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General Introduction

Peony root (PR), called “Shakuyaku” in Japanese, is prescribed as the root of
Paeonia lactiflora Pallas with no less than 2.0% of paeoniflorin in Japanese
Pharmacopeia (JP) [The Ministry of Health, Labour and Welfare, 2011]. As an
analgesic, antispasmodic, astringent etc., PR has been widely used in approximately
one-third of generally-used Kampo formulas in Japan [Namba, 1993], such as
Kakkonto (&1R5), Tokishakuyakusan (*4J7~j3£#), Keishibukuryogan (FEAZIRZS
1), etc. PR available in Japanese market is mainly imported from China and only a
small part is produced domestically, for instance, in 2012, 1,407 tons of PR was

imported and 81 tons was domestically-produced [http://www.nikkankyo.org]. In

China, there are two kinds of PR, white peony root (WPR) and red peony root (RPR)
which are used for different therapeutic purposes: WPR has been used for treatment of
spasm, abdominal pain, blood deficiency, dizziness, etc.; whereas RPR has been used
for treatment of blood stasis, gynecological and cardiovascular diseases, etc. [Jiangsu
New Medical College, 1977; Li Shizhen, 1977]. In Chinese Pharmacopeia (CP), WPR
is prescribed as the dried root of P. lactiflora which has been boiled and peeled before
drying, while RPR is prescribed as the dried root of P. lactiflora or P. veitchii Lynch
[The State Pharmacopeia Commission of China, 2010]. However, most of RPR are
derived from P. lactiflora, the same botanical origin as WPR. We have previously
demonstrated that P. lactiflora derived WPR and RPR are genetically and chemically
different [Zhu et al., 2015]. WPR available in Chinese market and the imported PR in
Japanese market are both derived from cultivated P. lactiflora produced in southern
part of China such as Anhui, Zhejiang and Sichuan provinces, except for different
processing methods. RPR derived from wild P. lactiflora is produced in northern part

of China such as Inner Mongolia autonomous region, Liaoning and Heilongjiang
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provinces, which has been occasionally used in Japan.

In the course of our studies to search for new resources of peony root and further
to promote domestic production in Japan, more than 80 horticultural cultivars of P.
lactiflora, harvested from Toyama Prefectural Medicinal Plants Center in Japan, have
been genetically analyzed on the basis of nuclear DNA ITS sequence and chemically
characterized on the basis of contents of 6 main components such as paeoniflorin,
albiflorin, (+)-catechin, 1,2,3,4,6-penta-O-galloyl-B-D-glucose (PGG), gallic acid and
paeonol [Yu et al., 2013; Zhu et al., 2013]. Several horticultural cultivars of RPR- and
WPR-types of P. lactiflora were selected as promising candidates which have
potential as medicinal resources of PR. The bioactive evaluation of such candidates is
required.

According to bioactive screening data of crude drugs in the *“Traditional

Medicinal & Pharmaceutical Database” [http://dentomed.u-toyama.ac.jp/en/], RPR

derived from P. lactiflora was found to have higher anti-allergic activity as inhibitory
effect against immunoglobulin E (IgE)-mediated degranulation in rat basophil
leukemia (RBL)-2H3 cells than WPR. However, to date the bioactive constituents
responsible for the anti-allergic activity of RPR remain unclear. Recently, the
anti-allergic activity of PR and the formulas containing PR has attracted much
attention [Lee et al., 2008; Kageyama-Yahara et al., 2010]. Kampo formula of
Kakkonto (%=4R#%5) and PR could prevent the development of allergic diarrhea in
food-allergy mouse model, and one component of PGG had been revealed to suppress
the surface expression of up-regulated IgE receptor (FceRI) on mast cells derived
from the food-allergy mouse colon [Kageyama-Yahara et al., 2010]. Lee et al. [2008]
reported that 80% ethanol extract of the root of P. lactiflora and its constituents
paeoniflorin and paeonol exhibited potent inhibitory effects against passive
coetaneous anaphylaxis reaction induced by IgE-antigen complex and scratching
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behaviors induced by compound 48/80. Murakami et al. [1996] reported that
1-O-(B-D-glucopyranosyl)-Paeonisuffrone isolated from P. lactiflora was found to
inhibit histamine release from rat peritoneal exudates cell-induced antigen-antibody
reaction.

Allergic reactions, mainly classified into four types, are the result of normally
beneficial immune responses acting inappropriately, and sometimes cause
inflammatory reactions and tissue damage [Rotti et al., 1988]. The prevalence and
severity of allergic disease has increased dramatically during the past decades around
the world, approximately 20% of the population have been affected in the developed
countries [Li et al., 2008]. Type | allergic reactions are known to be triggered by
binding of antigen (e.g. allergen) to specific IgE antibody which has been produced
after initial stimulation with the antigen, and then the signal sensitizes mast cells and
basophils via high-affinity FceRI, which results in degranulation and the release of
bioactive mediators such as histamine, p-hexosaminidase, arachidonic acid
metabolites (Fig. 1) in the early-phase response [Turner et al., 1999; Siraganian et al.,

2003; Galli et al., 2005; Ellmeier et al., 2011; Holowka et al., 2012].

000 0 Substances with
* oqe0,’ anti-allergic activity
0 %
WO X
0,0

Degranulation

Fig. 1 Graphic scheme of IgE-mediated degranulation in mast cells or basophils

Nowadays, although several therapeutic approaches such as allergen-specific



immunotherapy, DNA vaccination, antihistamine drugs and steroid treatment have
been used in allergic diseases, they produced undesirable side effects. Therefore,
natural products as anti-allergic drug candidates with less cytotoxicity and adverse
effects attracted much attention. B-hexosaminidase is considered as a degranulation
marker, and inhibition of B-hexosaminidase release in RBL-2H3 cells that are
physiologically very similar to mast cell but are a much more stable cell line in tissue
culture, has been widely employed as an in vitro model of IgE-mediated degranulation
for screening candidates with anti-allergic drugs from natural resources. Ginsenosides
from Panax ginseng C.A. Meyer [Choo et al., 2003], xanthones from the pericarp of
Garcinia mangostana L. [Itoh et al., 2008], flavonoids from Fragaria ananassa Duch
and the peels of Japanese persimmon [Itoh et al., 2011], neoligans from the needles of
Pinus thunbergii Parl. [Hong et al., 2014], sinomenine from Sinomenium acutum
Rehder et Wilson [Huang et al., 2015], have been reported to have inhibitory effects
against IgE-mediated degranulation in RBL-2H3 cells.

Previous phytochemical investigations on Paeonia species revealed a series of
compounds including monoterpenoids, flavonoids, tannins, phenols and paeonols, etc.
[Wu et al., 2010]. Monoterpenoids with “cage-like” pinane skeleton are considered as
the representative and main bioactive constituents in peony root. Until now, more than
60 monoterpenoids have been isolated and identified from various Paeonia species
[Shimizu et al., 1981; Yoshikawa et al., 1993; Liu et al., 2000; Wu et al., 2010; Shi et
al., 2016]. Of the monoterpenoids obtained from P. lactiflora, diverse
pharmacological effects have been reported, such as paeoniflorin with anti-allergic
activity [Lee et al., 2008], paeoniflorin and 8-desbenzoylpaeoniflorin with
anti-diabetic activity [Hsu et al. 1977], paeonidanin C and mudanpioside C with
anti-inflammatory activity [Duan et al., 2009], paeonisuffrone and paeonisuffral with
anti-oxidant activity [Yoshikawa et al., 2000], paeoniflorigenone, paeonilactone and
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6-O-(B-D-glucopyranosyl)-lactinolide with anti-coagulative, sedative and analgesic
activities [Shimazu et al., 1983; Hyashi et al., 1985; Murakami et al. 1996], etc.
Several studies based on liquid chromatography coupled with time-of-flight mass
spectrometry (LC-TOF-MS/MS) have been conducted to characterize the
monoterpenoids composition in PR derived from P. lactiflora, however, all of them
dealt with only one or a few predominant components such as paeoniflorin, albiflorin,
oxypaeoniflorin, galloylpaeoniflorin and benzoylpaeoniflorin [Li et al., 2009; Liu et
al., 2009; Wang et al., 2015]. Besides these main monoterpenoids, systematic study on
distribution and contents variation of monoterpenoids in different types of PR has not
been done.

The present study aims to elucidate bioactive constituents responsible for
anti-allergic activity in RPR and in the roots of selected candidate cultivars of P.
lactiflora, and further to elucidate the chemical composition and contents variation of
monoterpenoids including those with anti-allergic activity in different type of PR and
the related species. The following three parts of works are included.

The first, after investigating the anti-allergic activity of water extracts from crude
drug samples of both WPR and RPR as inhibitory effects against 2,
4-dinitrophenylated bovine serum albumin (DNP-BSA) stimulated 3-hexosaminidase
release in IgE-sensitized RBL-2H3 cells, bioassay-guided fractionation on the RPR
with the relatively strong activity was conducted and the isolated constituents were
further evaluated for their anti-allergic activity (Chapter I).

The second, after comparing the anti-allergic activity of water extracts of the
selected candidate cultivars, the promising candidate was subject to bioassay-guided
fractionation for elucidating bioactive constituents (Chapter I1).

The third, according to the above two parts, monoterpenoids, as the
representative components in PR, were found to play important roles in the
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anti-allergic activity of RPR. Therefore, monoterpenoids profiles of the different types
of PR and the related species were investigated by using liquid chromatography
coupled with ion trap and time-of-flight mass spectrometry (LC-IT-TOF-MS)

(Chapter 111).



Chapter I

Chemical constituents with anti-allergic activity from red peony root,

the root of Paeonia lactiflora



1.1 Introduction

In China, there are two kinds of peony root, white peony root (WPR) and red
peony root (RPR). WPR and most of RPR are derived from the same botanical origin
of P. lactiflora, but the two are quite different in their clinical application in the
traditional Chinese medicine. WPR is often used for treatment of spasm, abdominal
pain, blood deficiency, dizziness, etc.; whereas RPR is used for treatment of blood
stasis, gynecological and cardiovascular diseases, etc. [Jiangsu New Medical College,
1977; Li Shizhen, 1977]. Although WPR and RPR have been used for different
therapeutic purposes, modern pharmacological experiments suggested that both of
them have the similar biological activities such as anti-inflammatory and anti-oxidant
activities, relieving pain and convulsion, etc. [Wang et al., 2005; Wu et al., 2010]. To
date, many papers have compared the chemical profiles of WPR and RPR derived
from P. lactiflora [Wang et al., 2005; Luo et al., 2013; Wang et al., 2015]. In our
previous studies, we demonstrated that P. lactiflora derived WPR and RPR are
genetically and chemically different, RPR obviously contained a higher content of
paeoniflorin and paeonol, but a lower content of albiflorin than the WPR samples
[Zhu et al.,, 2015]. According to the data from the “Traditional Medicinal &

Pharmaceutical Database” [http://dentomed.u-toyama.ac.jp/en/], RPR derived from P.

lactiflora was found to possess higher anti-allergic activity as inhibitory effect against
IgE-mediated degranulation in RBL-2H3 cells than WPR. However, the marker
constituents responsible for the anti-allergic activity of RPR have not been studied.

In this Chapter, with the objectives to investigate the anti-allergic activity of RPR
and to elucidate bioactive constituents responsible for this activity, bioassay-guided
fractionation and isolation were conducted on the methanol extract of RPR and the

bioassay was parallelly carried out by investigating inhibitory effects against
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DNP-BSA stimulated B-hexosaminidase release in IgE-sensitized RBL-2H3 cells.

1.2 Plant materials

Two crud drug samples of RPR (D12 and D27967) were purchased from Chifeng
Rongxintang Pharmaceutical Co., Ltd., Inner Mongolia autonomous region of China
in 2002 and 2013, respectively, which was clearly identified as RPR-type of P.
lactiflora by genetic analysis of nrDNA ITS sequence. The crude drug sample of PR
(D51) was purchased from Fukuda Co., Ltd., Nara prefecture of Japan in 2008, and it
was also clearly identified as WPR-type of P. lactiflora [Zhu et al., 2015]. The
vouchers (D12: TMPW No. 21565; D27967: TMPW No. 27967; D51: TMPW No.
25835) are deposited in the Museum of Materia Medica, Institute of Natural Medicine

(TMPW), University of Toyama, Japan.

1.3 Results

1.3.1 Inhibitory effects of water extracts of PR against IgE-mediated

degranulation in RBL-2H3 cells

According to the previous preliminary bioactivity screening experiment, three
samples of PRR and PR (D27967, D12 and D51) were selected from 80 crude drugs
registered in Japanese Pharmacopeia and further investigated their anti-allergic
activity as inhibitory effect against DNP-BSA stimulated -hexosaminidase release in
IgE-sensitized RBL-2H3 cells.

As shown in Fig. 1.1, the water extract of D27967, RPR produced in Inner
Mongolia autonomous region of China, showed potent anti-allergic activity. Therefore,
D27967 was used as target to find out anti-allergic bioactive agents based on this

pharmacological effect.
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Fig. 1.1 Inhibitory effects of water extracts of RPR and PR on IgE-mediated degranulation by
measuring B-hexosaminidase release in RBL-2H3 cells. (A) The time scheme for the
degranulation assay. (B) RBL-2H3 cells were sensitized with 0.5 pg/ml anti-DNP IgE (24 h),
and then were incubated with different water extracts of test samples for 30min. The cells
were simulated with (Blue) or without (Red) 1.0 pg/ml DNP-BSA for 1 h, and
-hexosaminidase release was determined. The data are expressed as the mean + S.D. (n=3).

*P< 0.05; **P< 0.01 compared with the vehicle.

1.3.2 Inhibitory effects of methanol extract and related subfractions of D27967

against IgE-mediated degranulation in RBL-2H3 cells

Methanol extract of D27967 showed the relatively strong anti-allergic activity
as inhibitory effects against DNP-BSA stimulated p-hexosaminidase release in
IgE-sensitized RBL-2H3 cells (ICsp: 0.61 = 0.02 mg/ml), compared to its water
extract (ICso: 0.90 £ 0.03 mg/ml) as shown in Fig. 1.2A. After fractionation with

Daion HP-21 column chromatography (CC) eluted by a series of aqueous MeOH
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solutions, 60% and 80% aqueous MeOH fractions were found to exhibit more
promising inhibitory effects on f-hexosaminidase release (ICsp: 0.20 £ 0.01 and 0.12
+ 0.02 mg/ml, respectively, Fig. 1.2B). Therefore, bioassay-guided fractionation of the
active 60% and 80% aqueous MeOH subfractions were further carried out to elucidate

the active constituents.

(A)
F 120
£ | 5 DNP-BSA[+) 5 DNP-BSA[-)
st
)
i o
Y L “
* l INY
5 2
% | i
s 0 25 5 10 01 05 1 2 01 05 1 2
Vehicle Balcaleln (uM) Hz0 Ext(mgimL)
(B)
® DNP-BSA(+) ® DNP-BSA[-)
£ 10
H
E 100
E 20
£ 60
E
E 4
lh l lillhlll i
H
n::\ 0
W 25 S0 100 01 05 1 2 01 05 1 2 01 05 1 2 o1 05 1 2 o1 05 1 2 01 05 1 2
Vehicle ~ Baicalein (um) H20 (mg/mi) 20%MeOH (mgimi) = 40% MeOqugml] 60% MeOH (mg/my  80% MeOH (my/mi MeOH jmgimi)

Fig. 1.2 Inhibitory effects of different extracts and related fractions of D27967 on
IgE-mediated degranulation by measuring p-hexosaminidase release in RBL-2H3 cells. (A)
Methanol and water extracts. (B) Related subfractions eluted from methanol extract. The data

are expressed as the mean £ S.D. (n=3). *P< 0.05; **P<0.01 compared with the vehicle.

1.3.3 Isolation and structure determination

The above two active subfractions were subjected to a series of normal- and
reverse-phase CC followed by the preparative HPLC to afford mainly monoterpenoids
(1-17) including three new ones (1-3), five flavonoids (19-23), as well as six other
types of compounds (18, 24-29). The isolation procedure was illustrated in Chart 1.1

and the chemical structures of these isolated compounds were shown in Fig. 1.3.
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Red Peony (TMPW no. 27967)
(1500 g)

MeOH, Ultrosonic

at room temperature

|
MeOH extract
(280.0 g)
Diaion HP 21 CC
0% to 100% MeOH

Residue

H,0O Fr.20%MeOH Fr. 40%MeOH Fr. 60%MeOH Fr. 80%MeOH Fr. MeOH Fr.

