHPLC-MS/MS. In addition, the absolute
bioavailability of A5, A6, DSS, TFSA and TMCA after oral administration (7.40, 11.60, 16.00, 50.00 and
3.11 mg/kg, respectively) and intravenous injection (1/10 of the corresponding oral dose) in rats (n=6)
was studied.

Results: The LDs, of RPT, LPT and HPT was 7.79, 14.55 and 15.99 g/kg, respectively. AUCy; of RPT, LPT
and HPT were as follows: A5 (433.18+65.48, 680.40+89.21, 552.02+31.10ng h/mL), A6 (314.55+62.73,
545.76 +£123.16, 570.06 + 178.93 ng h/mL) and DSS (100.30 + 62.44, 232.00 + 66.08, 197.58 +57.37 ng h/mL).
The absolute bioavailability of A5, A6, DSS, TFSA and TMCA was 3.25, 2.95, 2.36, 1.17 and 42.91%,
respectively.

Discussion and conclusions: The pharmacokinetic and bioavailability parameters of each compound can
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facilitate future clinical studies.

Introduction

The root of Polygala tenuifolia Willd. (Polygalaceae) (PT) is a
common traditional Chinese medicine that has been listed as a
nootropic, anti-inflammatory and anti-psychotic medicine to
cure insomnia (Yao et al. 2010), forgetfulness, neurasthenia,
coughing and soreness caused by heart and kidney disharmony
(Li et al. 2008; Leem and Oh 2015). Raw PT (RPT) presents the
side effects of gastrointestinal toxicity and throat irritation, and
it requires processing before being prescribed in Chinese clinical
practices. In modern times, the most common processing meth-
ods of PT include heartwood discarding, liquorice boiling and
honey stir-baking. Among them, liquorice-boiled PT (LPT) and
honey-stir-baked PT (HPT) are commonly used in clinics. RPT
and LPT are listed in the Chinese Pharmacopoeia (Chinese
Pharmacopoeia Commission 2015), and HPT is listed in the
National Regulations for the Processing of Traditional Chinese
Medicine (Chinese Drug Administration 1988). According to the

theories of traditional Chinese medicine, LPT can reduce the
side effects of RPT on pharyngeal irritation and gastrointestinal
stimulation and promote peace of mind and intellectual develop-
ment. LPT is widely used to treat neurological disorders, such as
palpitations, restlessness and trances. Additionally, HPT can
eliminate adverse reactions and enhance the effect of resolving
phlegm and relieving cough. It is mainly used to treat chronic
bronchitis, coughs, phlegm and other diseases. Processing can
reduce the gastrointestinal motility disorder of RPT and enhance
its neuroprotective effect (Yang et al. 2011).

Recent pharmacological studies have suggested that PT and
its extracted fractions have significant effects regarding neuro-
protection (Wang et al. 2019), anti-amnesia (Zhang et al. 2008),
anti-depressant properties (Cao et al. 2018) and relieving the
symptoms of extreme fear in rats (Shin et al. 2018). The main
chemical components in PT include triterpenoid saponins, oligo-
saccharide esters and organic acids, of which oligosaccharide
esters and organic acids are beneficial for the central nervous
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system (Liu et al. 2015; Chen et al. 2016). Sibiricose A5 (A5),
sibiricose A6 (A6), 3,6'-disinapoyl sucrose (DSS) and tenuifoli-
side A (TFSA) are representative oligosaccharide esters in PT,
while 3,4,5-trimethoxycinnamic acid (TMCA) is a representative
organic acid, which showed anti-seizure (Chen et al. 2016), anti-
stroke (Li et al. 2017), anti-inflammatory (Kim et al. 2013), neu-
roprotective (Liu et al. 2015) and anti-depressant-like effects (Hu
et al. 2010). To date, several pharmacokinetic studies about the
active components of PT have been reported. For instance, it has
been reported that the pharmacokinetics and bioavailability of
three Polygala saponin hydrolysates were determined by a sensi-
tive LC-MS/MS method (Wang et al. 2015). Moreover, the
pharmacokinetics of TFSA, tenuifoliside C, polygalaxanthone III
and tenuifolin from PT extract in rat plasma were acquired using
LC-MS/MS (Lin et al. 2014b). Recently, our research group
established a UHPLC-MS/MS method for the simultaneous and
quantitative determination of A5, A6, DSS, TFSA, tenuifoliside
B, tenuifoliside C and TMCA in rat plasma (Xu et al. 2018b).
However, pharmacokinetic comparisons of the main active com-
ponents among raw and various processed products of PT have
not been reported. Additionally, the bioavailability studies
involving oligosaccharide esters and organic acids of PT are rare.

In this study, a highly specific, sensitive and rapid UHPLC-
MS/MS method was successfully applied to the pharmacokinetic
comparisons of A5, A6, DSS, TESA and TMCA in rat plasma
after oral administration of extracts from RPT, LPT and HPT for
the first time, as well as the absolute bioavailability of the five
compounds in rat plasma after oral and intravenous (i.v.) admin-
istration. It was expected that the study would provide a scien-
tific basis for the processing mechanism of PT and guide
reasonable clinical applications of processed PT.