1
I
1
I
1
1
1
I
1
1
}
1
I
1
I
1
I
1
I
1
1
1
:
1
| Partitioned with EtOAc and n-BuOH
1
1
I
1
I
1
I
1
I
1
I
1
1
1
1
1
1
I
1
I
1
I
1
I

(44.79) (14.29) (77.6 g) (30.89) (5.8 ) (5.4 g)
Suspended in H,0
n-BuOH-soluble
| ODS-A CC, 10% to 90%MeOH
I T
Fr.2 Fr.3 F£.4 Frl.5
0DS-AQ CC ODS-AQ CC
10%to 90% MeOH 50% MeOH Pre-HPLC Pre-HPLC
20 (7.0 mg) 18 (10.0 mg)
Fr.2-3 Fr.2-4 Fr.3-1 Fr'?sz sooe A0mg  22(Lomg)
|Pre-HP|_C |I6_(|)_:’/02|(\)/ISSH |Pre-HPLC | 60% MeOH 26 (31.0 mg)
1 (6.0 mg) 11(20.0mg) 7(5.0mg) 16 (2.0 mg)
8 (5.0 mg) 13 (3.0 mg) 19 (60.0 mg)
| 80%MeOH Fr. i
i (5.89) i
i Silica gel CC, |
i MeOH-CHCI; (0:1~5:1) 5
i | | I | | :
i Frl Fr.2 Fr.3 Fr.5 Fr.7 ;
| Pre-HPLC |pre-|-|p|_c |Pre-HPLC | Pre-HPLC || H-20 cC i
| 4(100mg)  27(9.0mg) 17 (100mg) 9(100.0mg)  |60%MeOH
i 6(18.0 mg) 28 (10.0 mg) i
i 24 (8.0 mg) [ [ | | | | i
| 25 (130.0mg) FI.7-2 Fr7-3  Fr7-4  Fr7-5  Fr7-9  Fr.7-10 |
i Pre- Pre- Pre- Pre- Pre- Pre- i
| HPLC HPLC HPLC ~ [HPLC  |HPLC  |HPLC !
i 12(200mg) 3(80mg) 10(50.0 mg) 2(2.0mg) 29 (10.0 mg) 23 (4.0 mg)!
; 15(3.0mg) 5(33.0mg) 14 (40.0 mg) §

___________________________________________________________________________________________________________

Chart 1.1 Isolation procedure of RPR (D27967) derived from P. lactiflora. New compounds

are shown with underline.
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Fig. 1.3 Structures of chemical constituents isolated from RPR (D27967) derived from P.

lactiflora. New compounds are shown with underline.
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1.3.4 Structure elucidation of the new compounds

Paeoniflorol (1)

White, amorphous powder; [a]3’ -33.33° (c = 0.13, MeOH). A quasimolecular ion at
m/z 511.1812 [M+HCOO] in the HR-ESI-MS spectrum suggested a molecular
formula of Ca3Hz0O10. The IR spectrum of 1 showed absorption bands at 3418 cm™
(hydroxyl group), 1715 cm™(carbonyl group), and 1631 and 1456 cm™ (aromatic ring).
The *H-NMR spectrum of 1 (Table 1.1) showed signals of a tertiary methyl at 5 1.33
(3H, s, H-10), two methylenes at oy 1.84 (1H, d, J=16.0 Hz, H-3pB), 2.41 (1H, dd, J=
8.0, 16.0 Hz, H-30), and at oy 1.73 (1H, d, = 9.6 Hz, H-7a), 2.60 (1H, d, J= 1.2 Hz,
H-7pB), together with two oxymethylenes at oy 4.65, 4.73 (2H, J= 12.0 Hz, H-8) and
Sy 3.77, 4.78 (2H, J= 8.0 Hz, H-9). The 'H-NMR of 1 also indicated a series of
proton signals assignable to a glucopyranosyl moiety and a benzoyl moiety. In
addition, the acid hydrolysis of 1 yielded p-D-glucopyranose. The **C-NMR spectrum
of 1 showed signals at Jc 21.7 (C-10), 45.5 (C-3), 28.2 (C-7) 67.3 (C-8) and 70.5
(C-9), which were in good accordance with those reported for 4a-hydroxyl derivative
of paeonisuffrone (PSOH) [Murakami et al., 1996; Yoshikawa et al., 2000], except for
the signals of C-1 and C-8. The deduced monoterpene skeleton was also supported by
the cross peaks from the proton H-4 (o 4.17) to H-3a (dy 2.41) and to H-5 (oy 2.59)
in *H-'H COSY, and the cross peak from H-4 (6 4.17) to C-4 (6c 69.9) in HMQC
spectrum. The downfield shift of C-1 (1: 6c87.9, PSOH: ¢ 82.6) and the long-range
correlation between H-1' (oy 4.49) and C-1 in HMBC spectrum indicated that
glucosylation at C-1 of the monoterpene skeleton. The downfield shift of C-8 (1: dc
67.3, PSOH: Jc 64.9) and the long-range correlation between H-8 (6y 4.65 and dy
4.73) and C-7" in HMBC spectra confirmed that the benzoyl moiety was connected to

C-8. The B-configuration of the hydrogen at C-4 of 1 was confirmed by the NOESY
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cross signals between H-4 and H-3B, H-4 and H-7a, as well as between H-3p and
H-70  (Fig. 1.4). Consequently, compound 1 was identified as
8-benzoyl-1-O-B-D-glucopyranosyl-4-hydroxyl derivative of paeonisuffrone, named

as paeoniflorol.

gCOSY ~_~ HMBC <--> NOE

Fig. 1.4 Important 2D-NMR correlations of compounds 1, 2, 3 and 4
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Table 1.1 *C-NMR (100 MHz) and *H-NMR (400 MHz) spectroscopic data for 1-4 measured in CD;0D.

1 2 3 4
Position 0C 0 H(J inHz) oC 0 H(JinHz) 0C d H(JinHz) oC 0 H(JinHz)
1 87.9 80.0 86.1 86.9
2 91.3 48.1 2.53,d(16.0); 92.4 935
2.77,d (16.0)
3 455 1.84,d(16.0); 2125 42.3 2.03,dd (8.0, 14.0); 41.7 2.01,dd (1.6, 15.6);
2.41, dd (8.0, 16.0) 2.39,d (14.0) 2.40, dd (6.8, 15.6)
4 69.9 4.17,dd (4.0, 8.0) 479 2.88,d(7.6) 66.7 4.03,t(7.2) 68.4 4.26,dd (4.8,6.4)
5 40.5 2.59,d (4.0) 35.6 2.28,dd (6.8, 13.2); 40.3 2.77,d(7.2) 416 2.91,dd (5.2,7.6)
2.37,dd (5.2, 10.0)
6 59.0 102.8 58.7 56.9
7 28.2 1.73,d (9.6); 445 2.33,d(7.2) 25.8 2.35,dd (5.2, 12.0); 28,5 2.04,d (11.2);
2.60,d (1.2) 2.72,dd (7.2, 12.0) 2.79,dd (8.0, 11.2)
8 67.3 4.65,d (12.0); 63.7 3.99,dd (8.8, 11.6); 61.3 4.69,d (12.0); 62.0 4.67,d (12.4);
4.73,d (12.0) 4.20,dd (6.0, 11.6) 4.83,d (12.0) 4.80,d (12.4)
9 70.5 3.77,d(8.0); 101.0 5.39,s 176.5 178.0
4.78,d (8.0)
10 21.7 1.33;s 21.8 1.24,s 20.2 1.53;s 20.5 1.52,s
1-O -glucose
1 100.1 4.49,d (7.6) 100.1 4.54,d (8.0) 100.1 4.52,d (8.0)
2! 751 3.23,m 748 321, m 748 321, m
3 779 337,m 78.0 3.23,m 78.0 3.24,m
4 718 3.29,m 716 3.20,m 716 322,m
5 78.1 331, m 78.1 3.32,m 78.2 3.30,m
6' 63.0 3.61,dd (4.8, 11.6); 62.7 3.62,dd (4.8, 11.6); 62.8 3.62,dd (4.4, 11.6);
3.84,dd (0.8, 11.6) 3.85.d (11.6) 3.84,d (11.6)
8-0 -benzoyl
1" 1314 122.0 131.1 131.3
2" 130.7 8.04,dd (1.6, 6.8) 132.8 7.86,dt (2.8, 8.4) 130.7 8.04,dd (1.2, 8.0) 130.8 8.07,dd (1.2, 8.0)
*3" 129.7 7.48,dd (1.6, 7.6) 116.2 6.81,dt (2.8, 8.4) 129.7 7.49,t(8.0) 129.7 7.49,t(8.0)
4" 134.4 7.60, m 163.7 1345 7.60, m 1344 7.62,m
*5" 129.7 7.48,dd (1.6, 7.6) 116.2 6.81,dt(2.8,8.4) 129.7 7.49,1(8.0) 129.7 7.49,1(8.0)
*6" 130.7 8.04,dd (1.6, 6.8) 132.8 7.86,dt(2.8,8.4) 130.7 8.04,dd (1.2, 8.0) 130.8 8.07,dd (1.2, 8.0)
7" 168.2 167.7 167.8 167.9

* Position No. is 1' to 7' in compound 2.
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4'-hydroxypaeoniflorigenone (2)

White, amorphous powder; [a]3° +4.99° (c = 0.10, MeOH). A quasimolecular ion at
m/z 335.1124 [M+H] " in the HR-ESI-MS suggested a molecular formula of Cy7H150x.
The IR spectrum of 2 indicated absorption bands at 3402 cm™ (hydroxyl group), 1712
cm™ (carbonyl group), and 1609 and 1514 cm™ (aromatic ring). The *H-NMR
spectrum of 2 (Table 1.1) showed signals of a tertiary methyl at oy 1.24 (3H, s, H-10),
an oxymethylene at oy 3.99 (dd, J= 8.8, 11.6 Hz, H-8a) and Jy4 4.20 (J= 6.0, 11.6 Hz,
H-8pB), an acetal at oy 5.39 (1H, s, H-9), and as well as four aromatic protons at Jy
6.81(2H, dt, J= 2.8, 8.4 Hz, H-3" and H-5") and J4 7.86 (2H, dt, J= 2.8, 8.4 Hz, H-2"
and H-6"). The *C-NMR of 2 showed a set of diagnostic signals for a ketonic
carbonyl (dc 212.5, C-3), an ester carbonyl (6c 167.7, C-7"), a methyl (Jc 21.8, C-10),
three methylenes (J¢c 35.6, C-5; oc 48.1, C-2; ¢ 63.7, C-8), three methines (Jc 44.5,
C-7; oc 47.9, C-4; oc 101.0, C-9), two quaternary carbons (dc 80.0, C-1; ¢ 102.8,
C-6), and six aromatic carbons (dc 116.2~163.7), which closely resembled to those of
paeoniflorigenone [Shimizu et al., 1983; Yoshikawa et al., 2000], except for the
aromatic carbons. Both the *H and **C-NMR data indicated clearly the presence of a
p-hydroxybenzoyl moiety. In addition, the correlation from H-8 to C-7' in HMBC
spectrum confirmed that the p-hydroxylbenzoyl moiety was connected to C-8 (Fig.

1.4). Therefore, compound 2 was identified as 4'-hydroxypaeoniflorigenone.
4-epi-albiflorin (3)

White, amorphous powder; the HR-ESI-MS of 3 displayed a quasimolecular ion peak
at m/z 525.1617 [M+HCOO], which suggested a molecular formula of Cy3H2501;.
The IR spectrum of 3 indicated absorption bands at 3389 cm™ (hydroxyl group), 1755

and 1715 cm™ (carbonyl group), and 1631 and 1452 cm™ (aromatic ring). The
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'H-NMR spectrum of 3 showed a methyl at 54 1.53 (3H, s, H-10), two methylenes at
du 2.03 (1H, dd, J= 8.0, 14.0 Hz, H-3B), 2.39 (1H, d, J= 14.0 Hz, H-30) and at Jx
2.35 (1H, dd, J= 5.2, 12.0 Hz, H-7a), 2.72 (1H, dd, J= 7.2, 12.0 Hz, H-7B), two
methines at oy 4.03 (1H, t, J= 7.2 Hz, H-4) and at oy 2.77 (1H, d, J= 7.2 Hz, H-5),
one oxymethylene at oy 4.69, 4.83 (2H, J= 12.0 Hz, H-8), five aromatic protons at dy
7.49 (2H, t, J= 8.0 Hz, H-3" and H-5"), oy 7.60 (1H, m, H-4") and oy 8.04 (2H, dd, J=
1.2, 8.0 Hz, H-2" and H-6"), together with a set of proton signals assignable to a
glucopyranosyl moiety (Table 1.1). Correspondently, the *C-NMR spectrum
displayed 23 carbon signals, which included characteristic signals of a methyl (Jc
20.2, C-10), two methylenes (dc 42.3, C-3; dc 25.8, C-7), two methines (dc 66.7, C-4;
0c40.3, C-5), one oxymethylene (Jc 61.3, C-8), two ester carbonyl (6c 176.5, C-9; dc
167.8, C-7"), six aromatic carbons (¢ 131.1, C-1"; 6¢ 130.7, C-2", 6"; 6c 129.7, C-3",
5"; dc 134.5, C-4"), and six glucopyranosyl carbons (éc 100.1, 78.1, 78.0, 74.8, 71.6,
62.7) (Table 1). The 1D NMR (*H and **C) and 2D NMR (HMQC, HMBC) data of 3
were closely similar to those of albiflorin (4), which suggested 3 had the same planar
structure with 4 [Kaneda et al., 1972; Yen et al., 2007; Yean et al., 2008]. Carefully
compared their NMR data, significant differences were found in the coupling constant
of the methine proton H-4 (3: J= 7.2 Hz; 4: J= 4.8, 6.4 Hz), as well as the chemical
shifts of the methylene signals C-7 and H-7a (3: ¢ 25.8, oy 2.35; 4: d¢c 28.5, oy 2.04),
and the methine signals C-5 and H-5 (3: dc 40.3, oy 2.77; 4: ¢ 41.6, oy 2.91), which
suggested that 3 was an epimer of 4. The stereochemistry of hydroxyl group at C-4 in
4 was confirmed to be a-configuration [Matsuda et al., 2002]. In the 1D different
NOE spectrums of 4, correspondently, the correlations from H-4 to H-3p and H-7a, as
well as from H-3p to H-7a were observed (Fig. 1.4). In contrast, the NOE correlation
between H-4 (o 4.03) and H-3a was observed in 3, suggesting the co-facial of these
two protons with a-orientation. Moreover, the presence of NOE correlation between
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H-3p and H-7a on the opposite side and the absence of correlation between H-4 and
H-7a definitely indicated that the hydroxyl moiety at C-4 in 3 was B-configuration.
Therefore, compound 3 was determined to be the epimer of albiflorin and named as

4-epi-albiflorin.

1.3.5 Identification of the known compounds
Albiflorin (4)

White, amorphous powder; [a]3’ -19.54° (¢ = 0.11, MeOH). The HR-ESI-MS
displayed a quasimolecular ion peak at m/z 525.1652 [M+HCOO]’, which suggested a
molecular formula of Cy3H»5011. *H-NMR (CD3sOD, 400Hz) J 8.07 (2H, dd, J= 1.2,
8.6 Hz, H-2" and H-6"), 7.62 (1H, m, H-4"), 7.49 (2H, t, J= 8.0 Hz, H-3" and H-5"),
4.80 (1H, d, J= 12.4 Hz, H-80), 4.67 (1H, d, J= 12.4 Hz, H-8pB), 4.52 (1H, d, J= 8.0
Hz, H-1'), 4.26 (1H, dd, J= 4.8, 6.4 Hz, H-4), 3.84 (1H, d, J= 11.6 Hz, H-6'a), 3.62
(1H, dd, J= 4.4, 11.6 Hz, H-6'8), 3.30 (1H, m, H-5), 3.24 (1H, m, H-3'), 3.22 (1H, m,
H-4'), 3.21 (1H, m, H-2), 2.91 (1H, dd, J= 5.2, 7.6 Hz, H-5), 2.79 (1H, dd, J= 8.0,
11.2 Hz, H-70), 2.04 (1H, d, J= 11.2 Hz, H-7p), 2.40 (1H, dd, J= 6.8, 15.6 Hz, H-3a),
2.01 (1H, dd, J= 1.6, 15.6 Hz, H-3pB), 1.52 (3H, s, H-10); *C-NMR (CDs0D, 100Hz)
¢ 178.0 (C-9), 167.9 (C-7"), 134.4 (C-4"), 131.3 (C-1"), 130.8 (C-2", 6"), 129.7 (C-3",
5", 100.1 (C-1Y), 93.5 (C-2), 86.9 (C-1), 78.2 (C-5Y), 78.0 (C-3"), 74.8 (C-2), 71.6
(C-4), 68.4 (C-4), 62.8 (C-6"), 62.0 (C-8), 56.9 (C-6), 41.7 (C-3), 41.6 (C-5), 28,5
(C-7), 20.5 (C-10). The above *H- and **C-NMR spectroscopic data were the same

with those of the reported values [Kaneda et al., 1972; Yen et al., 2007].
Paeonivayin (5)
White, amorphous powder; the HR-ESI-MS displayed a quasimolecular ion peak at
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m/z 583.1815 [M-H]’, which suggested a molecular formula of CasH25011. *H-NMR
(CD30D, 400Hz) oy 8.04 (4H, dd, J=1.2, 8.4 Hz, H-2"/6" and H-2"/6""), 7.60 (1H, m,
H-4"), 7.58 (1H, m, H-4"), 7.49 (2H, t, J= 8.0 Hz, H-3" and H-5"), 7.45 (2H, t, J= 8.0
Hz, H-3" and H-5"), 4.74 (1H, d, J= 12.4 Hz, H-8q), 4.67 (1H, d, J= 12.4 Hz, H-8),
454 (1H, d, J= 8.0 Hz, H-1'), 3.96 (1H, t, J= 4.8 Hz, H-4), 3.64 (1H, d, J= 11.6 Hz,
H-6'a), 3.36 (1H, m, H-6'8), 3.31 (1H, m, H-5"), 3.30 (1H, m, H-3"), 3.28 (1H, m,
H-4'), 3.26 (1H, m, H-2"), 2.80 (1H, d, J= 5.2 Hz, H-5), 2.73 (1H, dd, J= 8.0, 12.0 Hz,
H-70), 1.98 (1H, dd, J= 1.6, 15.6 Hz, H-30), 1.87 (1H, dd, J= 15.6 Hz, H-3p), 1.72
(1H, d, J= 12.0 Hz, H-7B), 1.38 (3H, s, H-10); *C-NMR (CD3;OD, 100Hz) &, 177.8
(C-9), 167.9 (C-7"), 167.5 (C-7"), 134.5 (C-4"), 134.3 (C-4™), 131.3 (C-1"), 131.2
(C-1"), 130.7 (C-2", 6"), 130.6 (C-2", 6"), 129.7 (C-3", 5"), 129.6 (C-3", 5"), 99.9
(C-1Y), 93.3 (C-2), 86.7 (C-1), 77.7 (C-5"), 75.2 (C-3), 74.7 (C-2"), 71.9 (C-4'), 68.2
(C-4), 64.9 (C-6"), 61.8 (C-8), 56.4 (C-6), 41.4 (C-3), 41.4 (C-5), 28.0 (C-7), 20.5
(C-10). The above *H- and **C-NMR spectroscopic data were closely similar with

those of the reported values [Ma et al., 1999].
Paeoniflorin (6)

White, amorphous powder; a quasimolecular ion peak at m/z 525.1601 [M+HCOO]
in HR-ESI-MS suggested a molecular formula of CysHs01. *H-NMR (CD;OD,
400Hz) 51 8.05 (2H, dt, J= 1.6, 8.4 Hz, H-2" and H-6"), 7.60 (1H, dt, J= 7.6 Hz, H-4"),
7.47 (2H, dt, J= 7.6 Hz, H-3" and H-5"), 5.42 (1H, s, H-9), 4.74 (2H, dd, J= 2.8, 12.0
Hz, H-8), 4.52 (1H, d, J= 7.2 Hz, H-1'), 3.84 (1H, d, J= 12.0 Hz, H-6'0), 3.60 (1H, dd,
J= 5.6, 12.0 Hz, H-6'B), 3.33 (1H, m, H-5), 3.30 (1H, m, H-3"), 3.27 (1H, m, H-4"),
3.20 (1H, m, H-2), 2.58 (1H, dd, J= 5.6 Hz, H-5), 2.49 (1H, dd, J= 6.8, 10.8 Hz,
H-7a), 1.95 (1H, d, J= 10.8 Hz, H-7B), 2.18 (1H, d, J= 12.0 Hz, H-3a), 1.79 (1H, dd,

J= 1.6, 12.0 Hz, H-3p), 1.36 (3H, s, H-10); *C-NMR (CDs;OD, 100Hz) &, 168.0
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(C-7"), 134.4 (C-4"), 131.2 (C-1"), 130.7 (C-2", 6"), 129.6 (C-3", 5"), 106.4 (C-4),
102.3 (C-9), 100.2 (C-1'), 89.3 (C-1), 87.2 (C-2), 78.0 (C-5Y), 77.9 (C-3), 75.0 (C-2'),
72.2 (C-6), 71.7 (C-4), 62.8 (C-6), 61.7 (C-8), 44.5 (C-3), 44.0 (C-5), 32.4 (C-7),
20.0 (C-10). The above *H- and *C-NMR spectroscopic data were good accordance

with those of the reported values [Kaneda et al., 1972].
4-0O-methyl-paeoniflorin (7)