Materials and methods
Chemicals and reagents

A5 and A6 were supplied by Chengdu Biopurify Phytochemicals
Co., Ltd. (Chengdu, China). The reference standard of TFSA was
supplied by Shanghai Yilin Biological Technology Co., Ltd.
(Shanghai, China). DSS and TMCA were obtained from
Chengdu Chroma Biotechnology Co., Ltd. (Chengdu, China).
The internal standard (IS, salicylic acid) was provided by
Shanghai Yuanye Biological Technology Co., Ltd. (Shanghai,
China). The purity of each reference standard was higher than
98%. HPLC-grade water was obtained using a Milli-Q water
purification system (Millipore, Billerica, MA). In addition, other
reagents, such as acetonitrile, methanol and ammonium acetate,
were all of HPLC grade and were supplied by Merck Co., Ltd.
(Darmstadt, Germany).

Animals

Adult Sprague-Dawley (SD) rats weighing 180-220g were
obtained from Pengyue Experimental Animal Centre (Jinan,
China). The study protocol was approved by the Committee on
Animal Care and Usage of Shandong University of Traditional
Chinese Medicine (ethical committee approval numbers:
SDUTCM20190304003, approval date (4 March 2019) and
SDUTCM20190409001, approval date (9 April 2019)). Animals
were kept in an environmentally controlled breeding room (tem-
perature: 25+ 2 °C, humidity: 60 +10%, 12h dark-light cycle) for
7 consecutive days. Despite fasting overnight prior to administra-
tion, water was provided ad libitum throughout the experiment.

Sample collection

All RPT samples (five batches of samples) were purchased from
Shandong Baiweitang Chinese Medicine Pieces Co., Ltd. in
October 2018 (Jinan, China) and were authenticated by Li Feng,
a professor at Shandong University of Traditional Chinese
Medicine (Jinan, China). Five batches of samples were collected
from Shandong and Shanxi provinces. Five voucher specimens
(Nos. SDCM-YZ2018121101, SDCM-YZ2018121102, SDCM-
YZ2018121103, SDCM-YZ2018121104 and SDCM-
YZ2018121105) were deposited at the Herbarium of Traditional
Chinese Medicine, School of Pharmacy, Shandong University of
Traditional Chinese Medicine. Each batch of samples was divided
into three groups: one group was RPT, and the other two groups
were used for the preparation of LPT and HPT.

LPT and HPT were prepared in the laboratory. The processing
procedure of LPT samples was as follows: the liquorice was boiled
twice in water for 0.5h each time. Then, the two filtrates were
combined and concentrated to 0.1 g of liquorice per 1 mL of decoc-
tion. Subsequently, 150¢g of PT was moistened for 1h with 90 mL
of liquorice decoction and 500 mL of water and subsequently boiled
for 5h until it absorbed the liquid decoction completely. Then, LPT
samples were dried under vacuum at 50 °C. The HPT samples were
obtained as follows: first, 150g of PT was mixed with 30g of
refined honey and a moderate amount of water and then moistened
for 1h and stir-heated until the PT was dark yellow.

Preparation of sample extracts

Raw and various processed products of PT were smashed into pow-
der (40 meshes). One hundred grams of powder from each sample
was accurately weighed and extracted by reflux three times with
50% ethanol of 10, 8 and 8 times the volume of the samples, each
time for 0.5h. The combined filtrate was concentrated and dried in
vacuum at 50°C. The five components in the raw and various
processed products of PT extracts were quantitatively determined
by HPLC as previously established by our team (Meng et al. 2015);
the chromatogram is illustrated in Supplementary Figure S1.

Acute toxicity study of extracts from raw and various
processed products of PT

A total of 160 SD rats were randomly divided into 16 groups (half
male and half female, n=10). All oral administration samples were
mixed with 0.5% CMC-Na (w/v). The test groups were subjected to
one-time intragastric administration of different doses of raw and
various processed products of PT extracts at the following dose
ranges: RPT was from 4.15 to 13.00 g/kg body weight, LPT and HPT
were from 7.99 to 25.00 g/kg body weight. Control rats were treated
with the vehicle alone (volume: 10mL/kg). Then, the rats were
observed for 14 days to record the mortality, body weight changes,
and signs of toxicity. The median lethal dose (LDs), 95% confidence
interval (CL) and probit-log (dose) equations were calculated by
SPSS analysis system (version 23.0, IBM Co., Ltd. Armonk, NY).

Chromatographic and UHPLC-MS/MS conditions

A Thermo Hypersil Gold C18 column (3.0 x 100 mm, id; 3 pm) was
used for chromatographic separation. An aqueous 10mM ammo-
nium acetate solution (A) and acetonitrile (B) were selected as the
mobile phase components. The optimal gradient program involved
the following steps: 5% B (0-1min), changing to 85% B (1-3.5min),
85% B (3.5-4.0min), changing to 5% B (4.0-4.1min) and 5% B
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(4.1-5.0 min). The flow rate was set to 0.4 mL/min, the autosampler
was maintained at 4°C and the injection volume was 5 pL.
UHPLC-MS/MS was conducted by an Applied Biosystems (AB)
Sciex Exion LC system (Foster City, CA) connected to a
6500+ triple quad tandem mass spectrometer with an electrospray
ionization source. All detection and quantifications were carried out
in positive multiple reaction monitoring (MRM) mode. The opti-
mized parameters were programmed as follows: ion source tempera-
ture, 500 °C; curtain gas pressure, 30 kPa; ion source gas 1 pressure,
55kPa; ion source gas 2 pressure, 55kPa; and ion spray voltage,
—3500V. The chemical structures and ion mass spectra of targeted
compounds are shown in Figure 1. The precursor ion and product
ion were m/z 517.1 — 174.9 for A5, m/z 547.0 — 204.9 for A6, m/
z 7532 — 205.2 for DSS, m/z 681.3 — 443.3 for TFSA, m/z 236.8
— 103.2 for TMCA and m/z 1369 — 92.9 for IS. All data were
acquired by using AB Sciex Analyst software (version 1.6.3).