White, amorphous powder; a quasimolecular ion peak at m/z 493.1717 [M-H] in
HR-ESI-MS suggested a molecular formula of Cp4H3001:. *H-NMR (CDsOD, 400Hz)
S 8.04 (2H, dd, J= 1.6, 7.2 Hz, H-2" and H-6"), 7.50 (1H, d, J= 7.2 Hz, H-4"), 7.48
(2H, dd, J= 1.6, 7.6 Hz, H-3" and H-5"), 5.45 (1H, s, H-9), 4.76 (2H, s, H-8), 4.52 (1H,
d, J= 7.6 Hz, H-1), 3.84 (1H, d, J= 12.0 Hz, H-6'a), 3.59 (1H, dd, J= 5.6, 12.0 Hz,
H-6'8), 3.78 (3H, s, -OCHa), 3.34 (1H, m, H-3), 3.31 (1H, m, H-5'), 3.28 (1H, m,
H-4"), 3.25 (1H, m, H-2), 2.75 (1H, dd, J= 1.6, 5.6 Hz, H-5), 2.49 (1H, dd, J= 7.2,
10.8 Hz, H-70), 1.90 (1H, d, J= 10.8 Hz, H-7B), 2.25 (1H, d, J= 12.4 Hz, H-3q), 1.94
(1H, dd, J= 1.2, 12.4 Hz, H-3p), 1.38 (3H, s, H-10); **C-NMR (CD;0D, 100Hz) ;
168.0 (C-7"), 134.5 (C-4"), 131.2 (C-1"), 130.6 (C-2", 6"), 129.7 (C-3", 5"), 109.5
(C-4), 102.5 (C-9), 100.2 (C-1'), 89.2 (C-1), 87.2 (C-2), 78.1 (C-5'), 78.0 (C-3), 75.0
(C-2"), 71.8 (C-4), 71.7 (C-6), 62.9 (C-6'), 61.7 (C-8), 42.3 (C-3), 41.0 (C-5), 23.4
(C-7), 19.6 (C-10), 51.4 (-OCHjs). The above 'H- and **C-NMR spectroscopic data

were the same with those of the reported values [Braca et al., 2008].
Salicylpaeoniflorin (8)

White, amorphous powder; a quasimolecular ion peak at m/z 495.1519 [M-H] in
HR-ESI-MS suggested a molecular formula of C,3H2501. *H-NMR (CD30D, 400Hz)

on 7.90 (1H, d, J= 7.6 Hz, H-6"), 7.49 (1H, dt, J= 6.8 Hz, H-4"), 6.93 (1H, d, J= 10.8
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Hz, H-3"), 6.91 (1H, m, H-5"), 5.42 (1H, s, H-9), 4.80 (2H, d, J= 12.0 Hz, H-8), 4.52
(1H, d, J= 7.6 Hz, H-1'), 3.83 (1H, d, J= 12.0 Hz, H-6'), 3.60 (1H, dd, J= 5.6, 12.0
Hz, H-6'B), 3.30 (1H, m, H-3), 3.23 (1H, m, H-5), 3.22 (1H, m, H-4"), 3.20 (1H, m,
H-2, 2.59 (1H, d, J= 5.6 Hz, H-5), 2.50 (1H, dd, J= 7.2, 10.8 Hz, H-7a), 1.95 (1H, d,
J= 10.8 Hz, H-7B), 2.19 (1H, d, J= 12.8 Hz, H-30), 1.78 (1H, dd, J= 1.2, 12.8 Hz,
H-3B), 1.37 (3H, s, H-10); 3C-NMR (CDsOD, 100Hz) & 171.2 (C-7"), 162.8 (C-2"),
137.0 (C-4"), 131.2 (C-6"), 120.4 (C-5"), 118.4 (C-3"), 113.6 (C-1"), 106.4 (C-4),
102.2 (C-9), 100.2 (C-1'), 89.3 (C-1), 87.3 (C-2), 78.1 (C-5'), 78.0 (C-3), 75.0 (C-2'),
71.8 (C-4), 71.7 (C-6), 62.9 (C-6'), 62.1 (C-8), 44.5 (C-3), 44.0 (C-5), 23.4 (C-7),
19.6 (C-10). The above *H- and **C-NMR spectroscopic data were the same with

those of the reported values [Okasaka et al., 2008].
Benzoylpaeoniflorin (9)

White, amorphous powder; a quasimolecular ion peak at m/z 583.1826 [M-H] in
HR-ESI-MS suggested a molecular formula of CsoH3,012. *H-NMR (CD3sOD, 400Hz)
S 8.02 (2H, dd, J= 1.2, 8.0 Hz, H-2" and H-6"), 8.02 (2H, dd, J= 1.2, 8.0 Hz, H-2"
and H-6"), 7.59 (1H, d, J= 7.2 Hz, H-4"), 7.56 (1H, d, J= 7.2 Hz, H-4"), 7.45 (2H, d,
J=8.0 Hz, H-3" and H-5"), 7.42 (2H, d, J= 7.2 Hz, H-3" and H-5"), 5.46 (1H, s, H-9),
4.73 (2H, s, H-8), 4.61 (1H, d, J= 7.2 Hz, H-1), 4.65 (1H, d, J= 11.2 Hz, H-6'a), 4.52
(1H, dd, J= 7.2, 11.2 Hz, H-6'B), 3.65 (1H, m, H-5, 3.41 (1H, m, H-3"), 3.41 (1H, m,
H-4'), 3.33 (1H, m, H-2'), 2.56 (1H, d, J= 6.4 Hz, H-5), 2.48 (1H, dd, J= 7.2, 10.8 Hz,
H-7a), 1.70 (1H, d, J= 10.8 Hz, H-7B), 1.87 (1H, d, J= 12.8 Hz, H-3a), 1.72 (1H, d,
J= 12.8 Hz, H-3B), 1.27 (3H, s, H-10); *C-NMR (CD30OD, 100Hz) 6. 167.8 (C-7"),
167.4 (C-7"), 134.4 (C-4"), 134.3 (C-4™), 131.0 (C-1"), 130.8 (C-1"), 130.5 (C-2", 6"),
130.5 (C-2", 6™), 129.5 (C-3", 5"), 129.4 (C-3", 5"), 106.0 (C-4), 102.0 (C-9), 99.8

(C-1'), 89.1 (C-1), 86.9 (C-2), 77.5 (C-5'), 74.9 (C-3"), 74.6 (C-2), 71.8 (C-6), 71.6
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(C-4", 65.3 (C-6"), 61.5 (C-8), 44.2 (C-3), 43.6 (C-5), 22.8 (C-7), 19.5 (C-10). The
above 'H- and **C-NMR spectroscopic data were good accordance with those of the

reported values [Kaneda et al., 1972].
Mudanpioside C (10)

White, amorphous powder; a quasimolecular ion peak at m/z 599.1760 [M-H] in
HR-ESI-MS suggested a molecular formula of CsoH3,013. *H-NMR (CD3sOD, 400Hz)
ou 8.02 (2H, dd, J= 1.2, 7.6 Hz, H-2" and H-6"), 7.88 (2H, d, J= 6.8 Hz, H-2" and
H-6"), 7.58 (1H, d, J= 7.6 Hz, H-4"), 7.45 (2H, dd, J= 1.6, 7.6 Hz, H-3" and H-5"),
6.82 (2H, d, J= 6.8 Hz, H-3" and H-5"), 5.40 (1H, s, H-9), 4.71 (2H, s, H-8), 4.56
(1H, d, J= 7.6 Hz, H-1"), 4.59 (1H, d, J= 11.2 Hz, H-6'a), 4.45 (1H, dd, J= 7.6, 11.2
Hz, H-6'8), 3.57 (1H, m, H-5, 3.36 (1H, m, H-3"), 3.33 (1H, m, H-4"), 3.28 (1H, m,
H-2'), 2.56 (1H, d, J= 5.2 Hz, H-5), 2.46 (1H, dd, J= 7.2, 10.8 Hz, H-70), 1.72 (1H, d,
J=10.8 Hz, H-7B), 1.88 (1H, d, J= 12.4 Hz, H-3a), 1.71 (1H, d, J= 12.4 Hz, H-3p),
1.25 (3H, s, H-10); *C-NMR (CDsOD, 100Hz) &. 167.9 (C-7"), 167.6 (C-7"), 163.3
(C-4™), 134.4 (C-4"), 132.8 (C-2", 6™), 132.8 (C-1"), 130.6 (C-2", 6"), 129.6 (C-3",
5", 122.0 (C-1"), 116.2 (C-3", 5™), 106.2 (C-4), 102.1 (C-9), 99.9 (C-1'), 89.2 (C-1),
87.0 (C-2), 77.8 (C-3), 75.2 (C-5'), 74.9 (C-2"), 72.0 (C-6), 71.9 (C-4), 64.7 (C-6",
61.5 (C-8), 44.4 (C-3), 43.8 (C-5), 22.7 (C-7), 19.5 (C-10). The above ‘H- and
13C-NMR spectroscopic data were the same with those of the reported values [Ding et

al., 2012].
Galloylpaeoniflorin (11)

White, amorphous powder; a quasimolecular ion peak at m/z 631.1644 [M-H] in
HR-ESI-MS suggested a molecular formula of CsoH3,015. *H-NMR (CD30D, 400Hz)

on 8.02 (2H, dt, J= 1.2, 7.2 Hz, H-2" and H-6"), 7.59 (1H, dt, J= 7.2 Hz, H-4"), 7.46
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(2H, dt, J= 7.2 Hz, H-3" and H-5"), 7.07 (2H, s, H-2" and H-6"), 5.39 (1H, s, H-9),
4.70 (2H, s, H-8), 4.53 (1H, d, J= 7.6 Hz, H-1"), 4.49 (1H, d, J= 12.0 Hz, H-6'a), 4.42
(1H, dd, J= 5.2, 12.0 Hz, H-6'8), 3.54 (1H, m, H-5'), 3.39 (1H, m, H-3"), 3.37 (1H, m,
H-4", 3.27 (1H, m, H-2), 2.53 (1H, d, J= 6.4 Hz, H-5), 2.45 (1H, dd, J= 6.8, 10.8 Hz,
H-7a), 1.73 (1H, d, J= 10.8 Hz, H-7B), 1.92 (1H, d, J= 12.4 Hz, H-3a), 1.69 (1H, d,
J= 12.4 Hz, H-3B), 1.26 (3H, s, H-10); 3C-NMR (CDsOD, 100Hz) & 168.0 (C-7™),
167.9 (C-7"), 146.5 (C-3", 5™), 139.9 (C-4™), 134.4 (C-4"), 131.1 (C-1"), 130.6 (C-2",
6), 129.6 (C-3", 5"), 121.4 (C-1"), 110.1 (C-2", 6™), 106.3 (C-4), 102.1 (C-9), 100.0
(C-1'), 89.3 (C-1), 87.2 (C-2), 77.8 (C-3), 75.2 (C-5'), 74.9 (C-2'), 72.0 (C-6), 71.9
(C-4"), 64.6 (C-6"), 61.6 (C-8), 44.4 (C-3), 43.8 (C-5), 22.9 (C-7), 19.5 (C-10). The
above 'H- and *C-NMR spectroscopic data were close similar with those of the

reported values [Kang et al., 1991].
Mudanpioside J (12)

White, amorphous powder; a quasimolecular ion peak at m/z 629.1874 [M-H] in
HR-ESI-MS suggested a molecular formula of Cs1H34014. *H-NMR (CD30D, 400Hz)
on 8.02 (2H, dt, J= 1.6, 7.2 Hz, H-2" and H-6"), 7.59 (1H, m, H-4"), 7.58 (1H, m,
H-2"), 7.54 (1H, dd, J= 1.6, 8.4 Hz, H-6"), 7.46 (2H, d, J= 7.2 Hz, H-3" and H-5"),
6.84 (1H, d, J= 8.4 Hz, H-5"), 5.39 (1H, s, H-9), 4.71 (2H, s, H-8), 4.57 (1H, d, J=
7.6 Hz, H-1Y), 4.60 (1H, d, J= 12.0 Hz, H-6'0), 4.45 (1H, dd, J= 7.2, 12.0 Hz, H-6'B),
3.88 (3H, s, -OCHs), 3.58 (1H, m, H-5), 3.33 (1H, m, H-3), 3.32 (1H, m, H-4'), 3.28
(1H, m, H-2"), 2.51 (1H, d, J= 6.0 Hz, H-5), 2.45 (1H, d, J= 10.4 Hz, H-70), 1.73 (1H,
d, J= 10.4 Hz, H-7B), 1.88 (1H, d, J= 12.8 Hz, H-3a), 1.69 (1H, d, J= 12.8 Hz, H-3p),
1.26 (3H, s, H-10); **C-NMR (CDsOD, 100Hz) & 167.9 (C-7"), 167.6 (C-7"), 153.0
(C-4™), 148.8 (C-3"), 134.4 (C-4"), 131.1 (C-1"), 130.6 (C-2", 6"), 129.6 (C-3", 5"),

125.2 (C-6"), 122.4 (C-1"), 116.0 (C-5"), 113.5 (C-2"), 106.2 (C-4), 102.2 (C-9),
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100.0 (C-1), 89.2 (C-2), 87.1 (C-1), 77.8 (C-3), 75.3 (C-5'), 74.9 (C-2'), 72.1 (C-6),
72.0 (C-4"), 65.0 (C-6), 61.6 (C-8), 44.4 (C-3), 43.8 (C-5), 23.1 (C-7), 19.6 (C-10),
56.5 (-OCHs). The above *H- and **C-NMR spectroscopic data were the same with

those of the reported values [Ding et al., 2006].
Oxypaeoniflorin (13)

White, amorphous powder; a quasimolecular ion peak at m/z 495.1510 [M-H] in
HR-ESI-MS suggested a molecular formula of Cy3H2501. *H-NMR (CD;0D, 400Hz)
on 7.90 (2H, d, J= 8.8 Hz, H-2" and H-6"), 6.83 (1H, d, J= 8.8 Hz, H-3" and H-5"),
5.42 (1H, s, H-9), 4.69 (2H, s, H-8), 4.54 (1H, d, J= 7.6 Hz, H-1'), 3.85 (1H, d, J=
12.0 Hz, H-6'0), 3.62 (1H, dd, J= 5.6, 12.0 Hz, H-6'), 3.35 (1H, m, H-5), 3.31 (1H,
m, H-3), 3.27 (1H, m, H-4), 3.23 (1H, m, H-2'), 2.57 (1H, d, J= 6.0 Hz, H-5), 2.50
(1H, dd, J= 5.6, 10.8 Hz, H-7a), 1.94 (1H, d, J= 10.8 Hz, H-7B), 2.18 (1H, d, J= 12.0
Hz, H-30), 1.80 (1H, dd, J= 12.0 Hz, H-3B), 1.27 (3H, s, H-10); **C-NMR (CD;0D,
100Hz) J; 170.0 (C-7"), 163.5 (C-4"), 132.9 (C-2", 6"), 121.9 (C-1"), 116.2 (C-3", 5),
106.3 (C-4), 102.2 (C-9), 100.1 (C-1'), 89.2 (C-1), 87.1 (C-2), 77.9 (C-5"), 77.8 (C-3),
74.9 (C-2), 71.8 (C-6), 71.6 (C-4"), 62.8 (C-6'), 61.2 (C-8), 44.5 (C-3), 43.8 (C-5),
23.4 (C-7), 19.6 (C-10). The above 'H- and *C-NMR spectroscopic data were the

same with those of the reported values [Kaneda et al., 2008].
Benzoyloxypaeoniflorin (14)

White, amorphous powder; a quasimolecular ion peak at m/z 599.1760 [M-H] in
HR-ESI-MS suggested a molecular formula of CsoH3,013. *H-NMR (CD;0D, 400Hz)
on 8.03 (2H, dt, J= 7.2 Hz, H-2"" and H-6™), 7.88 (2H, d, J= 8.8 Hz, H-2" and H-6"),
7.54 (1H, d, J= 7.6 Hz, H-4"), 7.47 (2H, dt, J= 7.6 Hz, H-3" and H-5"), 6.82 (2H, d,

J= 8.8 Hz, H-3" and H-5"), 5.37 (1H, s, H-9), 4.67 (2H, s, H-8), 4.64 (1H, d, J= 12.0
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Hz, H-6'a), 4.56 (LH, d, J= 7.6 Hz, H-1), 4.48 (1H, dd, J= 7.6, 12.0 Hz, H-6'), 3.60
(1H, m, H-5), 3.34 (1H, m, H-3"), 3.31 (1H, m, H-4"), 3.28 (1H, m, H-2), 2.49 (1H,
dd, J= 6.4 Hz, H-5), 2.45 (1H, dd, J=10.2 Hz, H-7a), 1.70 (1H, m, H-7B), 1.83 (1H, d,
J= 12.8 Hz, H-30), 1.68 (1H, d, J= 12.8 Hz, H-3p), 1.24 (3H, s, H-10): 3C-NMR
(CD;0OD, 100Hz) &, 167.9 (C-7"), 167.6 (C-7"), 163.7 (C-4"), 134.5 (C-4"), 134.5
(C-2", 6"), 133.0 (C-1"), 131.3 (C-2", 6™), 130.5 (C-3", 5"), 122.0 (C-17), 116.2
(C-3", 5"), 106.2 (C-4), 102.2 (C-9), 100.0 (C-1'), 89.2 (C-1), 87.0 (C-2), 77.8 (C-3),
75.1 (C-5Y), 74.9 (C-2'), 72.0 (C-6), 72.0 (C-4), 65.1 (C-6), 61.1 (C-8), 44.4 (C-3),
43.8 (C-5), 23.0 (C-7), 19.5 (C-10). The above 'H- and **C-NMR spectroscopic data

were the same with those of the reported values [Ding et al., 2012].
6'-O-Vanillyloxypaeoniflorin (15)