Preparation of standard solutions, calibration solutions and
quality control samples

Stock standards of A5, A6, DSS, TFSA, TMCA and IS were pre-
pared in methanol at a concentration of 1mg/mL. A series of
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working standard solutions of the targeted compounds ranging
from 10 to 20,000 ng/mL and the IS solution at 600 ng/mL were
prepared by diluting the stock solutions with methanol and main-
tained at —20°C. Calibration standards were freshly prepared by
spiking the series of standard solutions (30 pL) including the IS
into blank rat plasma (270 uL) to achieve concentrations of 1, 10,
50, 100, 500, 1000, 1600 and 2000 ng/mL. Quality control (QC)
samples were prepared independently at low (2ng/mL), medium
(600 ng/mL) and high (1600 ng/mL) concentrations following the
same method for the five compounds.

Plasma sample preparation

After thawing the frozen blood samples at room temperature, a
100 uL aliquot of plasma was spiked with 50 uL of the IS work-
ing solution in 2mL EP tubes, and 750 uL of methanol was
added into each of the tubes. Then, these tubes were mixed on a
multi-tube Vortexer for 0.5min before centrifugation at
11,800x g for 10 min. Finally, 200 uL of the obtained supernatant
was transferred to a fresh autosampler vial, and then 5 pL of the
sample was injected for analysis.

204.9 .
4.0e4 4 A6
Ho OH o
w» 3.0e4: k{z/o"
o é
o H A
=
% 20e4- O"/;;P“"
b4 H
)
s
e . 190.p 2555 i i
367 179.2 831 240.7 425.0 547.0.
0.0
50 100 150 200 250 3200 350 400 450 500 550
m/z, Da
2.4e4 = 433 TFSA
1371
2.0e4 4
a
o 1.5e4 4
=
z
3 1.0e4 1
£
5000.0 1
0.0
100 200 200 400 500 €00
m/z, Da
929
5.0e6 IS
4.0e8 4
w
oy H
2 H
2 2.0e6 4
£
1.0e6 128.9.,
84.9
0.0t : . : : - : . : A.
50 €0 70 80 90 100 110 120 1230 140
miz, Da

Figure 1. Chemical structures and positive product ion mass spectra of the five analytes and IS.



972 (&) X.ZHAO ET AL.

Method validation

The UHPLC-MS/MS method validation was performed in
accordance with an internal standard operation procedure based
on the US Food and Drug Administration (FDA) guidelines (US
Food and Drug Administration 2013). The validation parameters,
including the selectivity, linearity, lowest limit of quantification
(LLOQ), accuracy, precision, extraction recovery, matrix effect
and storage stability, were measured accordingly.

Pharmacokinetic study

Pharmacokinetic study on five components of extracts from
raw and various processed products of PT

Male SD rats were randomly divided into four groups (n=6 in
each group), including the RPT group, LPT group, HPT group
and control group. All oral administration samples were mixed
with 0.5% CMC-Na (w/v) and then given to rats at a dose
equivalent to 1.9g/kg of RPT extract. The control group was
orally treatment with equal volume of 0.5% CMC-Na solution.
After a single administration, all blood samples were collected
from the orbital vein into heparinized centrifuge tubes before
administration (0h) and at 0.083, 0.17, 0.25, 0.5, 0.75, 1, 1.5, 2,
3, 5, 8 and 12h after administration and then centrifuged at 4°C
and 11,800xg for 10min. The separated supernatant samples
were preserved at —80 °C until they were measured.

Bioavailability of five compounds of PT in rat plasma

The SD rats were randomly divided into oral and i.v. groups for
A5, A6, DSS, TFSA and TMCA administration (=6 in each
group). The oral doses of A5, A6, DSS, TFSA and TMCA groups
were 7.40, 11.60, 16.00, 50.00 and 3.11 mg/kg, respectively, and
the corresponding i.v. doses were 0.74, 1.16, 1.60, 5.00 and
0.31 mg/kg, respectively. Blood samples were collected from the
suborbital vein into heparinized tubes before and 0, 0.083, 0.17,
0.25, 0.5, 1, 2, 3, 5 and 8h after administration. The treatment
method of blood samples was the same as that mentioned above.