White, amorphous powder; a quasimolecular ion peak at m/z 645.1551 [M-H] in
HR-ESI-MS suggested a molecular formula of Cs1H34015. *H-NMR (CD;0D, 400Hz)
on 8.03 (2H, d, J=1.6, 7.2 Hz, H-2" and H-6"), 7.59 (1H, m, H-2"), 7.54 (1H, dd, J=
1.6, 8.4 Hz, H-6"), 7.48 (2H, d, J= 7.2 Hz, H-3" and H-5"), 6.88 (1H, d, J= 8.4 Hz,
H-5"), 5.40 (1H, s, H-9), 4.78 (2H, s, H-8), 4.64 (1H, d, J= 12.0 Hz, H-6'0), 4.58 (1H,
d, J= 7.6 Hz, H-1'), 4.46 (1H, dd, J= 6.8, 12.0 Hz, H-6'B), 3.88 (3H, s, -OCHj3), 3.50
(1H, m, H-5), 3.33 (1H, m, H-3"), 3.32 (1H, m, H-4"), 3.28 (1H, m, H-2"), 2.53 (1H, d,
J=6.4 Hz, H-5), 2.50 (1H, d, J= 10.8 Hz, H-7a), 1.80 (1H, d, J= 10.8 Hz, H-7p), 1.93
(1H, d, J= 12.0 Hz, H-30), 1.73 (1H, d, J= 12.0 Hz, H-3B), 1.24 (3H, s, H-10);
3C-NMR (CD30D, 100Hz) J; 167.9 (C-7"), 167.0 (C-7"), 163.6 (C-4"), 153.3 (C-4"),
148.4 (C-3"™), 132.2 (C-2", 6"), 125.2 (C-6"), 122.4 (C-1"), 121.9 (C-1"), 116.2 (C-3",
5, 116.0 (C-5"), 113.5 (C-2"), 106.2 (C-4), 102.2 (C-9), 100.0 (C-1'), 89.2 (C-2),
87.1 (C-1), 77.8 (C-3), 75.3 (C-5'), 74.9 (C-2"), 72.1 (C-6), 72.0 (C-4), 65.0 (C-6",

61.6 (C-8), 44.4 (C-3), 43.8 (C-5), 23.0 (C-7), 19.5 (C-10), 56.0 (-OCHj). The above
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'H- and *C-NMR spectroscopic data were the same with those of the reported values

[An et al., 2006].
Paeonidanin E (16)

White, amorphous powder; a quasimolecular ion peak at m/z 941.2952 [M-H] in
HR-ESI-MS suggested a molecular formula of CusHs:0,1. *H-NMR (CD30D, 400Hz)
on 8.06 (2H, m, H-2" and H-6"), 8.06 (1H, m, H-2"" and H-6""), 7.60 (1H, m, H-4"
and H-4""), 7.48 (2H, m, H-3" and H-5"), 7.48 (1H, m, H-3"" and H-5""), 5.38 (1H, s,
H-9"), 5.32 (1H, s, H-9), 4.81 (2H, s, H-8), 4.60 (2H, m, H-8"), 4.57 (1H, d, J= 7.2
Hz, H-1Y), 4.19 (1H, d, J= 7.2 Hz, H-1""), 3.88 (1H, dd, J= 2.0, 12.0 Hz, H-6'a), 3.65
(1H, m, H-6'B), 3.74 (1H, d, J= 12.0 Hz, H-6""a), 3.57 (1H, m, H-6""B), 3.35 (1H, m,
H-5'and H-5""), 3.33 (1H, m, H-3' and H-3""), 3.32 (1H, m, H-4' and H-4""), 3.21 (1H,
m, H-2' and H-2""), 2.94 (1H, m, H-5), 2.88 (1H, d, J= 18.4 Hz, H-3a), 2.54 (1H, d,
J=18.4 Hz, H-3p), 2.43 (1H, m, H-5"), 2.45 (1H, d, J= 12.8 Hz, H-3"a), 1.76 (1H, d,

J=12.8 Hz, H-3"B), 2.21 (2H, m, H-7), 1.97 (2H, m, H-7"), 1.42 (3H, s, H-10), 1.28

(C-7"), 134.7 (C-4""), 134.4 (C-4"), 131.2 (C-1", 1"™), 130.9 (C-2"", 6""), 130.7
(C-2", 6"), 129.9 (C-3"", 5"™), 129.7 (C-3", 5"), 107.5 (C-9), 106.5 (C-4™), 102.3
(C-9™), 100.0 (C-1', 1), 89.1 (C-1), 88.8 (C-1"), 87.6 (C-2), 87.3 (C-2"), 78.1 (C-3,
3™), 77.9 (C-5'), 76.7 (C-5™), 75.0 (C-2'), 74.8 (C-2""), 72.1 (C-6"), 71.8 (C-4"),
71.4 (C-4), 69.5 (C-6""), 65.2 (C-6), 63.8 (C-8), 62.9 (C-6"), 61.7 (C-8"), 49.4 (C-3),
48.3 (C-5), 44.5 (C-3"), 43.8 (C-5"), 27.6 (C-7), 22.9 (C-7"), 20.8 (C-10), 19.5
(C-10™). The above *H- and *C-NMR spectroscopic data were close accordance with

those of the reported values [Duan et al., 2009].

Lactiflorin (17)
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White, amorphous powder; a quasimolecular ion peak at m/z 461.1443 [M-H] in
HR-ESI-MS suggested a molecular formula of C,3H26010. *H-NMR (CD3sOD, 400Hz)
54 8.02 (2H, d, J= 7.6 Hz, H-2" and H-6"), 7.63 (1H, dt, J= 7.6 Hz, H-4"), 7.51 (1H, d,
J= 7.6 Hz, H-3" and H-5"), 4.90 (1H, d, J= 4.4 Hz, H-9), 4.78 (2H, s, H-8), 4.62 (1H,
d, J= 8.0 Hz, H-1'), 3.83 (1H, d, J= 11.2 Hz, H-6'a), 3.68 (1H, d, J= 11.2 Hz, H-6'B),
3.48 (1H, d, J= 9.6 Hz, H-3"), 3.45 (1H, m, H-4" and H-5), 3.18 (1H, dd, J= 8.0, 9.6
Hz, H-2'), 2.77 (1H, m, H-4), 2.74 (1H, d, J= 18.0 Hz, H-2a), 2.53 (1H, d, J= 18.0 Hz,
H-2B), 2.50 (1H, d, J= 13.2 Hz, H-50), 2.17 (1H, d, J= 4.4, 13.2 Hz, H-5B), 1.50 (3H,
s, H-10); *C-NMR (CD;OD, 100Hz) &, 218.6 (C-3), 167.6 (C-7"), 134.7 (C-4"),
130.8 (C-1"), 130.6 (C-2", 6"), 129.9 (C-3", 5"), 104.2 (C-6), 96.5 (C-1'), 86.7 (C-1),
81.7 (C-9), 81.7 (C-5"), 80.1 (C-2), 76.2 (C-3"), 71.8 (C-4"), 63.8 (C-8), 62.3 (C-6"),
56.9 (C-7), 48.2 (C-2), 38.7 (C-4), 31.7 (C-5), 16.3 (C-10). The above ‘H- and
3C-NMR spectroscopic data were the same with those of the reported values [Kaneda

et al. 2008, Yean et al., 2008].
1,2,3,4,6-Penta-O-galloyl-B-D-glucose (18)

White, amorphous solid; a quasimolecular ion peak at m/z 939.1114 [M-H] in
HR-ESI-MS suggested a molecular formula of C;H3,04. *H-NMR (CD30D, 400Hz)
on 7.12 (2H, s, H-2"" and H-6""), 7.06 (1H, s, H-2' and H-6"), 6.98 (2H, s, H-2"" and
H-6""), 6.90 (2H, s, H-2" and H-6"), 6.75 (2H, s, H-2" and H-6"), 6.25 (1H, d, J= 8.4
Hz, H-1), 5.90 (1H, d, J= 9.6 Hz, H-3), 5.62 (1H, dd, J= 8.8, 9.6 Hz, H-2), 5.56 (1H, d,
J= 9.6 Hz, H-4), 4.52 (1H, d, J= 10.8 Hz, H-6a), 4.39 (1H, dd, J= 8.8, 10.8 Hz, H-6p);
BC-NMR (CD;OD, 100Hz) 6. 167.9 (C-7""), 167.2 (C-7"), 167.0 (C-7"), 166.9
(C-7"), 166.2 (C-7'), 146.5 (C-2, 6'), 146.5 (C-2", 6"), 146.4 (C-2", 6"™), 146.3
(C-2"", 6", 146.2 (C-2", 6"™), 140.7 (C-4), 140.3 (C-4""), 140.2 (C-4"), 140.1

(C-4™), 140.0 (C-4""), 121.0 (C-1""), 120.3 (C-1"), 120.2 (C-1"), 120.1 (C-1""),
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119.7 (C-1'), 110.6 (C-3", 5, 110.5 (C-3™, 5"™), 110.4 (C-3"", 5"), 110.4 (C-3", 5),
110.3 (C-3™, 5™), 110.3 (C-3"", 5™, 89.1 (C-1), 74.4 (C-5), 74.1 (C-3), 72.2 (C-2),
69.8 (C-4), 63.1 (C-6). The above *H- and *C-NMR spectroscopic data were the same

with those of the reported values [Nishizawa et al., 2009].
(+)-Catechin (19)

Yellowish, amorphous powder; a quasimolecular ion peak at m/z 289.0717 [M-H] in
HR-ESI-MS suggested a molecular formula of C15H1406. *H-NMR (CD50D, 400Hz)
on 6.85 (1H, d, J= 2.0 Hz, H-2"), 6.77 (1H, dt, J= 7.6 Hz, H-5"), 6.72 (1H, d, J= 7.6 Hz,
H-6), 5.94 (1H, d, J= 7.6 Hz, H-8), 5.88 (1H, d, J= 2.4 Hz, H-6), 4.59 (1H, d, J= 7.6
Hz, H-2), 3.99 (1H, ddd, J= 7.6, 7.6, 8.0 Hz, H-3), 2.86 (1H, dd, J= 5.6, 16.0 Hz,
H-40), 2.51 (1H, dd, J= 8.4, 16.0 Hz, H-4B); **C-NMR (CDsOD, 100Hz) &, 157.7
(C-5), 157.5 (C-9), 156.8 (C-7), 146.1 (C-3', 4'), 132.1 (C-1'), 120.0 (C-6"), 116.1
(C-2Y), 115.2 (C-5"), 100.7 (C-10), 96.3 (C-6), 95.5 (C-8), 82.7 (C-2), 68.7 (C-3), 28.4
(C-4). The above *H- and *C-NMR spectroscopic data were the same with those of

the reported values [Hosny et al., 2014].
(+)-Catechin-7-O-gallate (20)

Yellowish, amorphous powder; a quasimolecular ion peak at m/z 441.0813 [M-H] in
HR-ESI-MS suggested a molecular formula of C,,H15010. *H-NMR (CD30D, 400Hz)
54 7.18 (1H, d, J= 2.0 Hz, H-2" and H-6"), 6.83 (1H, d, J= 1.6 Hz, H-2"), 6.76 (1H, d,
J= 8.0 Hz, H-5, 6.71 (1H, dd, J= 1.6, 8.0 Hz, H-6"), 6.25 (1H, d, J= 2.4 Hz, H-8),
6.21 (1H, d, J= 2.0 Hz, H-6), 4.64 (1H, d, J= 7.6 Hz, H-2), 3.98 (1H, d, J= 7.2 Hz,
H-3), 2.74 (1H, dd, J= 5.6, 16.0 Hz, H-40), 2.47 (1H, dd, J= 8.4, 16.0 Hz, H-4p);
¥C-NMR (CD30D, 100Hz) J; 166.5 (C-7"), 158.1 (C-5), 151.7 (C-9), 157.0 (C-7),

146.7 (C-3", 5"), 146.4 (C-3), 146.3 (C-4"), 140.7 (C-4"), 131.7 (C-1), 120.3 (C-1"),
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120.0 (C-6"), 116.1 (C-2"), 115.2 (C-5'), 110.5 (C-2", 6"), 106.5 (C-10), 103.5 (C-6),
101.6 (C-8), 83.1 (C-2), 68.2 (C-3), 28.7 (C-4). The above ‘H- and *C-NMR
spectroscopic data were the same with those of the reported values [Davis et al.,

1996].
(-)-Epicatechin-7-O-gallate (21)

Yellowish, amorphous powder; a quasimolecular ion peak at m/z 441.0827 [M-H] in
HR-ESI-MS suggested a molecular formula of C,,H15010. *H-NMR (CD30D, 400Hz)
on 6.93 (1H, d, J= 2.0 Hz, H-2" and H-6"), 6.92 (1H, d, J= 1.6 Hz, H-2"), 6.80 (1H, d,
J= 8.8 Hz, H-5'), 6.68 (1H, d, J= 8.8 Hz, H-6"), 5.95 (1H, d, J= 2.4 Hz, H-8), 5.94 (1H,
d, J= 2.8 Hz, H-6), 5.52 (1H, d, J= 7.6 Hz, H-3), 5.02 (1H, s, H-2), 2.98 (1H, dd, J=
4.8, 15.6 Hz, H-4a), 2.83 (1H, dd, J= 2.4, 15.6 Hz, H-4B); *C-NMR (CDs0D, 100Hz)
¢ 167.6 (C-7"), 157.9 (C-5), 157.9 (C-7), 157.3 (C-9), 146.4 (C-3", 5"), 146.0 (C-3),
146.0 (C-4'), 139.8 (C-4"), 131.5 (C-1"), 121.5 (C-1"), 119.4 (C-6"), 116.0 (C-5'), 115.1
(C-2", 110.2 (C-2", 6"), 99.4 (C-10), 96.6 (C-6), 95.9 (C-8), 78.7 (C-2), 70.0 (C-3),
26.9 (C-4). The above 'H- and **C-NMR spectroscopic data were the same with those

of the reported values [Davis et al., 1996].
Narigenin chalcone 2'-O-xyloside (22)

Yellow, amorphous powder; a quasimolecular ion peak at m/z 403.0375 [M-H] in
HR-ESI-MS suggested a molecular formula of CyoH200s. *H-NMR (CD30D, 400Hz)
on 8.02 (1H, d, J= 15.6 Hz, H-8), 7.64 (1H, d, J= 15.6 Hz, H-7), 7.60 (2H, J= 8.0 Hz,
H-2 and H-6), 6.82 (2H, J= 8.0 Hz, H-3 and H-5), 6.20 (1H, d, J= 2.0 Hz, H-3'), 5.98
(1H, d, J= 2.4 Hz, H-5), 5.13 (1H, d, J= 7.6 Hz, H-1"), 3.92 (1H, d, J= 15.6 Hz,
H-5"a), 3.70 (1H, d, J= 6.4, 15.6 Hz, H-5"B), 3.50 (1H, m, 15.6 Hz, H-3"), 3.31 (1H,

m, 15.6 Hz, H-4"), 3.29 (1H, m, 15.6 Hz, H-2"); ®C-NMR (CD;OD, 100Hz) . 194.5
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(C-9), 167.9 (C-6"), 166.1 (C-2"), 161.9 (C-4"), 161.2 (C-4), 144.2 (C-7), 131.8 (C-2,
6), 128.6 (C-1), 126.0 (C-8), 116.9 (C-3, 5), 107.4 (C-1), 101.9 (C-1"), 98.4 (C-5",
95.7 (C-3'), 78.6 (C-3), 75.1 (C-2) 71.2 (C-4), 62.4 (C-5). The above 'H- and
13C-NMR spectroscopic data were close accordance with those of the reported values

[Yoshimura et al., 2009].
4,2'4'6',7,8-Hexahydroxy-7,(8)-dihydro-chalcone (23)

Yellow, amorphous powder; a quasimolecular ion peak at m/z 305.0735 [M-H] in
HR-ESI-MS suggested a molecular formula of Cy5H1407. *H-NMR (CD30D, 400Hz)
S 7.35 (2H, d, J= 8.4 Hz, H-2 and H-6), 6.83 (2H, d, J= 8.4 Hz, H-3 and H-5), 5.92
(1H, d, J= 1.6 Hz, H-3'), 5.88 (1H, d, J= 1.6 Hz, H-5), 4.97 (1H, d, J= 12.0 Hz, H-8),
453 (1H, d, J= 12.0 Hz, H-7); *C-NMR (CDs;0D, 100Hz) J. 198.5 (C-9), 168.7
(C-6"), 165.3 (C-2"), 164.5 (C-4), 159.2 (C-4), 130.4 (C-2, 6), 129.2 (C-1), 116.1 (C-3,
5), 101.8 (C-1), 97.3 (C-3"), 96.3 (C-5'), 84.9 (C-8), 73.6 (C-7). The above 'H- and
13C-NMR spectroscopic data were the same with those of the reported values [Ahmed

et al., 2007].
Paeonol (24)

White, amorphous powder; a quasimolecular ion peak at m/z 165.2045 [M-H] in
HR-ESI-MS suggested a molecular formula of CoH1003. *H-NMR (CD;0D, 500Hz)
54 7.78 (1H, dd, J= 4.0, 8.0 Hz, H-6), 6.50 (1H, dd, J= 5.0, 8.0 Hz, H-5), 6.41 (1H, d,
J= 4.0 Hz, H-3), 3.83 (3H, s, -OCHs), 2.55 (3H, s, -COCHs); **C-NMR (CD50OD,
125Hz) &; 200.9 (C-7), 167.7 (C-4), 166.2 (C-2), 134.0 (C-6), 115.0 (C-1), 108.4 (C-
5), 101.7 (C-3), 56.1 (-OCHs3), 26.4 (C-8). The above *H- and *C-NMR spectroscopic

data were the same with those of the reported values [Lee et al., 2005].

Benzoic acid (25)
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Colorless, crystalline solid; *H-NMR (CD3;OD, 400Hz) 4 8.03 (2H, dd, J= 1.6, 7.6
Hz, H-2 and H-6), 7.57 (1H, m, H-4), 7.45 (2H, dd, J= 1.6, 7.6 Hz, H-3 and H-5);
3C-NMR (CD50D, 100Hz) J. 169.9 (C-7), 134.2 (C-4), 133.9 (C-1), 130.9 (C-2, 6),
129.6 (C-3, 5). The above *H- and **C-NMR spectroscopic data were the same with

those of the reported values [Youn et al., 2010].
3,5-Dihydroxy-4-methoxyl-benzoic acid (26)

Colorless, crystalline solid; a quasimolecular ion peak at m/z 183.1551 [M-H] in
HR-ESI-MS suggested a molecular formula of CgHgOs. *H-NMR (CD30D, 400Hz)
Sy 7.05 (2H, s, H-2 and H-6), 3.81 (3H, s, -OCHs); **C-NMR (CDsOD, 100Hz) &,
169.0 (C-7), 146.5 (C-3, 5), 139.7 (C-4), 121.4 (C-1), 110.0 (C-2, 6). The above *H-
and *C-NMR spectroscopic data were the same with those of the reported values

[Youn et al., 2010].
Methyl 4-hydroxy-3-methoxybenzoate (27)

Colorless, crystalline solid; a quasimolecular ion peak at m/z 181.1730 [M-H] in
HR-ESI-MS suggested a molecular formula of CoH1004. *"H-NMR (CD30D, 400Hz)
0u 7.53 (1H, dd, J= 1.6, 7.6, H-6), 7.52 (1H, d, J= 1.6, H-2), 6.82 (1H, d, J= 7.6, H-5),
3.88 (3H, s, -COOCHs3), 3.85 (3H, s, -OCHs); *C-NMR (CD3;0D, 100Hz) . 168.7
(C-7), 152.9 (C-4), 148.7 (C-3), 125.0 (C-1), 122.5 (C-6), 115.9 (C-5), 113.5 (C-2),
56.4 (-OCH3), 52.3 (-COOCHs3). The above *H- and **C-NMR spectroscopic data

were the same with those of the reported values [Hu et al., 2007].
Gallic acid (28)

White, amorphous powder; a quasimolecular ion peak at m/z 169.0165 [M-H] in

HR-ESI-MS suggested a molecular formula of Cy5H1407. *H-NMR (CDs0D, 500Hz)
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Sy 7.05 (2H, s, H-2 and H-6); **C-NMR (CDsOD, 125Hz) J, 170.4 (C-7), 146.4 (C-3,
5), 139.6 (C-4), 121.9 (C-1), 110.3 (C-2, 6). The above 'H- and '*C-NMR

spectroscopic data were the same with those of the reported values [Lee et al., 2005].
Methyl gallate (29)

White, amorphous powder; a quasimolecular ion peak at m/z 183.0327 [M-H] in
HR-ESI-MS suggested a molecular formula of CgHgOs. *H-NMR (CDsOD, 500Hz) &
7.04 (2H, s, H-2 and H-6), 3.81 (3H, s, -COOCH;); *C-NMR (CDsOD, 125Hz) &
169.0 (C-7), 1465 (C-3, 5), 139.7 (C-4), 121.4 (C-1), 100.0 (C-2, 6), (3H, s,
-COOCHs3). The above *H- and *C-NMR spectroscopic data were the same with those

of the reported values [Lee et al., 2005].

1.3.6 Inhibitory effects of isolated compounds against antigen-mediated

degranulation in RBL-2H3 cells

The isolated 29 chemical constituents were further examined for their
anti-allergic activity by testing inhibitory effects against DNP-BSA stimulated
B-hexosaminidase release in IgE-sensitized RBL-2H3 cells, and their 1Cso values are
shown in Table 1.2. Cell viability under stimulation was evaluated by the Cell
Counting kit-8 (CCK-8) assay, and none of the test compounds at a dose level up to
100 uM, nor the positive control Baicalein at a dose level up to 200 uM exhibited
observable cytotoxcity. Four doses of all test compounds (10, 25, 50 and 100 uM)
were taken for the assay inhibitory effect against DNP-BSA stimulated
B-hexosaminidase release in IgE-sensitized RBL-2H3 cells. Among the 29 isolated
constituents, sixteen compounds showed anti-allergic activities with 1Csy ranging

from 41.17 to 90.15 uM. Most of monoterpenoids especially with paeoniflorin-type
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skeleton, PGG (18) and methyl gallate (29) showed moderate anti-allergic activity.
Paeoniflorol (1) exhibited the most effectiveness. Compounds 8 and 11 showed
relative strong activity among the paeoniflorin-type monoterpenoids (6-15), but

albiflorin-type monoterpenoids (3-5) have no activity.

Table 1.2 Inhibitory effects of 29 compounds against DNP-BSA stimulated p-hexosaminidase

release in IgE-sensitized RBL-2H3 cells

Compound No.  ICyy (UM) Compound No. ICsp (LM)
1 4117 +32° 17 59.88 £ 3.7
6 76.20+5.5 18 62.00+1.4
8 42.22+1.8 25 88.92+2.7
9 7544 +25 26 90.15+ 3.6
11 50.05 £ 3.9 28 78.11+3.1
12 68.32+2.7 29 50.12+1.0
13 87.11+1.1 2-5, 7, 10, 186, NA P
14 7751+2.0 19-24, 27
15 76.68 £4.6 Baicalein © 37.78+ 1.0

# The results are expressed as the mean + S.D., ICs, values were calculated by Probit
regression analysis of SPSS software (version 15.0);

® |Cs, values are more than 100 uM;  © Positive control [Matsuda et al., 2002].

1.4 Discussion

Phytochemical investigation on methanol extract of RPR derived from P.
lactiflora led to isolation of 17 monoterpenoids. Monoterpenoids possessing
“cage-like” pinane skeleton, such as paeoniflorin, albiflorin, paeonisuffrone, etc., have
been only found in the genus Paeonia, the single genus in Paeoniaceae. Up to date,
more than 60 monoterpenoids have been isolated and identified from Paeonia species.

Although such unique monoterpenoids are presumed to be formed initially by the
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cyclization of geranyl pyrophosphate, followed by multi-steps of oxidation,
cyclization, benzoylation, glycosylation, etc., experimental evidences of biosynthetic
pathway in detail are scanty, and biogenetic relationship within various classics of
monoterpenoids is still unclear. In the present study, an acetone soaking extract of P.
lactiflora root was prepared and analyzed by LC-MS, and all of the three new
compounds were detected, which suggested that these compounds are natural
metabolites contained in this red peony root. From the viewpoint of biosynthesis, as
shown in Scheme 1.1, paeoniflorol (1) is proposed to be derived from paeonisuffrone
[Yoshikawa et al., 2000] by enzymatic reduction with alcohol dehydrogenase (ADH)
which can catalyze the reduction of aldehydes and ketones to alcohols [Thmpson et al.,
2008; Chung et al., 1999]. 4'-hydroxypaeoniflorigenone (2) can be derived from
paeonisuffral [Yoshikawa et al., 2000] through p-hydroxybenzoylation of C8-OH.
4-epi-albiflorin (3) with B configuration of C4-OH is not isolated previously from
Paeonia species, which is presumed to be formed via enzymatic reduction of

keto-lactone derivatives of paeoniflorin [Keneda et al., 1972].
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Scheme 1.1 Proposed biosynthesis pathways of compounds 1, 2, 3 and 4

A primary structure-activity relationship of these isolated monoterpenoids was
discussed. Compound 1 exhibited the most effectiveness with 1Csy of 41.17 uM,
followed by compounds 8 (ICso: 42.22 uM) and 11 (ICsp: 50.05 uM), whereas
compounds 2-5, 7, 10 and 16 showed no inhibitory activity. The results showed that
the basic skeletons of compound 1 and the paeoniflorin-type (6-15) were important
for the activity, compared to the albiflorin-type (3-5) with a lactone ring in the pinane
aglycone. The similar tendency that the paeoniflorin-type skeleton is essential for the
ameliorating effect on scopolamine-induced amnesia rather than the albiflorin-type
has been observed previously [Abdel-Hefez et al., 1998]. Of the compounds with
paeoniflorin-type skeleton (Fig. 1.5), hydroxyl group at C-4 of the aglycone was
required for the activity, since methylation at this position resulted in complete losing

of activity (6 vs. 7). Song et al. also reported that the methoxy group at C-4 was
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deleterious for the anticomplement activity of the paeoniflorin type monoterpene
glycosides [Song et al., 2014]. Moreover, compound 8 with o-hydroxybenzoyl moiety
at C-8 was more effective than those with p-hydroxybenzoyl moiety (6, 9-15). A
galloyl group attaching to C-6' of glucose moiety seemed to enhance the activity (11

vs. 9-10, 12).
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12 OH H OH vanilyl 68.32 HO A °*$ Ho n OMA@
13 OH H OH H 87.11 O % on O on
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11 (ICsp: 50.05 M) 9,10,12 (ICsp: > 68.32 uM)

Fig. 1.5 Structure-activity relationship of paeoniflorin-type monoterpenoids

Hattori et al. [1985] and Shu et al. [1987] have reported that paeoniflorin (6),
benzoylpaeoniflorin (9) and oxypaeoniflorin (13), the main monoterpenoids isolated
from the root of P. albiflora Pall., were converted into paeonimetabolines I, 11 and 11
by human intestinal bacteria. 7S-paeonimetaboline I, as the major metabolic, had an
appreciable suppressing effect on convulsions induced by pentylenetetrazole in rat
[Namba et al., 1986; Shu et al., 1987]. In our studies, 4'-hydroxypaeoniflorigenone (2)

which resembled to 7S-paeonimetaboline 1, except for the additional
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p-hydroxybenzoyl group, had no anti-allergic activity (ICso: > 100uM) as inhibitory
effect against IgE-mediated degranulation in vitro. Considering that PR decoction is
generally used via oral intake, anti-allergic activity of the metabolites of

monoterpenoids needs to be further studied.
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1)

2)

3)

4)

Summary of Chapter I

Methanol extract of the crud drug of RPR (D27967) produced in Inner Mongolia
of China, was found to possess potent anti-allergic activity (ICsp: 0.61 + 0.02
mg/ml) as inhibitory effects against DNP-BSA stimulated B-hexosaminidase
release in IgE-sensitized RBL-2H3 cells. Subsequently, 60% and 80% aqueous
MeOH sub-fractions eluted from methanolic extract were found to exhibit
relatively strong inhibitory effects (ICso: 0.20 + 0.01 and 0.12 + 0.02 mg/ml,

respectively).

Bioassay-guided fractionation of the two active subfractions above led to isolation
of seventeen monoterpenoids (1-17) including three new ones (1-3); as well as

five flavonoids (19-23) and six other types of compounds (18, 24-29).

Monoterpenoids, as the representative and main bioactive compounds in PR, are
important for the anti-allergic activity. Paeoniflorol (1) and paeoniflorin-type
monoterpenoids (6-15) showed moderate anti-allergic activity, but albiflorin-type

monoterpenoids (3-5) had no activity.

Of the paeoniflorin-type monoterpenoids, hydroxyl group at C-4 was essential and
o-hydroxybenzoyl moiety at C-8, a galloyl group attaching to C-6' of glucose were

beneficial to the anti-allergic activity.
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Chapter I

Chemical constituents with anti-allergic activity from the root of

Edulis Superba, a horticultural cultivar of Paeonia lactiflora
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2.1 Introduction

In Japanese Pharmacopeia, PR is prescribed as the root of P. lactiflora with no
less than 2.0% of paeoniflorin [The Ministry of Health, Labour and Welfare, 2011].
PR in Japanese market is mainly imported from China and only a small part is
produced domestically; for instance, in 2012, 1,408 tons of peony roots was imported

and 81 tons was domestically-produced [http://www.nikkankyo.org]. In the course of

our study to search new resources of PR and further to promote domestic production,
several horticultural cultivars of P. lactiflora were selected as promising candidates
which have potential as medicinal resource on the basis of genetic and chemical
analyses [Zhu et al., 2013; Yu et al., 2013]. However, the bioactive evaluation of these
selected horticultural cultivars has not been studied.

In this Chapter, with the aim to elucidate the anti-allergic activity of the selected
horticultural cultivars of P. lactiflora and to explore bioactive constituents of the
active cultivar, chemical investigation as well as bioactivity evaluation on the active

cultivar were conducted.

2.2 Plant materials

The roots of six cultivars of P. lactiflora, named Edulis Superba [=3 = U A /X
—/X—: S78 (2009) and S78N (2013)], Harunoyosooi (F®#E: S1, 2009), Rainbow
(LA »Ah—: 821, 2009), Kitasaisho (AL524H: S31, 2009), White-ivory (AR A K7
A 7R U —: 839, 2009), and Hanakago (fE#E: S48, 2009) were harvested from Toyama
Prefectural Medicinal Plants Center, Toyama, Japan. Their botanical sources were
identified as P. lactiflora by genetic analysis of nrDNA-ITS sequence [Namba et al.
1993, Zhu el al., 2015]. Cultivars S1, S21, S39, S48, S78 and S78N were identified as
RPR-type of P. lactiflora, while S31 was WPR-type of P. lactiflora. The vouchers (S1,

S21, S31, S48, S78 and S78N) were deposited in the Museum of Materia Medica,
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Institute of Natural Medicine, University of Toyama, Japan.

2.3 Results

2.3.1 Inhibitory effects of water extracts of six P. lactiflora cultivars against

IgE-mediated degranulation in RBL-2H3 cells

Based on the previous genetic and chemical characteristics of PR as well as
preliminary bioactivity screening experiment, six cultivars (S1, S21, S31, S39, S48,
S78 and S78N) among 17 cultivars of P. lactiflora were screened and further
investigated their anti-allergic activity as inhibitory effect against DNP-BSA
stimulated B-hexosaminidase release in IgE-sensitized RBL-2H3 cells. As shown in
Fig. 2.1, the root of “Edulis Superba” (S78N), a horticultural cultivar of RPR-type of
P. lactiflora, showed relatively strong anti-allergic activity. Therefore, S7T8N was used
as target to find out anti-allergic bioactive components in PR cultivar based on this

pharmacological effect.
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Fig. 2.1 Inhibitory effects of water extracts of the roots derived from P. lactiflora cultivars on IgE-mediated degranulation by measuring B-hexosaminidase
release in RBL-2H3 cells. (A) The time scheme for the degranulation assay. (B) RBL-2H3 cells were sensitized with 0.5 pg/ml anti-DNP IgE (24 h), and then
were incubated with different water extracts of test samples for 30min. The cells were simulated with (Blue) or without (Red) 1.0 pg/ml DNP-BSA for 1 h,

and B-hexosaminidase release was determined. The data are expressed as the mean £ S.D. (n=3). *P< 0.05; **P< 0.01 compared with the vehicle.
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2.3.2 Inhibitory effects of methanol extract and related subfractions of S78N

against IgE-mediated degranulation in RBL-2H3 cells

Methanol extract from the root of Edulis Superba showed relatively strong
anti-allergic activity as inhibitory effects against DNP-BSA stimulated
B-hexosaminidase release in IgE-sensitized RBL-2H3 cells (ICsp: 0.72 + 0.02 mg/ml),
compared to water extract (ICso: 0.97 + 0.03 mg/ml). After partition with EtOAc,
n-BuOH and H,O from methanol extract, respectively, both EtOAc-soluble and
n-BuOH-soluble subfractions exhibited potent inhibitory effects against
B-hexosaminidase release (1Csp: 0.32 £ 0.01 mg/ml; 0.58 £ 0.01 mg/ml, respectively).
Therefore, the two active subfractions were further investigated to elucidate the active

constituents.

2.3.3 Isolation and structure determination

The above two active subfractions were subjected to a series of normal- and
reverse-phase column chromatography, as well as the preparative HPLC to afford a
new norneoligan glycoside (30) and 25 known compounds including five
monoterpenoids (4, 6, 8, 13, 31), ten flavonoids (19-21, 32-38), and ten other types of
compounds (18, 24-25, 28-29, 39-43). The isolation procedure was illustrated in Chart

2.1 and the structures of these isolated compounds were shown in Fig. 2.3.
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Fig. 2.2 Inhibitory effects of different extracts and related fractions of S78N on IgE-mediated degranulation by measuring B-hexosaminidase release in
RBL-2H3 cells. (A) Methanol and water extracts. (B) Related subfractions partitioned from methanol extract. The data are expressed as the mean + S.D.
(n=3). *P< 0.05; **P<0.01 compared with the vehicle.
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Chart 2.1 Isolation procedure of the root of Edulis Superba (S78N), a horticulture cultivar of P. lactiflora. New compound is shown with underline.
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Fig. 2.3 Structures of isolated compounds from the root of Edulis Superba (S78N), a horticulture cultivar of P. lactiflora. New compound is shown with

underline
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2.3.4 Structure elucidation of the new compound

Paeonibenzofuran (30)

White, amorphous powder; [a]3° -44.77° (c = 0.11, MeOH). Quasimolecular ions at
m/z 475.1632 [M-H] = and 521.1684 [M+HCOO] ~ in the HR-ESI-MS spectrum
suggested a molecular formula of Cy4H23010. The IR spectrum showed absorption
bands at 3397 cm™ (hydroxyl group) and 1600, 1515 and 1485 cm™ (aromatic ring).
The *H-NMR spectrum of 30 (Table 2.1) presented signals attributable to a vinylic
proton at 0y 6.78 (1H, d, J= 1.2 Hz, H-3); a methoxyl signal at Jy43.86 (3H, s); a C3
fragment of CH,CH,CH,OH [0y 2.63 (2H, t, J= 8.0 Hz, H-8); 6y 1.78 (2H, m, H-9);
and oy 3.51 (2H, t, J= 6.0 Hz, H-10)]; and two sets of aromatic signals ascribable to a
trisubstituted benzene ring [0y 6.77 (1H, d, J= 8.0 Hz, H-5); 64 7.27 (1H, dd, J= 1.6,
8.0 Hz, H-6") and oy 7.34 (1H, d, J= 1.6 Hz, H-2] and a tetra-substituted benzene
ring [o46.83 (1H, br s, H-6) and Jy 6.94 (1H, d, J= 1.6 Hz, H-4)]; together with a
series of proton signals assignable to a glucopyranosyl moiety. In addition, the acid
hydrolysis of 30 yielded B-D-glucopyranose. The **C-NMR spectrum displayed 24
carbon signals, which included characteristic signals of two vinylic carbons (6¢c 100.7,
C-3; dc 158.1, C-2), a methoxyl signal (dc 56.6), a C3 fragment of CH,CH,CH,OH
(oc 33.2, C-8; oc 35.8, C-9; dc 62.5, C-10), 12 aromatic carbons (dc 109.6~149.3),
and a set of glucopyranosyl carbons (d¢c 62.2~102.6). The NMR data mentioned above
closely resembled to those of 5-(3"-hydroxypropyl)-7-methyoxy-2-(3',
4'-dimethoxyphenyl) benzofuran [Arnone et al., 1988; Pauletti et al., 2000; Xiao et al.,
2014; Cao et al., 2015], except for the absence of signals of two methoxyl protons, but
a set of additional signals for a glucopyranosyl moiety. The long-range correlations
between H-1" (dy 5.16) and C-7 (oc 143.3) in HMBC spectrum (Fig. 2.4) confirmed

glucosylation at C-7 of the benzofuran skeleton. In addition, the correlation from
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methoxyl protons (dy 3.86) to C-3' (dc 148.8) in the HMBC spectrum indicated that
the methoxyl moiety was connected to C-3', which was also confirmed by the NOE
enhancement signal of H-2' when irradiation at methoxyl protons. The correlations
from H-9 to C-5 and from H-8 to C-4 and C-6 in the HMBC spectrum were obviously
observed, which indicated that the C3 unit was connected to C-5. The correlations
between H-8 and H-9, H-9 and H-10, as well as H-5' and H-6' were clearly observed
in the *H-"H COSY spectrum (Fig. 2.4). Consequently, compound 30 was identified
as2-(4'-hydroxyl-3'-methxoyphenyl)-5-(3-hydroxypropyl)-benzofuran-7-O-p-b-gluco-

pyranoside, and named paeonibenzofuran.

Table 2.1 *C-NMR (100 MHz) and *H-NMR (400 MHz) spectroscopic data of compound 30

measured in CD3OD (¢ in ppm).