Pharmacokinetic data analysis

The elementary pharmacokinetic parameters of plasma samples
were analyzed by DAS 2.0 pharmacokinetic software. One-way
analysis of variance (ANOVA) was used for statistical comparison
for pharmacokinetic and interaction studies. A p-value < 0.05
indicated a significant difference. The main parameters considered
were as follows: AUC,_., (the area under the blood concentration-
time curve from zero to infinity initial plasma concentration),
MRT (the mean residence time), C.. (peak plasma concentra-
tion) and Ty, (time to reach C,,,, for oral dose), t;/, (elimination
half-life) (He et al. 2015). The absolute bioavailability (F) was eval-
uated as follows:

F(%) = (AUCora X Dose;y.)/(AUC;y. X Dosegrl) X 100%

Results
Determination of sample content

The contents of five components in the raw and various proc-
essed products of PT extracts are summarized in Table 1.
Compared with the RPT, the average contents of A5, A6, DSS
and TFSA in the various processed products of PT decreased to
different degrees, while the average content of TMCA in LPT
was significantly increased, and the average content of TMCA in
HPT was almost unchanged.

Acute toxicity of oral extracts from raw and various
processed products of PT

Acute toxicity test was conducted to preliminarily evaluate the
safety of extracts from raw and various processed products of
PT. The death in the acute toxicity test is reported in Table 2.
There was no obvious intoxication reaction when rats were
treated with extracts from raw and various processed products of
PT at low dose. However, oral administration of high dose oral
administration samples led to different toxic symptoms in rats,
such as flatulence, gastric enlargement, thinning and necrosis of
intestinal wall, edoema and haemolysis in the second half of
small intestine and other symptoms. In addition, compared with
the negative control group, the body weight of each dose group
reduced. On the 15th day after administration, the morphology
of other major organs in rats showed no obvious abnormality.
Based on the Bliss method, the LDsy of RPT, LPT and HPT was
7.79 g/kg (CL: 5.11-9.38 g/kg), 14.55g/kg (CL: 8.03-18.21 g/kg)
and 15.99g/kg (CL: 10.74-20.23 g/kg), respectively. The LDs,
regression equation of RPT, LPT and HPT for oral administra-
tion was y = —7.695+ 8.632 x log (d), y = —8.904 + 7.658 x log
(d) and y = —8.035+ 6.675 X log (d), respectively.

Methods validation result

Selectivity

Representative chromatograms of blank plasma, blank plasma
spiked with five reference compounds at the LLOQs, and
rat plasma obtained 15min after oral administration are dis-
played in Figure 2. Under the optimized conditions, A5, A6,
TMCA, DSS and TFSA eluted at 2.65, 2.68, 2.76, 2.97 and
3.07 min, respectively. No interference from endogenous sub-
stances in the plasma was observed at the retention time of
each analyte.

Table 1. Contents of the five components in the raw and various processed
products of PT extracts (mg/g; mean +SD, n=05).

Analytes RPT LPT HPT

A5 1.71£0.011 1.27 +0.009 1.43+0.010
A6 0.94 +0.006 0.89+0.008 0.87 £0.009
DSS 4.37+0.017 3.37+0.014 4.28+0.015
TFSA 2.07+0.013 1.89+0.010 1.99+£0.011
TMCA 0.07 +0.003 0.58 +0.004 0.07 £0.006

Table 2. The death by a single oral administration of raw and various proc-
essed products of PT extracts on SD rats in acute toxicity test (n=10).

Group Dose (g/kg) Death LDsq (9/kg) 95% CL (g/kg)
Control 0 0/10 0 0
RPT 13.00 10/10 7.79 5.11-9.38
9.77 7/10
7.35 5/10
5.53 1/10
415 0/10
LPT 25.00 10/10 14.55 8.03-18.21
18.80 7/10
14.13 5/10
10.63 2/10
7.99 0/10
HPT 25.00 9/10 15.99 10.74-20.23
18.80 6/10
14.13 5/10
10.63 1/10
7.99 0/10
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Figure 2. Representative MRM chromatograms of the five analytes in rat plasma: blank plasma (A); blank samples spiked with the five analytes at LLOQs (B); plasma

sample obtained 15 min after oral administration (C).

Linearity and lower limit of quantification

Linearity was expressed by plotting the peak-area ratio of
each compound/IS versus the concentration (y was used to
express the peak-area ratio of each analyte to that of the IS, and
x was used to represent the plasma concentration of each ana-
lyte). The calibration curves were fitted by a weighed least
squares linear regression (1/x*) method. The method possessed
good linearity for the five compounds over concentrations rang-
ing from 1 to 2000ng/mL with a high correlation coefficient
(r>0.994). All acquired values are described in Supplementary
Table S1. The LLOQs for the five compounds were lower than

1 ng/mL, which would contribute to obtaining accurate pharma-
cokinetic parameters in rat plasma.

Accuracy and precision

The results on a single day (intra-day) and three consecutive
days (inter-day) were utilised to determine the precision and
accuracy analysis of three concentration levels of QC samples,
which are listed in Supplementary Table S2. The accuracy and
precision were calculated as the relative error (RE, %) and rela-
tive standard deviation (RSD, %), respectively. All data indicated
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Figure 3. Mean concentration-time profiles of five analytes in rat plasma after oral administration of the extracts from raw and processed products of PT. Insets
describe initial 2 h profiles for the five analytes. Each point represents the mean = SD of six determinations.

Table 3. Pharmacokinetic parameters of the five components in rat plasma after oral administration of extracts from raw and various processed products of PT

(mean£SD, n=6).

Group Analytes AUCo.¢ (ng h/mL) AUCo.o, (ng h/mL) MRT,., (h) tr (h) Tonax () Conax (NG/mL)
RPT A5 43318+ 65.48 437.13+71.54 263+0.14 149026 2.60+0.71 191.10£109.10
A6 314.55+62.73 325.06+56.16 2.83£0.48 1.86+0.97 2.80£0.45 94.58 + 26.95
DSS 10030+ 62.44 102.48 +60.78 245+0.79 263+1.07 0.80+0.89 74.78 +46.60
TFSA 289.45 +134.21 298.77 £142.23 2.83+0.38 526+2.20 0.72£061 132.08 + 88.42
TMCA 91.66+29.15 131.86 £ 33.41 4374053 6.93+2.96 0.13£0.05 387541378
LPT A5 680.40 + 89.21° 689.70+81.13° 332£0.05° 220£031° 2.00£0.61 17324 28.50
A6 545.76 +123.16° 559.88.+131.61° 3.61+057° 2674093 265+1.73 135.92 + 28.06°
DSS 232.00 + 66.08° 233.88+67.24° 3.13+£1.04 1.53+0.34 230+2.04 74,08 +30.21
TFSA 284.15+ 184.89 297.18+193.52 2.92+0.58 4924348 1.56+1.20 107.15£47.67
TMCA 134.65+ 3335 172.85 £ 40.39 3.56+£0.25° 6.82+1.82 0.10£0.04 80.65+11.07°
HPT A5 552.02+31.10° 553.32+47.08° 264+0.18 1.23+021 2.00 £0.00° 168.52+16.15
A6 570.06 + 178.93° 572.06 +178.99° 321£0.78 143+0.12 320+1.64 183.48 +30.78°
DSS 197.58 £ 57.37° 19834 £59.21° 1544029 1.23+030° 0.17 £0.00 116.19 + 14.49
TFSA 279.46 +120.03 281.26+126.1 3.06£0.57 1.28+0.86 329+1.13 98.41 +£38.24
TMCA 123.95+41.30 183.54+137.31 4.19+091 373+234 0.07 £0.02 63.17 +14.24°

“Indicated p < 0.05 as compared with the RPT group.



that the intra- and inter-day accuracies were within acceptable
limits of —4.6 to 5.3% and —7.1 to 6.8%, respectively, at all
tested concentrations, and the corresponding precisions ranged
from 2.5 to 6.9% and 0.9 to 7.4%, respectively. All the obtained
values were within acceptable criteria (£15%), indicating that the
established method had high accuracy and precision.
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Extraction recovery and matrix effect

The extraction recovery was measured by comparing the peak
area of each analyte in pre-extraction samples with those in
post-extraction spiked samples. The matrix effect was evaluated
by comparing the peak area of each analyte in spiked plasma
samples against those of the corresponding reference standard
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Figure 4. Mean concentration—time profiles of five compounds in rat plasma after oral and intravenous administration. Each point represents the mean+SD of six

determinations.
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Table 4. Pharmacokinetic parameters of the five compounds after oral and intravenous administration in rat plasma (mean +SD, n=6).

Oral administration

L.v. administration

A5 A6 DSS TFSA TMCA A5 A6 DSS TFSA TMCA
Dose (mg/kg) 7.40 11.60 16.00 50.00 3.1 0.74 1.16 1.60 5.00 0.31
AUCo. (ng h/mL) 88.71+14.84 102.28+27.79 40.17+17.12 96.18+4239 968.46+58.41 272.56+4230 347.01+£116.27 170.11+£19.35 818.97+£59.15  224.91+60.89
AUCy. (ng h/mL)  88.85+14.82 10234+27.86 4580+21.31 96.19+4239 971.31+59.80 27257+4231 347.02+11627 171.20£1934 818.99+59.17  226.50+61.21
MRTo., (h) 1.50£0.19 1.44+0.08 1.10+£0.91 1.20£0.13 0.68 +0.03 0.25+0.02 0.36 +0.09 0.46+0.21 0.69+0.05 0.25+0.06
ti2 (h) 1.27 £0.55 0.62+0.16 1.01+045 0.92+0.21 0.65+0.02 1.22+0.07 0.59+0.10 0.98+0.27 0.49+0.06 0.62+0.13
Tmax (h) 0.25+0.00 0.50+0.00 0.17+£0.00  0.19+0.04 0.25+0.00 - - - - -
Cmax (ng/mL) 68.18+17.04 57.46+19.00 70.16%27.02 93.96+38.13 1108.20+90.51 1320.40+100.93 1397.40+289.61 1092.60+183.47 1877.80+68.24 1472.60+238.18
AUC*4; (ng h/mL)®  11.99+2.01 8.82+2.40 251+1.07 192+0.85 311.40+18.78 36832+57.16  299.15+100.23  10632+12.09 163.79+11.83 725.52+196.42
AUC*y o (ng h/mL)® 12014200  8.82+2.40 2.86+1.33 192+£0.85 31232+19.23 36834+57.18 299.16+100.23 107.00+12.09 163.80+11.83 730.65+197.45
C* nax (ng/mL)° 9.21+230 4.95+1.64 4.39+1.69 1.88+£0.76  356.33£29.10 1784.32+136.39 1204.66+249.66 682.88+120.92 375.56+13.65 4750.32+768.32
F (% of dose) 325 295 2.36 117 4291

Alndicated dose-normalized value.

solutions. The extraction recovery and matrix effect of each ana-
lyte were determined at three QC levels with six replicates. The
relevant data are summarized in Supplementary Table S3. The
extraction recoveries of the five analytes were within the range of
85.2-103.4%, and the RSDs were no more than 6.9%, while the
matrix effects were within 85.5-103.3%, and the RSDs were less
than 7.2%, which indicated that methanol was an ideal precipita-
tion agent and that there was no significant matrix effect in the
analytical method.