30 (Paeonibenzofuran)

Position oC OdH JinHz) Position oC OdH JinHz)
1 1 123.8
2 158.1 2 109.6 7.34,d (1.6)
3 100.7 6.78,d (1.2) 3 148.8
3a 133.1 4' 149.3
4 1150  6.94,d (1.6) 5" 1166  6.77,d (8.0)
5 139.1 6" 119.5 7.27,dd (1.6, 8.0)
6 113.0 6.83, brs 1" 102.6 5.16, d (6.8)
7 143.3 2" 75.0 3.50,dd (7.6,8.8)
7a 143.8 3" 78.1 3.59,dd (8.8,9.2)
8 33.2 2.63,t(8.0) 4" 71.4 3.35,m
9 35.8 1.78, m 5" 78.3 3.33,m
10 62.5 3.51,1(6.0) 6" 62.2 3.62,dd (5.2,12.0);
3.76,dd (1.2,12.0)
OCH; 56.6 3.86,s
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Fig. 2.4 Important 2D-NMR correlations of compound 30

2.3.5 Identification of the known compounds
Mudanpioside E (31)

White, amorphous powder; a quasimolecular ion peak at m/z 525.1578 [M-H] in
HR-ESI-MS suggested a molecular formula of CpsH30013. *H-NMR (CD3sOD, 400Hz)
Sn 7.59 (2H, d, J= 1.6 Hz, H-2"), 7.56 (1H, m, H-6"), 6.84 (1H, m, H-5"), 5.41 (1H, s,
H-9), 4.71 (2H, dd, J= 3.6, 12.0 Hz, H-8), 4.52 (1H, d, J= 7.6 Hz, H-1Y), 3.90 (3H,
5,-OCHs), 3.84 (1H, d, J= 12.0 Hz, H-6'a), 3.60 (1H, dd, J= 6.0, 12.0 Hz, H-6'), 3.35
(1H, m, H-5Y), 3.31 (1H, m, H-3", 3.29 (1H, m, H-4"), 3.22 (1H, m, H-2"), 2.57 (1H, d,
J=5.6 Hz, H-5), 2.48 (1H, d, J= 10.8 Hz, H-70), 1.94 (1H, d, J= 10.8 Hz, H-7B), 2.18
(1H, d, J= 12.4 Hz, H-3a), 1.79 (1H, dd, J= 12.4 Hz, H-3B), 1.36 (3H, s, H-10);
BC-NMR (CD;0D, 100Hz) J; 168.0 (C-7"), 153.5 (C-4"), 148.8 (C-3"), 125.2 (C-1"),
122.2 (C-6"), 116.0 (C-2"), 113.7 (C-5"), 106.4 (C-4), 102.3 (C-9), 100.2 (C-1'), 89.3
(C-1), 87.3 (C-2), 78.1 (C-5), 78.0 (C-3"), 75.0 (C-2), 72.3 (C-6), 71.8 (C-4), 62.9
(C-6"), 61.3 (C-8), 56.5 (-OCHs), 44.6 (C-3), 44.0 (C-5), 23.5 (C-7), 19.6 (C-10). The
above 'H- and *C-NMR spectroscopic data were the same with those of the reported

values [Tanaka et al., 2003].

(25)-(-)-Narigenin-5-O-B-D-glucopyranoside (32)
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Yellow, amorphous powder; a quasimolecular ion peak at m/z 433.1155 [M-H] in
HR-ESI-MS suggested a molecular formula of C,;H2,010. *H-NMR (CD30D, 400Hz)
0u 7.29 (2H, d, J= 8.8 Hz, H-2' and H-6"), 6.79 (2H, d, J= 8.8 Hz, H-3' and H-5'), 6.40
(1H, d, J= 2.4 Hz, H-8), 6.10 (1H, d, J= 2.4 Hz, H-6), 5.34 (1H, dd, J= 2.8, 12.8 Hz,
H-2), 4.81 (1H, d, J= 7.2 Hz, H-1"), 3.91 (1H, d, J= 11.4 Hz, H-6"a), 3.71 (1H, dd, J=
7.2, 11.4 Hz, H-6"B), 3.57 (1H, m, H-5"), 3.52 (1H, m, H-3"), 3.48 (1H, m, H-4"),
3.42 (1H, m, H-2"), 3.07 (1H, d, J= 12.4, 16.0 Hz, H-30), 2.65 (1H, dd, J= 2.8, 16.0
Hz, H-3p); ®*C-NMR (CD;OD, 100Hz) J. 193.1 (C-4), 167.0 (C-5), 166.1 (C-7),
161.6 (C-4'), 159.0 (C-9), 131.1 (C-1"), 129.0 (C-2', 6"), 116.3 (C-3', 5'), 106.7 (C-10),
104.0 (C-8), 100.3 (C-1"), 99.5 (C-6), 80.3 (C-2), 78.5 (C-5"), 77.4 (C-3"), 74.6 (C-2"),
71.2 (C-4"), 62.5 (C-6"), 46.2 (C-3). The above *H- and **C-NMR spectroscopic data

were the same with those of the reported values [Wang et al., 2009].
(2R)-(-)-Narigenin-5-O-B-D-glucopyranoside (33)

Yellow, amorphous powder; a quasimolecular ion peak at m/z 433.1165 [M-H]  in
HR-ESI-MS suggested a molecular formula of C,;H2,010. *H-NMR (CD30D, 400Hz)
on 7.28 (2H, d, J= 8.8 Hz, H-2' and H-6"), 6.80 (2H, d, J= 8.8 Hz, H-3' and H-5'), 6.45
(1H, d, J= 2.4 Hz, H-8), 6.11 (1H, d, J= 2.4 Hz, H-6), 5.29 (1H, dd, J= 2.1, 13.2 Hz,
H-2), 4.75 (1H, d, J= 7.2 Hz, H-1"), 3.94 (1H, d, J= 12.0 Hz, H-6"a), 3.75 (1H, dd, J=
4.4, 12.0 Hz, H-6"), 3.56 (1H, m, H-5"), 3.49 (1H, m, H-3"), 3.44 (1H, m, H-4"),
3.40 (1H, m, H-2"), 2.89 (1H, d, J= 13.2, 17.2 Hz, H-3a), 2.68 (1H, dd, J= 2.4, 17.2
Hz, H-3p); *C-NMR (CD;OD, 100Hz) &, 193.1 (C-4), 167.0 (C-5), 166.1 (C-7),
161.6 (C-4'), 159.0 (C-9), 131.1 (C-1), 129.0 (C-2, 6'), 116.3 (C-3', 5), 107.1 (C-10),
104.0 (C-8), 100.3 (C-1"), 99.5 (C-6), 80.3 (C-2), 78.5 (C-5"), 77.4 (C-3"), 74.6 (C-2"),
71.2 (C-4"), 62.5 (C-6"), 46.3 (C-3). The above 'H- and "*C-NMR spectroscopic data

were the same with those of the reported values [Wang et al., 2009].
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(2R)-(-)-Narigenin-7-O-B-D-glucopyranoside (34)

Yellow, amorphous powder; a quasimolecular ion peak at m/z 433.1163 [M-H] in
HR-ESI-MS suggested a molecular formula of C,1H2,010. 'H-NMR (DMSO, 400Hz)
on 10.66 (-COQH), 9.56 (-COH), 7.29 (2H, d, J= 8.4 Hz, H-2' and H-6), 6.78 (2H, d,
J=8.4 Hz, H-3' and H-5"), 6.33 (1H, d, J= 1.2 Hz, H-8), 6.06 (1H, d, J= 1.2 Hz, H-6),
5.40 (1H, dd, J= 2.8, 12.4 Hz, H-2), 4.76 (1H, d, J= 6.8 Hz, H-1"), 4.59 (1H, dd, J=
6.0, 11.2 Hz, H-6"a), 3.70 (1H, dd, J= 4.8, 11.2 Hz, H-6"B), 3.70 (1H, m, H-5"), 3.54
(1H, m, H-3"), 3.48 (1H, m, H-4"), 3.34 (1H, m, H-2"), 3.10 (1H, d, J= 12.4, 16.8 Hz,
H-30), 2.58 (1H, dd, J= 2.8, 16.8 Hz, H-3p); *C-NMR (DMSO, 100Hz) & 189.5
(C-4), 164.4 (C-7), 163.7 (C-9), 160.0 (C-5), 157.6 (C-4"), 129.1 (C-1'), 128.2 (C-2',
6, 115.1 (C-3', 5'), 105.3 (C-10), 102.2 (C-1"), 98.6 (C-6), 97.6 (C-8), 78.2 (C-2),
77.4 (C-5"), 76.0 (C-3"), 73.4 (C-2"), 69.5 (C-4"), 60.6 (C-6"), 44.6 (C-3). The above
'H- and *C-NMR spectroscopic data were the same with those of the reported values

[Hosny et al., 2009].
(+)-Catechin-3-O-B-D-glucopyranoside (35)

Yellowish, amorphous powder; a quasimolecular ion peak at m/z 451.1248 [M-H] in
HR-ESI-MS suggested a molecular formula of Cy;1H»401:. *H-NMR (CD30D, 400Hz)
S 6.81 (1H, d, J= 1.6 Hz, H-2Y), 6.75 (1H, d, J= 8.0 Hz, H-5"), 6.70 (1H, dd, J= 2.0,
8.0 Hz, H-6"), 6.26 (1H, d, J= 2.0 Hz, H-8), 6.02 (1H, d, J= 2.0 Hz, H-6), 4.84 (1H, m,
H-1"), 4.59 (1H, d, J= 7.6 Hz, H-2), 3.98 (1H, d, J= 7.2 Hz, H-3), 3.89 (1H, d, J=12.4
Hz, H-6"0), 3.70 (1H, dd, J= 3.6, 12.4 Hz, H-6"B), 3.45 (1H, m, H-5"), 3.40 (1H, m,
H-3"), 3.31 (1H, m, H-4"), 3.29 (1H, m, H-2"), 2.89 (1H, dd, J= 5.2, 16.0 Hz, H-4a),
2.57 (1H, dd, J= 8.4, 16.0 Hz, H-4B); *C-NMR (CD;0OD, 100Hz) &, 158.0 (C-5),
157.9 (C-7), 156.6 (C-9), 146.2 (C-3', 4'), 132.0 (C-1'), 119.9 (C-6"), 116.1 (C-2),
115.2 (C-5'), 103.3 (C-10), 102.4 (C-1"), 98.1 (C-6), 96.8 (C-8), 83.1 (C-2), 78.2
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(C-5"), 78.1 (C-3"), 74.8 (C-2"), 71.2 (C-4"), 68.5 (C-3), 60.6 (C-6"), 28.3 (C-4). The
above 'H- and **C-NMR spectroscopic data were close accordance with those of the

reported values [Hosny et al., 2009].
Taxifolin-3-O-B-D-glucopyranoside (36)

Yellowish, amorphous powder; a quasimolecular ion peak at m/z 465.1051 [M-H] in
HR-ESI-MS suggested a molecular formula of C,;H,01,. *H-NMR (CD30D, 400Hz)
S 6.95 (1H, d, J= 1.6 Hz, H-2'), 6.84 (1H, dd, J= 1.6, 8.0 Hz, H-5'), 6.78 (1H, dd, J=
8.0 Hz, H-6'), 6.21 (1H, d, J= 2.4 Hz, H-8), 6.19 (1H, d, J= 2.4 Hz, H-6), 4.95 (1H, d,
J= 6.0 Hz, H-3), 4.94 (1H, m, H-1"), 4.55 (1H, d, J= 2.0, 12.0 Hz, H-2), 3.86 (1H, dd,
J= 6.4, 12.0 Hz, H-6"a), 3.66 (1H, dd, J= 9.2, 12.0 Hz, H-6"B), 3.44 (1H, m, H-5"),
3.39 (1H, m, H-3"), 3.34 (1H, m, H-4"), 3.29 (1H, m, H-2"); *C-NMR (CD;0OD,
100Hz) &. 199.4 (C-4), 167.3 (C-5), 164.8 (C-7), 164.3 (C-9), 147.2 (C-3"), 146.4
(C-4), 129.7 (C-1), 121.0 (C-6'), 116.1 (C-2), 116.0 (C-5'), 103.5 (C-10), 101.3
(C-1"), 98.3 (C-6), 97.0 (C-8), 83.4 (C-2), 78.3 (C-5"), 77.8 (C-3"), 74.8 (C-2"), 73.9
(C-3), 71.2 (C-4"), 62.4 (C-6"). The above *H- and *C-NMR spectroscopic data were

close accordance with those of the reported values [Choi et al., 2011].
Quercetin (37)

Yellow, amorphous needles; a quasimolecular ion peak at m/z 301.0418 [M-H] in
HR-ESI-MS suggested a molecular formula of C15H1007. *H-NMR (CD50D, 500Hz)
on 7.73 (1H, d, J= 2.0 Hz, H-2"), 7.62 (1H, dd, J= 2.0, 8.0 Hz, H-5"), 6.87 (1H, d, J=
8.0 Hz, H-6"), 6.38 (1H, d, J= 2.0 Hz, H-8), 6.18 (1H, d, J= 2.0 Hz, H-6); *C-NMR
(CD;0D, 125 Hz) J; 177.3 (C-4), 165.6 (C-7), 162.5 (C-5), 158.2 (C-9), 148.8 (C-2),
148.0 (C-4'), 146.2 (C-3'), 137.2 (C-3), 124.1 (C-1'), 121.7 (C-6"), 116.2 (C-2"), 116.0

(C-5"), 104.5 (C-10), 99.2 (C-8), 94.4 (C-6). The above 'H- and *C-NMR

53



spectroscopic data were close accordance with those of the reported values [Lin et al.,

1998].
Quercetin-3-O-B-D-glucopyranoside (38)

Yellow, amorphous needles; a quasimolecular ion peak at m/z 463.0901 [M-H] in
HR-ESI-MS suggested a molecular formula of C,1H201,. *H-NMR (CD30D, 500Hz)
on 71.72 (1H, d, J= 2.0 Hz, H-2"), 7.59 (1H, dd, J= 2.0, 8.5 Hz, H-5"), 6.87 (1H, d, J=
8.5 Hz, H-6'), 6.38 (1H, d, J= 2.0 Hz, H-8), 6.18 (1H, d, J= 2.0 Hz, H-6), 5.25 (1H, d,
J=7.5Hz, H-1"), 3.70 (1H, dd, J= 2.0, 12.0 Hz, H-6"a), 3.56 (1H, dd, J= 5.0, 12.0 Hz,
H-6"B), 3.49 (1H, m, H-5"), 3.44 (1H, m, H-3"), 3.36 (1H, m, H-4"), 3.20 (1H, m,
H-2"); ¥*C-NMR (CDsOD, 125 Hz) & 179.6 (C-4), 166.1 (C-7), 163.1 (C-5), 159.1
(C-9), 158.5 (C-2), 149.9 (C-4"), 146.0 (C-3'), 135.7 (C-3), 132.2 (C-1'), 132.1 (C-6"),
117.6 (C-2'), 116.0 (C-5'), 105.8 (C-10), 104.3 (C-8), 99.9 (C-1"), 94.4 (C-6), 78.5
(C-3"), 78.2 (C-5"), 75.8 (C-2"), 71.3 (C-4"), 62.6 (C-6"). The above ‘H- and
13C-NMR spectroscopic data were close accordance with those of the reported values

[Lin etal., 1998].
Neohancoside C (39)

White, amorphous powder; a quasimolecular ion peak at m/z 429.1398 [M-H] in
HR-ESI-MS suggested a molecular formula of C19H2601:. *H-NMR (CD3OD, 400Hz)
S 7.65 (1H, dd, J= 2.0, 8.0 Hz, H-6), 7.56 (1H, m, H-4), 7.37 (1H, d, J= 8.0 Hz, H-3),
7.09 (1H, d, J= 8.0 Hz, H-5), 5.04 (1H, d, J= 7.6 Hz, H-1"), 4.28 (1H, d, J= 6.8 Hz,
H-1"), 3.83 (1H, dd, J= 3.2, 12.0 Hz, H-5"a), 3.41 (1H, dd, J= 9.2, 12.0 Hz, H-5"B),
4.12 (1H, dd, J= 1.6, 11.2 Hz, H-6'a), 3.77 (1H, dd, J= 4.0, 11.2 Hz, H-6'B), 3.71 (1H,
m, H-5'), 3.67 (1H, m, H-4"), 3.59 (1H, m, H-3"), 3.55 (1H, dd, J= 7.6, 8.8 Hz, H-2),

3.46 (1H, dd, J= 4.0, 8.8 Hz, H-4"); *C-NMR (CD30D, 100Hz) J, 202.5 (C-7), 158.0
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(C-2), 135.4 (C-6), 130.7 (C-4), 130.3 (C-1), 123.3 (C-5), 117.7 (C-3), 105.0 (C-1"),
102.3 (C-1Y), 78.1 (C-3), 77.5 (C-3"), 74.9 (C-5), 74.1 (C-2"), 72.6 (C-2'), 71.4 (C-4),
69.5 (C-4", 6'), 66.7 (C-5"), 32.2 (C-8). The above *H- and **C-NMR spectroscopic

data were close accordance with those of the reported values [Konda et al., 1997].
Paeonolide (40)

White, amorphous powder; a quasimolecular ion peak at m/z 459.1531 [M-H] in
HR-ESI-MS suggested a molecular formula of CyoH2501,. *H-NMR (CD30D, 400Hz)
Su 7.74 (1H, d, J= 8.8 Hz, H-6), 6.84 (1H, d, J= 2.4 Hz, H-3), 6.65 (1H, dd, J= 2.4,
8.0 Hz, H-5), 5.05 (1H, d, J= 7.6 Hz, H-1'), 4.25 (1H, d, J= 7.6 Hz, H-1"), 4.12 (1H,
dd, J= 1.6, 11.2 Hz, H-6'a), 3.77 (1H, dd, J= 4.0, 11.2 Hz, H-6'B), 3.85 (1H, d, J= 12.0
Hz, H-5"a), 3.43 (1H, d, J= 12.0 Hz, H-5"B), 3.78 (1H, m, H-5"), 3.68 (1H, m, H-4"),
3.57 (1H, m, H-3"), 3.51 (1H, m, H-2"), 3.49 (1H, dd, J= 7.6, 8.8 Hz, H-2'), 3.45 (1H,
dd, J= 4.0, 8.8 Hz, H-4), 3.87 (3H, s, -OCH3); **C-NMR (CD30D, 100Hz) &, 200.5
(C-7), 166.3 (C-4), 160.4 (C-2), 133.0 (C-6), 122.7 (C-1), 109.3 (C-5), 105.1 (C-1"),
102.9 (C-1'), 102.4 (C-3), 78.1 (C-3"), 77.4 (C-3"), 74.8 (C-5'), 74.2 (C-2"), 72.4 (C-2),
71.3 (C-4"), 69.8 (C-4"), 69.5 (C-6'), 66.8 (C-5"), 32.2 (C-8), 56.5 (-OCH3). The above
'H- and ¥C-NMR spectroscopic data were close accordance with those of the

reported values [Konda et al., 1997].
Poacynose (41)

White, amorphous powder; a quasimolecular ion peak at m/z 459.1531 [M-H] in
HR-ESI-MS suggested a molecular formula of CyH2501. *H-NMR (CD30D, 400Hz)
u 8.09 (2H, d, J= 8.0 Hz, H-2 and H-6), 7.63 (1H, d, J= 7.6 Hz, H-4), 7.49 (2H, dd,
J= 2.0, 8.0 Hz, H-3 and H-5), 5.71 (1H, d, J= 7.6 Hz, H-1, 4.32 (1H, d, J= 7.6 Hz,

H-1"), 4.18 (1H, dd, J= 1.6, 12.0 Hz, H-6's), 3.78 (1H, dd, J= 5.2, 11.2 Hz, H-6'p),
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3.83 (1H, d, J= 12.0 Hz, H-5"a), 3.63 (1H, dd, J= 5.6, 12.0 Hz, H-5"B), 3.61 (1H, m,
H-5, 3.53 (1H, m, H-4"), 3.51 (1H, m, H-2"), 3.32 (1H, m, H-3"), 3.24 (1H, dd, J=
7.6, 8.8 Hz, H-2"), 3.19 (1H, dd, J= 4.0, 8.8 Hz, H-4"); *C-NMR (CD50D, 100Hz) &,
166.7 (C-7), 134.7 (C-4), 131.0 (C-2, 6), 130.7 (C-1), 129.6 (C-3, 5), 104.5 (C-1"),
96.3 (C-1'), 77.9 (C-3'), 77.8 (C-3"), 75.0 (C-5"), 74.0 (C-2"), 71.4 (C-2"), 71.4 (C-4"),
70.8 (C-4"), 69.4 (C-6), 62.6 (C-5"), 32.2 (C-8), 56.5 (-OCH3). The above *H- and
3C-NMR spectroscopic data were close accordance with those of the reported values

(Morikawa et al., 2012).
3,4-Dihydro-4-hydoxynapthalene-2-carboxylic acid (42)

White, amorphous powder; *H-NMR (CDsOD, 400Hz) dy 7.69 (1H, d, J= 8.0 Hz,
H-6), 7.35 (1H, d, J= 8.0 Hz, H-8), 7.20 (1H, s, H-1), 7.10 (1H, dd, J= 1.2, 8.0 Hz,
H-7), 7.02 (1H, dd, J= 1.2, 8.0 Hz, H-9), 3.84 (1H, dd, J= 4.0, 9.6 Hz, H-4), 3.51 (1H,
dd, J= 3.6, 15.2 Hz, H-3a), 3.14 (1H, dd, J= 9.6, 15.2 Hz, H-3p); *C-NMR (CD:0D,
100Hz) &, 174.4 (C-11), 138.4 (C-10), 128.5 (C-9), 125.2 (C-1), 122.7 (C-6), 120.1
(C-7), 119.3 (C-8), 112.4 (C-5), 109.6 (C-2), 56.7 (C-4), 28.5 (C-3). The above ‘H-
and *C-NMR spectroscopic data were close accordance with those of the reported

values [Yang et al., 2011].
Phenyl-O-B-xylopyranosyl (1—6)-O-glucopyranoside (43)

White, amorphous powder; a quasimolecular ion peak at m/z 387.1537 [M-H] in
HR-ESI-MS suggested a molecular formula of C17H24010. *H-NMR (CD30D, 400Hz)
Su 7.28 (2H, dd, J= 1.6, 7.6 Hz, H-2 and H-6), 7.09 (2H, dd, J= 1.6, 7.6 Hz, H-3 and
H-5), 6.97 (1H, dd, J= 1.6, 7.6 Hz, H-4), 4.89 (1H, d, J= 7.6 Hz, H-1), 4.30 (1H, d,
J=7.2 Hz, H-1"), 4.10 (1H, dd, J= 2.4, 12.0 Hz, H-6'0), 3.80 (1H, dd, J= 3.2, 12.0 Hz,

H-6'8), 3.76 (1H, dd, J= 6.4, 8.8 Hz, H-5"a), 3.55 (1H, dd, J= 2.4, 8.8 Hz, H-5"p),
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3.65 (LH, m, H-5Y), 3.58 (1H, m, H-4"), 3.55 (1H, m, H-2"), 3.46 (1H, m, H-3"), 3.28
(1H, m, H-2), 3.09 (1H, m, H-4); 3C-NMR (CD;0D, 100Hz) 8, 159.0 (C-1), 130.5
(C-2, 6), 133.3 (C-4), 117.8 (C-3, 5), 104.9 (C-1"), 102.0 (C-1Y), 77.8 (C-3), 77.3
(C-3"), 74.9 (C-5'), 74.1 (C-2"), 72.4 (C-2'), 71.5 (C-4"), 69.5 (C-4"), 69.3 (C-6'), 66.7
(C-5"). The above *H- and **C-NMR spectroscopic data were the same with those of

the reported values [Chen et al., 2008].

2.3.6 Inhibitory effects of the isolated compounds against IgE-mediated

degranulation in RBL-2H3 cells

The isolated 26 compounds were further examined for their anti-allergic activity
as inhibitory effects against DNP-BSA stimulated p-hexosaminidase release in
IgE-sensitized RBL-2H3 cells, and their 1Csy values were shown in Table 2.2. Cell
viability under stimulation was evaluated by the CCK-8 assay and all of the test
compounds at several dose levels from 10.0 up to 100.0 uM showed no cytotoxicity.
Among 26 isolated compounds, eighteen compounds exhibited anti-allergic activity
with ICsp values ranging from 25.05 to 91.40 uM. Mudanpioside E (31) with
paeoniflorin-type skeleton and quercetin (37) showed potent inhibitory activity
against [-hexosaminidase release with 1Csy values of 40.34 and 25.05 uM,

respectively.
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Table 2.2 Inhibitory effects of 26 isolated components against DNP-BSA stimulated

B-hexosaminidase release in IgE-sensitized RBL-2H3 cells.

Compound ICsp (UM) Compound No. 1Cs5p (M)
30 6250+1.8° 38 4255 +2.0
76.02+1.4 39 65.44 £ 2.5
8 4222 +2.9 40 48.84+1.4
13 87.11+£1.7 25 88.92 +2.7
31 40.34 £ 3.2 41 68.71 £ 3.2
18 62.00+x1.4 28 78.11+3.1
32 914015 29 4772 +£1.0
33 68.36 1.3 42 785123
34 60.70x 1.1 4,19-21, 24, NA P
35-36, 43
37 25.05 + 4.0 Baicalein © 37.78+1.0

% The results are expressed as the mean * S.D., ICs values were calculated by Probit
regression analysis of SPSS software (version 15.0);
b |Cs, values are more than 100 uM; ° Positive control [Matsuda et al., 2002; Murata et al.,

2013].

2.4 Discussion

By comparing the ICs, value of these test compounds, as for the monoterpenoids
which are considered as the main and characteristic constituents of PR, compounds 6,
8, 13 and 31 with paeoniflorin-type skeleton showed moderate activities, but
albiflorin (4) with the lactone ring in the pinane aglycone exhibited no activity, which
was consistent with our previous Chapter | that paeoniflorin-type skeleton is essential
for the anti-allergic activity as inhibitory effect against IgE-mediated degranulation
rather than albiflorin-type. Except for 31, compounds 6, 8 and 13 have also been
isolated from RPR in the Chapter I. Of the four paeoniflorin derivatives,
mudanpioside E (31) with 3-methoxy-4-hydroxybenzoyl moiety at C-8 showed the
highest activity (ICso: 40.34 uM), and salicylpaeoniflorin (8) with o-hydroxybenzoyl
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moiety at C-8 exhibited higher activity than the two compounds with benzoyl (6) or
p-hydroxybenzoyl moieties (13) at C-8. Quercetin (37) exhibited the most promising
activity (ICsp: 25.05 uM), which was stronger than that of baicalein, the positive
control (ICsp: 37.78 uM). The similar tendency has been previously reported that
quercetin showed stronger activity against IgE-mediated allergic mediator release
from human cultured mast cells than baicalein [Kimata et al., 2000]. In addition, the
other flavonol of quercetin-3-O-B-D-glucopyranoside (38) also exhibited highly
inhibitory activity, followed by three flavanones (32-34), whereas four favan-3-ols
(19-21, 35) and a flavanonol (36) showed no activity. These results suggested that the
vinylic structure at C2-C3 of flavonols was important for the activity (37, 38 vs. 36),
and glycosylation of hydroxyl group at C-3 in flavonols reduced the inhibitory
activity (37 vs. 38). Flavanones having C-2 (R) configuration was more active than
that of C-2 (S) configuration (33, 34 vs. 32). Among the three paeonol derivatives (24,
39-40), compounds (39 and 40) with primeverosyl moiety at C-4 of aglycone
exhibited inhibitory activity, but paeonol (24) had no activity.

Up to date, several studies have reported that paeoniflorin (6),
1,2,3,4,6-penta-O-galloyl-pB-D-glucose  (18), paeonol (24) showed potential
anti-allergic activity both in vitro and in vivo [Lee et al., 2008; Kageyama-Yahara et
al., 2010]. In the present study, several other compounds belonging to monoterpenoids
and flavonol, such as mudanpioside E (31), salicylpaeoniflorin (8) and quercetin (37),
etc., are also documented to make contribution to the anti-allergic activity of PR as

inhibitory effect against IgE-mediated degranulation in RBL-2H3 cells.
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1)

2)

3)

Summary of Chapter I

Methanol extract of the root of Edulis Superba (S78N), a horticultural cultivar
among 17 cultivars of P. lactiflora, was found to possess relatively strong
anti-allergic activity (ICsp: 0.72 = 0.02 mg/ml) as inhibitory effects against
IgE-mediated degranulation. Subsequently, the EtOAc and n-BuOH soluble
subfractions partitioned from methanol extract showed the most promising

anti-allergic activity (ICsp: 0.32 mg/ml; 0.58 mg/ml, respectively).

Bioassay-guided fractionation on the two active subfractions led to the isolation
of a new norneoligan, named paeonibenzofuran (30), and 25 known compounds
including five monoterpenoids (4, 6, 8, 13, 31), ten flavonoids (19-21, 32-38), ten

of other types of compounds (18, 24-25, 28-29, 39-43).

Mudanpioside E (31) with paeoniflorin-type skeleton and quercetin (37) showed
stronger inhibitory activity against 3-hexosaminidase release with ICs, values of

40.34 and 25.05 puM, respectively.
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Chapter III

Characterization and quantification of monoterpenoids in different
types of peony root and the related species in sect. Paeonia by

LC-ESI-IT-TOF-MS
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3.1 Introduction

According to the results of the phytochemical and biological investigations in
Chapter I and 11, monoterpenoids are not only the main and characteristic components
in PR, but also the important components responsible for the anti-allergic activity as
inhibitory effects against IgE-mediated degranulation, especially paeoniflorin-type
monoterpenoids such as salicylpaeoniflorin  (8), galloylpaeoniflorin  (11),
mudanpioside E (31), etc. Until now, more than 60 monoterpenoids have been
isolated and identified from various Paeonia species [He et al., 2010; Wu et al., 2010].
Several studies based on liquid chromatography coupled with time-of-flight mass
spectrometry (LC-TOF-MS) dealt with only one or a few of predominate components
such as paeoniflorin, albiflorin, oxypaeoniflorin, galloylpaeoniflorin and
benzoylpaeoniflorin [Lin et al., 2009; Liu et al., 2009; Wang et al., 2015]. Detailed
investigations on chemical distribution and characterization of monoterpenoids in PR
and the related species such as P. lactiflora, P. veitchii, P. anomala Linn. and P.
japonica Miyabe et Takeda belonging to sect. Paeonia remains unclear.

In the Chapter Ill, a high performance liquid chromatography electrospray
ionization coupled with ion trap and time-of-flight mass spectrometry
(HPLC-IT-TOF-MS) method was developed and validated for characterization and
quantification of monoterpenoids in different types of PR and the related species in
sect. Paeonia. MS/MS fragmentation pathways of monoterpenoids with paeoniflorin-,
albiflorin- and sulfonated paeoniflorin-types of skeletons were reconstructed by using
the authenticated compounds to provide basic clues for subsequent elucidation of
monoterpenoids profiles. Subsequently, monoterpenoids profiling was investigated to
clarify the chemical characteristics of the four species, and to found the possible

marker constituents for their discrimination. Furthermore, quantification analysis of
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15 monoterpenoids including those with anti-allergic activity was investigated to

evaluate their contents variation in different types of PR and the related species.

3.2 Results and discussion

3.2.1 Fragmentation pathways of monoterpenoids

The MS/MS fragmentation patterns of paeoniflorin, albiflorin and
galloylpaoniflorin have been reported, which provided useful information for further
assignment of monoterpenoids by using mass techniques [Lin et al., 2009; Liu et al.,
2009; Wang et al., 2015]. In order to reveal fragmentation patterns of monoterpenoids
with different types of skeletons, eleven reference compounds, including eight with
paeoniflorin-type skeleton and three with albiflorin-type skeleton were preferentially

analyzed by ESI-IT-TOF-MS/MS.

3.2.1.1 Monoterpenoids with paeoniflorin-type skeleton (PFs)

Of the eight PFs (6, 8-10, 12-14, 31), the predominant fragments from successive
or simultaneous losses of the moiety at the C-8 position of pinane skeleton (Ga) and a
CH0 unit, [M—-H-Ga] and [M—H-30] ions were clearly observed. Most previous
studies reported that lost of the 30 dalton (Da) was due to dissociation of a terminal
CH,0 (formaldehyde) unit from glucose moiety [Xu et al., 2006; Dong et al., 2007; Li
et al., 2007; Lin et al., 2009; Liu et al., 2009]. However, this characteristic ion was
also clearly detected in the MS/MS spectra of the four compounds (9, 10, 12 and 14)
without free CH,O unit in the glucose moiety. Upon the structural features of the eight
PFs, it is more reasonable that the loss of 30 mass units was due to degradation of
acetal group from the paeoniflorin-type aglycone [Ye et al., 2007; Wu et al., 2012],
but not from the glucose moiety. In addition, the characteristic product ions resulted
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from the pinane skeleton at m/z 165 that was assignable to fragment of the core
skeleton, and the product ion of [M—H-CyoH1,04] were observed in most of PFs.
Based on the above evidences achieved from the MS/MS spectra of eight PFs, the
proposed fragmentation pathways for precursor ions [M—H] of PFs were summarized

in Scheme 3.1.

3.2.1.2 Monoterpenoids with albiflorin-type skeleton (AFs)

Of the three AFs (3-5), the MS/MS spectra showed a predominant product ion
[M—H-44] at m/z 435 in 3 and 4, as well as at m/z 539 in 5, which was attributed to
the loss of CO, (44 Da) from the lactone ring of pinane skeleton [Lin et al., 2009; Liu
et al., 2009; Wang et al., 2015]. The characteristic product ion arised from
albiflorin-type aglycone at m/z 195 were clearly detected in all of AFs, which was
able to use for identification AFs. Additionally, [M—H-Ga] (m/z 357 in 3 and 4; m/z
461 in 5) and [M-H-C4oH1204] (m/z 283 in 3 and 4; m/z 387 in 5) were obviously

observed in all the three AFs (Scheme 3.2).
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Scheme 3.1 Proposed fragmentation pathway of paeoniflorin-type monoterpenoids (PFs)
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Scheme 3.2 Proposed fragmentation pathway of albiflorin-type monoterpenoids (AFs)

3.2.2 Monoterpenoids profiles of different types of PR and the related species

Monoterpenoids profiles of the different types of PR and the roots of the related
four Paeonia species, including P. lactiflora, P. veitchii, P. anomala and P. japonica
were analyzed and compared by using LC-ESI-IT-TOF-MS. Negative ion mode was
preferred to use for analysis owing to its high sensitivity of signals from most
compounds, as well as low background noise.

In the typical total ion chromatograms of Paeonia samples (Fig. 3.1), fifteen
monoterpenoids (1, 3-5, 6-14, 17, 31) were unambiguously assigned by comparing

with the respective reference standards that isolated in Chapter I and Il, and nine
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peaks were tentatively identified according to the clarified MS/MS fragmentation
patterns as well as the information in reported literatures [Lin et al., 2009; Liu et al.,
2009; Xu et al., 2006; Yan et al., 2012]. The detail information of the nine identified
monoterpenoids (PF1-PF5, AF1-AF2, M1-M2) were summarized in Table 3.1.

It is noteworthy that more than half of commercial WPR samples collected from
Chinese market showed significant difference in the total ion chromatograms (Fig.
3.1c), and some observable specific peaks were detected. We previously reported that
a peak of paeoniflorin sulfonate (PS4) was detected in sulfur-fumigated WPR [Zhu et
al., 2015]. Yan Z. et al. have reported that the sulfuric aglycone ion at m/z 259 is a
characteristic signal for identification of sulfonated monoterpenoids in peony root
[Yan et al., 2012]. In the present study, beside the peak of PS4, five other conspicuous
peaks were tentatively identified as oxypaeoniflorin sulfonate (PS1), mudanpioside E
sulfonate (PS2), isomaltopaeoniflorin sulfonate (PS3), galloylpaeoniflorin sulfonate
(PS5) and benzoyloxypaeoniflorin sulfonate (PS6) according to their characteristic
MS/MS profiles and UV spectra [Lin et al., 2009; Yan et al., 2012]. The MS/MS
spectra of the six main sulfonated monoterpenoids were carefully analyzed and their
fragmentation patterns were summarized in the Scheme 3. The characteristic losses of
the 46 Da unit that was supposed to be generated via degradation of acetal group
(CH,0,) from the sulfonated PF-type skeleton were observed. Besides the ion of
sulfonated pinane skeleton at m/z 259, the product ion of [259-CH,0,] at m/z 213
detected in all PSs was also a characteristic ion that can be used to identify sulfonated
paeoniflorin-type monoterpenoids (PSs).

Finally, a total of thirty peaks assigned as monoterpenoids, which included 15 PFs,
5 AFs, and 6 PSs as well as 4 other types of monoterpenoids. The details of these
identified monoterpenoids were summarized in Table 3.1. Five monoterpenoids were
found to be predominant compounds in all the samples, which were paeoniflorin (6),
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albiflorin (4), benzoylpaeoniflorin (9), galloylpaeoniflorin (11) and oxypaeoniflorin
(13), but their relative contents varied considerably among different types of PR as
well as the different species. In addition, some specific and distinctive marker
constituents for discrimination in different species were also observed. Mudanpioside
C (10) was the characteristic constituent of P. lactiflora, whereas

4-O-methyl-paeoniflorin (7) was only detected in P. veitchii and P. anomala.
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Fig. 3.1 Representative total ion chromatograms of peony root in negative ion mode by LC-
ESI-IT-TOF-MS. a: a plant specimen of RPR-type of P. lactiflora (P1); b: a commercial sample
of Japanese PR derived from WPR-type of P. lactiflora (D52); c: a commercial sample of Chinese
WPR processed by sulfur-fumigation (D24); d: a mixed standard of 15 monoterpenoids. IS
(internal standard), IS: geniposide. 1-31: unambiguously identified compounds listed in Chapter |
and Il. PF: paeoniflorin-type monoterpenoids; AF: albiflorin-type monoterpenoids; PS: sulfonated
paeoniflorin-type monoterpenoids. The details of these identified compounds were summarized in

Table 3.1
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Scheme 3.3 Proposed fragmentation pathway of sulfonated paeoniflorin-type monoterpenoids
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Table 3.1 Characterization of unambiguously and tentatively identified thirty monoterpenoids from the root of P. lactiflora using LC-ESI-IT-TOF-MS.