Stability

Stability studies included short-term stability (5h at room tem-
perature, ie. 25°C), freeze-thaw stability (three consecutive
freeze-thaw cycles from —20°C to room temperature), autosam-
pler stability (24h storage in the autosampler at 4°C) and long-
term stability (4 weeks storage at —80°C). The stability data of
all analytes are presented in Supplementary Table S4. The
obtained results demonstrated that the developed method had
good stability for routine analysis.

Application to a pharmacokinetic analysis

The UHPLC-MS/MS method was sensitive enough to analyze
A5, A6, DSS, TFSA and TMCA in rat plasma after a single
administration. The mean concentration-time profiles of five
components in rat plasma after oral administration of extracts
from raw and various processed products of PT are described in
Figure 3, and the pharmacokinetic parameters are displayed in
Table 3.

Double peaks were observed from the curves of A5, A6 and
TFSA in the RPT, LPT, and HPT groups, and additional peaks
were detected from the curves of DSS in the RPT, and
LPT groups (see Figure 3). Compared with the RPT group, the
AUC,; values of A5, A6 and DSS, along with the C,,,; value of
A6, were obviously elevated (p <0.05) in the LPT group and
HPT group (Table 3). In addition, compared with the RPT
group, the AUCy, and C,,,, values of TFSA were also decreased,
while the C,,, values of TMCA were remarkably increased
(p<0.05) in the other two processed products of PT groups.
Moreover, the MRT values of A5 and A6, along with the t;,,
value of A5, were still remarkably improved (p<0.05) in the
LPT group compared to those of the RPT group. Additionally,
the MRT and t;,, values of DSS were significantly elevated
(p<0.05) in the HPT group compared with those in the
RPT group.

The mean concentration-time profiles of five compounds fol-
lowing oral and i.v. administration are depicted in Figure 4, and

the pharmacokinetic parameters are summarized in Table 4. The
absolute bioavailability of A5, A6, DSS, TFSA and TMCA was
3.25, 2.95, 2.36, 1.17 and 42.91%, respectively. The #;,, values of
A5 were prolonged compared with those of A6 after oral and i.v.
administration, which indicated that the elimination of A5 was
slower than that of A6. Moreover, A5 showed a higher AUCY,.,
(® indicated dose-normalized value) and C*,.. than A6.
Comparing the pharmacokinetic parameters of DSS with those
of A6, we found that the AUC%,, values of A6 were approxi-
mately three times larger than those of DSS after both routes of
administration, with a higher absolute bioavailability of 2.95%,
despite its relatively lower absorbed ratio. Notably, the TFSA was
rapidly absorbed and reached its peak plasma concentration
approximately 0.19h after oral administration, with a bioavail-
ability of 1.17%. However, the AUCAO,t and C* max Values of
TMCA were much larger than those of TFSA after oral and i.v.
administration, with a higher absolute bioavailability of 42.91%.

Discussion

In our preliminary experiments, the oral lethal potency of
extracts from raw and various processed products of PT was
RPT >LPT > HPT and their main toxic target organs were the
stomach and small intestine. The acute toxicity test results indi-
cated that processing technology could reduce the toxicity of
RPT and improve its safety. Meanwhile, the results showed that
the doses given to rats in the pharmacokinetic study are safe.

The double peak phenomenon of A5, A6, DSS and TFSA has
been reported in previous studies (Lin et al. 2014a, 2014b; Meng
et al. 2015). It is speculated that this may be ascribed to presyste-
mic metabolism, gastrointestinal ‘absorption’ window, entero-
hepatic circulation, gastric emptying changes and drug-drug
interactions (Zhou 2003; Zhang et al. 2007). In addition, our
team reported that DSS could be hydrolyzed to the secondary
glycoside A6, and TFSA could be hydrolyzed to the small
organic acid TMCA under processing conditions (Qu et al. 2018;
Xu et al. 2018a). Therefore, we concluded that during the proc-
essing of PT, oligosaccharide esters were hydrolyzed into second-
ary glycosides or aglycones in vivo, which may be the other
reason for the double peak phenomenon.

Combining the changes in AUC,; and C,,x values with the
contents of target components in the RPT and various processed
PT products, we found that these parameters did not change
proportionally. After processing, the contents of A5, A6 and DSS
in PT decreased to different degrees, whereas the AUC,_, or Cpax
values were significantly increased in the LPT group and HPT
group, indicating that liquorice boiling and honey stir-baking
could enhance the bioavailability of A5, A6 and DSS in PT.
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Additionally, the content of TFSA in PT decreased during proc-
essing, but the two processing methods had no significant effect
on the absorption of TFSA in vivo. It is worth noting that the
content of TMCA in RPT was the lowest, while it was mostly
increased in the processed PT products, and the absorption
in vivo was better in these products than in RPT. The results
demonstrated that processing technology could promote the bio-
availability of TMCA.

As far as we know, the absorption degree of oral drugs in ani-
mals is closely related to their molecular weight, molecular spa-
tial structure and polarity. The molecular weights of A5, A6,
DSS, TFSA, TMCA, and IS are 518.47, 548.49, 754.68, 682.23,
238.24 and 138.12amu, respectively. As shown in Figure 1, the
molecular structures of A5 and A6 are similar, and TMCA is the
hydrolysate of TESA. The t),, AUCAO,t and CAmax of A5 were
larger than those of A6, indicating that the molecular weight
might have an important impact on their pharmacokinetic
parameters. The absolute bioavailability of TMCA was higher
than that of TFSA, which clearly showed that the transformation
of the proglucoside to its aglycone form would be conducive to
increasing absorption in vivo.

In summary, we conclude that the synergistic mechanism of
processing PT might be related to some components in liquorice
and honey that could promote the absorption of certain oligosac-
charide esters and organic acids, such as A5, A6, DSS and
TMCA, and the hydrolysis of the oligosaccharide esters into
aglycones is beneficial for their absorption by the body. In the
future, our team will conduct further verification in combination
with pharmacodynamic experiments.

Conclusions

A fast, accurate, and precise UHPLC-MS/MS method was suc-
cessfully applied to compare the pharmacokinetic characteristics
of A5, A6, DSS, TFSA and TMCA in rats after oral administra-
tion of extracts from raw and various processed products of PT,
as well as to study the absolute bioavailability differences
between the five compounds. This study showed that liquorice
boiling and honey stir-baking could enhance the bioavailability
of A5, A6 and DSS in PT. It also revealed that the absolute bio-
availability of TFSA was significantly lower than that of its agly-
cone TMCA. This pharmacokinetic study might provide a
scientific basis for the clinical application and processing mech-
anism of processed products of PT.

Disclosure statement

The authors report no conflict of interest.

Funding

This work was supported by the National Key Research and
Development Program of China [Grant No. 2018YFC1707204] and
the National Natural Science Foundation of China [Grant No.
81573606, No. 81973486, No. 81373968]. This work was assisted by
the Shandong Institute for Food and Drug Control (Jinan
250101, China).

ORCID

Xuelan Zhang () http://orcid.org/0000-0002-1560-1533

PHARMACEUTICAL BIOLOGY @ 977

References

Cao C, Xiao J, Liu M, Ge Z, Huang R, Qi M, Zhu H, Zhu Y, Duan JA. 2018.
Active components, derived from Kai-xin-san, a herbal formula, increase
the expressions of neurotrophic factor NGF and BDNF on mouse astro-
cyte primary cultures via cAMP-dependent signaling pathway. ]
Ethnopharmacol. 224:554-562.

Chen CY, Wei XD, Chen CR. 2016. 3,4,5-Trimethoxycinnamic acid, one of
the constituents of Polygalae Radix exerts anti-seizure effects by modulat-
ing GABAAergic systems in mice. ] Pharmacol Sci. 131(1):1-5.

Chinese Drug Administration. 1988. National Regulations for processing of
traditional Chinese medicine. Beijing: People’s Medical Publishing House.

Chinese Pharmacopoeia Commission. 2015. Chinese pharmacopoeia, Vol. 1.
Beijing: Medical Science Press.

He C, Li J, Xu N, Wang R, Li Z, Yang L, Wang Z. 2015. Pharmacokinetics,
bioavailability, and metabolism of notoginsenoside Fc in rats by liquid
chromatography/electrospray ionization tandem mass spectrometry. J
Pharm Biomed Anal. 109:150-157.

Hu Y, Liao HB, Dai-Hong G, Liu P, Wang YY, Rahman K. 2010.
Antidepressant-like effects of 3,6’-disinapoyl sucrose on hippocampal
neuronal plasticity and neurotrophic signal pathway in chronically mild
stressed rats. Neurochem Int. 56(3):461-465.

Kim KS, Lee DS, Bae GS, Park S, Kang DG, Lee HS, Oh H, Kim YC. 2013.
The inhibition of JNK MAPK and NF-«B signaling by tenuifoliside A iso-
lated from Polygala tenuifolia in lipopolysaccharide-induced macrophages
is associated with its anti-inflammatory effect. Eur J Pharmacol. 721(1-3):
267-276.

Leem YH, Oh S. 2015. 3,4,5-Trimethoxycinnamin acid ameliorates restraint
stress-induced anxiety and depression. Neurosci Lett. 585:54-59.

Li C, Yang J, Yu S, Chen N, Xue W, Hu J, Zhang D. 2008. Triterpenoid sap-
onins with neuroprotective effects from the roots of Polygala tenuifolia.
Planta Med. 74(2):133-141.

Li S, Liu S, Liu Z, Liu C, Song F, Pi Z. 2017. Bioactivity screening, extraction,
and separation of lactate dehydrogenase inhibitors from Polygala tenuifolia
Willd. based on a hyphenated strategy. ] Sep Sci. 40(6):1385-1395.

Lin L, Yan L, Zhang H, Li X, Zhang J, Dou H, Shen M, Yin X, Qu C, Ni J.
2014a. Simultaneous analysis of Polygala acid, senegenin and 3,6'-disina-
poylsucrose in rat plasma by liquid chromatography-tandem mass spec-
trometry: application to a pharmacokinetic study after oral administration.
Biomed Chromatogr. 28(5):594-600.

Lin L, Yin X, Lin H, Li X, Cao S, Qu C, Ni J. 2014b. Simultaneous determin-
ation and pharmacokinetic study of polygalaxanthone III, tenuifolin, ten-
uifoliside A and tenuifoliside C in rat plasma by LC-MS/MS after oral
administration. Anal Methods. 6(16):6424-6431.

Liu X, Wang X, Lu J. 2015. Tenuifoliside A promotes neurite outgrowth in
PC12 cells via the PI3K/AKT and MEK/ERK/CREB signaling pathways.
Mol Med Rep. 12(5):7637-7642.

Meng Y, Zhang XL, Tang YQ, Li HF. 2015. Variation of five oligosaccharide
esters in Polygalae Radix before and after processing. Chin J Exp Trad
Med Formul. 21:10-13.

Qu CC, Wu P, Zhang XL, Long Y, Xu BX, Diao JW, Xi YY. 2018.
Transformation mechanism of oligosaccharides and saponins of prepared
polygalae radix by HPLC-TOF/MS. Chin Trad Patent Med. 41:576-580.

Shin JY, Shin JW, Ha SK, Kim Y, Swanberg KM, Lee S, Kim TW, Maeng S.
2018. Radix Polygalae extract attenuates PTSD-like symptoms in a mouse
model of single prolonged stress and conditioned fear possibly by revers-
ing BAG1. Exp Neurobiol. 27(3):200-209.

US Food and Drug Administration. 2013. Guidance for industry, bioanalyti-
cal method validation. Centre for Drug Evaluation and Research.

Wang L, Jin GF, Yu HH, Lu XH, Zou ZH, Liang JQ, Yang H. 2019.
Protective effects of tenuifolin isolated from Polygala tenuifolia Willd.
roots on neuronal apoptosis and learning and memory deficits in mice
with Alzheimer’s disease. Food Funct. 10(11):7453-7460.

Wang Q, Xiao BX, Pan RL, Liu XM, Liao YH, Feng L, Cao FR, Chang Q.
2015. An LC-MS/MS method for simultaneous determination of three
Polygala saponin hydrolysates in rat plasma and its application to a phar-
macokinetic study. ] Ethnopharmacol. 169:401-406.

Xu B, Diao ], Zhang X, Long Y, Wu P, Luan R, Xi Y, Qu C. 2018a.
Transformation mechanism of six oligosaccharides in simulated processing
of Polygala tenuifolia. Chin Trad Patent Med. 40:1790-1794.

Xu B, Qu C, Zheng W, Xi Y, Zhao X, Li H, Liu J, Zhang X. 2018b. UHPLC-
MS/MS method for simultaneous determination of Radix Polygalae glyco-
lipids and organic acids in rat plasma and application in a pharmacoki-
netic study. ] Chromatogr B Analyt Technol Biomed Life Sci. 1100-1101:
165-173.



978 (&) X.ZHAO ET AL.

Yang WF, Wang J, Liu LN, Xiao W. 2011. Study of cajal interstitial cells in
stomach and small intestine of rats with crude, honey-stir-baked radix
polygalae and its saponins. ] Chin Med Mate. 34:33-16.

Yao Y, Jia M, Wu JG, Zhang H, Sun LN, Chen WS, Rahman K. 2010.
Anxiolytic and sedative-hypnotic activities of polygalasaponins from
Polygala tenuifolia in mice. Pharm Biol. 48(7):801-807.

Zhang H, Han T, Zhang L, Yu CH, Wan DG, Rahman K, Qin LP, Peng C.
2008. Effects of tenuifolin extracted from radix Polygalae on learning and

memory: a behavioral and biochemical study on aged and amnesic mice.
Phytomedicine. 15(8):587-594.

Zhang X, Zhang D, Xu J, Gu J, Zhao Y. 2007. Determination of 25-OH-PPD
in rat plasma by high-performance liquid chromatography-mass spectrom-
etry and its application in rat pharmacokinetic studies. ] Chromatogr B
Analyt Technol Biomed Life Sci. 858(1-2):65-70.

Zhou H. 2003. Pharmacokinetic strategies in deciphering atypical drug
absorption profiles. J Clin Pharmacol. 43(3):211-227.



	Abstract
	Introduction
	Materials and methods
	Chemicals and reagents
	Animals
	Sample collection
	Preparation of sample extracts
	Acute toxicity study of extracts from raw and various processed products of PT
	Chromatographic and UHPLC-MS/MS conditions
	Preparation of standard solutions, calibration solutions and quality control samples
	Plasma sample preparation
	Method validation
	Pharmacokinetic study
	Pharmacokinetic study on five components of extracts from raw and various processed products of PT
	Bioavailability of five compounds of PT in rat plasma
	Pharmacokinetic data analysis


	Results
	Determination of sample content
	Acute toxicity of oral extracts from raw and various processed products of PT
	Methods validation result
	Selectivity

	Linearity and lower limit of quantification
	Accuracy and precision
	Extraction recovery and matrix effect
	Stability
	Application to a pharmacokinetic analysis

	Discussion
	Conclusions
	Disclosure statement
	Funding
	Orcid
	References