[M-H] " m/z . .
Monoterpenoids tg (min) Assiged identity I\;Iociﬁcul:::r km;i\(/nm) - [M+HCOO] ™ [2M-H] MS/MS data (measured from [M-H]")
Mean mesured  Theoretical Mass m/z miz
mass (Da) extract accuracy
PFs o 22.432 Paconiflorin CoHOn 232 479.1555 479.1553 0.4 5251601 950.3080 449.1548, 357.1141, 327.1070, 283.0820, 165.0603
7 41.778  4-O -Methyl-paeoniflorin CoHuOn 232 4931717 4931710 14 539.1733 493.1647, 431.1156, 371.1332, 283.0746
g 23.905  Salicylpaeoniflorin CiHxO 232 495.1519 495.1503 3.2 465.1360, 357.1442, 327.1138, 299.0714, 165.0787
g 53.257 Benzoylpaeoniflorin CaHzOn 232 583.1826 583.1816 17 629.1811 1168.3506 553.1642, 461.1368, 431.1281, 387.1247, 265.0687
10~ 42602 Mudanpioside C CaHaOs 232, 258 599.1760 599.1765 08 6451745  1199.3489 00-1609, 477.1348, 447.1245, 403.0945,
281.0624. 165.0074
11* 30.527 Galloylpaeoniflorin CaHzOis 217,275 631.1644 631.1663 3.0 613.1531, 509.1229, 491.1189, 479.1132, 271.0460,
211.0264. 124.0196
12 43.420 Mudanpioside J CaHaOn 220,258 629.1874 629.1870 0.6 6751884  1259.1552 5091664, 507.1450, 477.1338, 433.1004
13* 14.687 Oxypaeoniflorin CuHuOr, 258 495.1510 495.1503 14 5311424  991.3068 465.11385, 357.1346, 333.0950, 327.1093, 165.0621
14% 45710 Benzoyloxypaeoniflorin CaHyOns 232,258 599.1762 599.1765 05 6451725  1199.3681 269-1609,461.1345, 431.1245, 403.0945,
333.0003. 281.0638
31* 17.213  Mudanpioside E CaHaO 215,270 525.1602 525.1608 11 571.1590 495.1444, 363.1059, 357.1158,329.0856, 327.1028,
167.0366. 165.0606
PF1 2.458  Deshenzoylpaeoniflorin C16H24019 210 375.1293 375.1291 0.5 421.1291 345.1141, 165.0725
PF2 10968 6-O-Galloyl-desbenzoylpaconiflorin CpgHpOr 211,276 527.1363 527.1401 7.2 497.1008, 302.0501, 221.0216, 191.6058
PF3  20.815 Isomaltopaeoniflorin CoHsOrs 210,275 641.2061 641.2082 33 687.2037 611.1385, 593.1754, 519.3011, 489.1551, 283.4978
PF4  31.257 Galloylpaeoniflorin isomer CaHpOs 217,275 631.1652 631.1663 17 613.1497, 491.1073, 271.0465
PF5  30.628 3, 6-Di-O-galloylpaeoniflorin CyHyO 215,268 783.1805 783.1773 41 631.0524, 500.0459, 465.1473, 313.0448, 169.0149
AFs EG 27.135 4-epi-Albiflorin CoHoOn 232,275 479.1572 479.1553 40 525.1638 435.1659, 357.1160, 283.0832, 195.0812
4 20515 Albiflorin CoHoOn 232,275 479.1553 479.1553 0.0 525.1652 435.1576, 357.1157, 283.0833, 195.0812
5 53.672 Paeonivayin CaHuOn 232,275 583.1815 583.1816 0.2 629.1930 530.1923, 461.1446, 387.1079, 195.0813
AF1 20815 6-O-glucopyranosylalbiflorin CuHiOs 210,275 641.2081 641.2082 05 687.1994 507.1874, 515.2082, 471.1428, 252.5066, 195.0438
AF2 35563 Galloylalbiflorin CaHyOis 217,275 631.1652 631.1663 17 587.1694, 525.1554, 479.1495, 357.1163, 327.0740
PSs PSL 8373 Oxypaconiflorin sulfonate CosHogOuS 257 559.1130 559.1122 14 513.0761, 421.0735, 375.0678, 259.0225, 213.0215
PS2 11.287 Mudanpioside E sulfonate CoHaOsS 257 589.1229 589.1227 03 543.0378, 421.0713, 375.0678, 259.0252, 213.0239
PS3  13.820 lsomaltopaeoniflorin sulfonate CooHsO1sS 258 705.1687 705.1701 2.0 659.1557, 583.1221, 537.1221, 421.0774, 375.0686,
259.0228. 213.0215
PS4 14.863  Paeoniflorin sulfonate CosHOwS 232 543.1174 543.1172 0.4 497.1035, 421.0737, 375.0688, 259.0254, 213.0222
PS5 25.803  Galloylapeoniflorin sulfonate CaoHz01S 275 695.1296 605.1282 2.0 649.1193, 573.0767, 527.0780, 259.0249, 213.0198
PS6 44.582 Benzoylpaeoniflorin sulfonate C3oH3,014S 275 647.1432 647.1435 -0.5 ggéé;g; giggigg 479.0938, 437.8443, 381.0590,
Others ™ 25.063 Paconiflorol CrHuOn 230 465.1749 465.1761 26 511.1861 411.7129, 343.1349, 283.0840, 119.4497
17 383  Lactiflorin CiHaOr 231 461.1443 461.1448 11 507.1483 339.1044, 229.3689, 177.0539
M1 9.958  Mudanpioside F CigHaOs 210,260 343.1386 343.1303 20 389.1374 343.1361, 205.5758
M2 36.733  Albiflorin R1 CpgHpOn 220,270 479.1541 479.1553 25 357.1158, 327.1022, 121.1340

* Compared with reference standards.
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3.2.3 Quantitative analysis of 15 monoterpenoids
3.2.3.1 Method validation

The contents of the fifteen monoterpenoids, including ten PFs (6-14, 31), three
AFs (3-5) and two others (1, 17), were simultaneously determined by
LC-ESI-IT-TOF-MS. Geniposide (IS) was used as the internal standard to improve
precision and robustness of the developed method. As shown in Table 3.2, all
calibration curves of the 15 monoterpenoids showed good linearity (R* > 0.9985)
within relatively wide range of concentrations (from 0.052 to 58.5 pg/ml). The LODs
and LOQs were lower than 0.072 and 0.239 ng/ml, respectively. Repeatability,
stability, inter- and intra-day precision of the developed method was also validated for
each analyte, and the RSD values were less than 3.0%. The recoveries of 15
monoterpenoids were measured from 98.5 to 103.6%, and the RSD values were less

than 3.0%.

3.2.3.2 Chemical comparison on the basis of contents of 15 monoterpenoids

The contents of 15 monoterpenoids were simultaneously quantified on 56 Paeonia
samples including plant specimens from four different species and crude drugs of
RPR, WPR and PR available in Chinese and Japanese markets. The results (Table 3.3
and Fig. 3.2A) showed that total content of the 15 monoterpenoids, mainly composed
of PFs, was obviously higher in P. lactiflora (26.34-65.03 mg/g, except for
sulfur-fumigated WPR samples) and P. veitchii (33.77-74.49 mg/g), which are the two
officially recorded botanical sources of PR, than in P. japonica (30.36 mg/g) and P.
anomala (11.20-17.71 mg/g). Paeoniflorin (6), as the predominant component in PR,
also showed an comparatively higher content in P. lactiflora and P. veitchii than other

two species (Fig. 3.2B). With the commercial samples derived from P. lactiflora, we
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have previously demonstrated that RPR produced in northern parts of China had an
comparatively higher content of 6, but a lower content of albiflorin (4) than WPR/PR
produced in southern parts of China and most of PR produced in Japan [Zhu et al.,
2015].  Meanwhile, other  paeoniflorin-type ~ monoterpenoids  such  as
salicylpaeoniflorin (8), mudanpioside C (10), mudanpioside J (12), oxypaeoniflorin
(13) and benzoyloxypaeoniflorin (14) also with comparatively higher contents in RPR,
but the contents of 4-epi-albiflorin (3) and paeonivayin (5) with albiflorin-type
skeleton were comparatively lower in RPR than in WPR/PR. As for the two other
types of monoterpenoids, paeoniflorol (1) was found to be with higher content in RPR
and the cultivars of P. lactiflora, whereas lactiflorin (17) was with obviously high
content in WPR/PR. Among the 11 WPR samples collected from Chinese market,
eight samples contained less than 20.0 mg/g of paeoniflorin; especially, three WPR
samples (D18, D22 and D24) were with extremely low content (< 1.28 mg/g). In the
eight samples, paeoniflorin sulfonate as well as several other sulfonated
paeoniflorin-type monoterpenoids were clearly detected, indicating such samples
were processed by sulfur-fumigation which resulted in low contents of paeoniflorin
and other PFs.

In China, sulfur-fumigation is a conventional method used in post-harvest
processing of the crude drugs for the purpose of keeping white looks, inhibiting
bacterial growth and preventing insects [Wang et al., 2009; Kan et al., 2011].
However, such processing method may result in changes of chemical profiles of the
processed crude drugs, and the influence of sulfur-fumigation on their efficacy and
safety remains unclear. Therefore, comprehensive investigations on chemical profiles,
toxicities and adverse effects, pharmacokinetics and pharmacological activities of
sulfur-fumigated crude drugs are necessary.

The samples derived from P. veitchii had the highest contents of 8 and 11,
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clearly differed from those derived from other three species. In particular, the content
of 11 was more than twice as that in other species. In addition, the minor
monoterpenoids of 13 and 14 had very low contents, and 10 could not be detected in P.
veitchii, whereas P. lactiflora showed relatively high contents of these three
compounds, which were found to be characteristic feature of P. lactiflora. Of the roots
of P. anomala (P4-P15), most of detected monoterpenoids showed very low contents.
4-0O-methyl-paeoniflorin (P2) was only detected in P. veitchii and P. anomala. In
addition, monoterpenoids composition of the respective P. lactiflora cultivar showed
high similarity despite RPR-type or WPR-type, which differed from situation between

the commercial WPR and RPR.

3.2.4 Comparison of Paeonia samples by principle component analysis (PCA)

PCA, as an unsupervised pattern recognition method, is one of the multivariate
statistical procedures that were used for reducing the dimensionality of numerical
datasets as well as for identifying the most significant traits in the datasets [He et al.,
2014; Guo et al., 2016]. PCA was employed based on the normalized peak areas of 21
monoterpenoids including the fifteen quantified monoterpenoids and the six
sulfonated paeoniflorin-type monoterpenoids.

The scores plot of PCA (Fig. 3.3A), where a two-component PCA model
cumulatively accounted for 66.40% (PC1, 39.15%; PC2, 27.25%) of the total
variables, showed that the samples were successfully classified into five separated
groups. Besides the respective groups of P. veitchii and P. anomala, samples derived P.
lactiflora were clearly classified into three groups that were RPR group, WPR/PR
group and sulfur-fumigated WPR group. The characteristic monoterpenoids

composition of the respective group could be easily observed by the integrated
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information from both the scores plot and the loading plot (Fig. 3.3B). P. veitchii
group was characterized by the relatively high contents of 7, 8, 11 and 17.
Paeoniflorin-type monoterpenoids 10 and 14 showed obviously high contents in RPR
group, which could be served as maker constituents to discriminate RPR from
WPR/PR. Sulfonated Paeoniflorin-type monoterpenoids (PS1-PS6) were the
indicative constituents of the sulfur-fumigated WPR samples.

According to the results of the bioactive investigation in Chapter | and II,
paeoniflorin-type  monoterpenoids such as  salicylpaeoniflorin ~ (8) and
galloylpaeoniflorin (11) from RPR, mudanpioside E (31) from Edulis Superba, and
other type monoterpenoids of paeoniflorol (1) from RPR are the important
components responsible for the anti-allergic activity. The quantitative analysis of 15
monoterpenoids showed that RPR had the obviously higher contents of those
bioactive monoterpenoids than WPR, which partially supported that RPR had stronger
anti-allergic activity than WPR as inhibitory effect against IgE-mediated
degranulation. Edulis Spuperba (S78N), a horticultural cultivar of RPR-type of P.
lactiflora, has been selected as candidate for the development of new resource of RPR
and also had the relatively high contents of those active monoterpenoids.

In addition, flavonoids components such as quercetin (37) and
quercetin-3-O-B-D-glucopyranoside (38) had relatively strong anti-allergic activity;
however, the contents of these components were relatively low. Therefore, the
contribution of these components to the anti-allergic effect of RPR is thought to be

less than that of above monoterpenoids.
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Table 3.2 Regression equations, correlation coefficients, linearity ranges, limit of detection (LOD), limit of quantitative (LOQ), intra- and inter-day precisions,

repeatability, stability and recovery for 15 monoterpenoids.

Precision (RSD%) Repeatability ~ Stability ~ Recovery

Rentention time  Measured ions Linear range LOD® LOQ ¢

Monoterpenoids (min) (miz) Calibration curves equation R? (ug/mL) (ng/mL) (ng/mL) Intra-day Inter-day ( RS_D%) (RSE)%) (°_/o) RSD %
n=3 n=3 n=9 n=6 n=3
Paeoniflorin (6) 22.465 525.1538 y = 0.0363 x + 0.0091 0.9995 0.056- 56.000 0.004 0.014 2.36 0.49 1.62 0.47 98.5 2.87
4-Methyl-paeoniflorin (7) 41.784 539.1699 y =0.0581 x + 0.0137 0.9995 0.056- 55.500 0.058 0.193 1.80 1.56 1.73 2.26 101.3 2.40
Salicylpaeoniflorin (8) 24.015 495.1428 y =0.0519 x + 0.0143 0.9985 0.055- 55.000 0.011 0.037 2.27 1.96 1.63 1.08 99.6 1.10
Benzoylpaeoniflorin (9) 53.197 629.1790 y =0.0626 x + 0.0182 0.9994 0.056- 56.000 0.005 0.015 2.03 131 1.84 1.40 100.5 1.14
Mudanpioside C (10) 42.660 599.1677 y =0.0520 x + 0.0021 0.9997 0.055- 54.500 0.047 0.016 1.39 0.51 2.02 1.98 102.2 1.28
Galloylpaeoniflorin (11) 30.474 631.1575 y =0.0384 x + 0.0034 0.9998 0.059- 58.500 0.005 0.016 0.85 1.30 0.85 0.95 102.3 2.83
Mudanpioside J (12) 43.474 629.1779 y =0.0499 x + 0.0086 0.9997 0.057- 56.500 0.072 0.239 0.72 0.73 2.17 2.73 100.7 1.59
Oxypaeoniflorin (13) 14.681 495.1427 y =0.0322 x + 0.0062 0.9998 0.054- 54.000 0.015 0.049 0.68 0.67 0.65 0.72 99.0 1.18
Benzoyloxypaeoniflorin (14) 45.744 599.1685 y =0.0675 x + 0.0159 0.9996 0.052- 52.000 0.031 0.102 0.31 0.77 2.63 2.96 101.7 2.44
Mudanpioside E (31) 17.138 525.1534 y =0.0293 x + 0.0079 0.9993 0.058- 57.500 0.014 0.046 1.99 2.20 2.16 217 101.6 1.42
4-epi -Albiflorin (3) 27.420 525.1539 y = 0.0483 x + 0.0004 1.0000 0.057- 56.500 0.027 0.090 0.48 1.80 1.83 2.04 98.9 1.74
Albiflorin (4) 20.454 525.1530 y =0.0302 x + 0.0084 0.9992 0.053- 53.000 0.005 0.018 0.46 0.98 1.56 1.86 99.4 1.70
Paeonivayin (5) 53.658 629.1791 y =0.0482 x + 0.0004 0.9992 0.057- 57.000 0.058 0.019 0.36 0.91 1.32 1.38 103.6 0.96
Paeoniflorol (1) 25.063 511.1746 y =0.0504 x + 0.0143 0.9992 0.057- 57.500 0.009 0.030 1.98 2.45 2.33 2.74 100.4 1.45
Lactiflorin (17) 38.340 507.1435 y =0.0246 x + 0.0082 0.9990 0.054- 54.000 0.007 0.024 1.80 2.28 1.65 1.67 101.5 1.60

? y: ratio of the peak areas of analytes to the peak area of IS; x: concentration of standard (ug/ml)
® Limit of detection (S/N = 3)
¢ Limit of quantification (S/N = 10)
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Fig. 3.2 Contents of 15 monoterpenoids in the different types of peony root and the roots of four related species including P. lactiflora, P. veitchii, P. anomala and P.

japonica. A: total contents of 15 monoterpenoids; B: content of paeoniflorin (6); C and D: contents of other PFs (7-14, 31); E: contents of AFs (3-5); F: contents of

: samples processed by sulfur-fumigation.

+

: plant specimens;

*

other monoterpenoids (1, 17).
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Fig. 3.3 Results of Principal component analysis (PCA) using the normalized peak areas of 15
monoterpenoids and 6 sulfonated paeoniflorin-type monoterpenoids in 56 Paeonia samples. (A)
Scores plot, open inverted triangle: PR derived from P. lactiflora produced in China; closed
triangle: sulfonated WPR in Chinese market; closed box: PR derived from P. lactiflora produced
in Japan; star: RPR-type of P. lactiflora and its derivative RPR produced in Inner Mongolia,
China; open circle: WPR-type of P. lactiflora cultivar cultivated in Japan; closed diamond:
RPR-type of P. lactiflora cultivar cultivated in Japan; open triangle: RPR derived from P. veitchii;
cross: P. anomala; closed circle: P. japonica. (B) Loading plot, the markers represent compounds

listed in Table 3.1.
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Table 3.3 Contents (mg/g) of 15 monoterpenoids in different types of peony root and the roots of

four related species including P. lactiflora, P. veitchii, P. anomala and P. japonica.

Contents (mglg)

PFs AFs Others
Code No. B(.Jléﬂicaﬂl 6 7 8 9 10 1 12 13 14 31 3 4 5 1 17 Total
origions

'WPR producted in China p1® WPR-PL 19.9522 ND " 0.0551 0.4783 0.0032 0.4214 0.0024 0.2368 0.0008 0.1290 0.0611 5.1650 0.1205 0.0262 0.0303 26.68
D3*® WPR-PL 27.2188 ND  0.0765 0.3966 Trace 0.8936 0.0007 0.1302 0.0002 0.1303 0.0735 4.4997 0.0768 0.0502 0.0850 33.63
D16° WPR-PL 20.6398 ND  0.0558 0.4568 Trace  1.5709 00111 Trace Trace  0.2362 0.0056 7.3746 0.1893 0.0841 0.0651 30.69
D17°% WPR-PL 19.4106 ND  0.0558 05113 Trace 1.0986 0.0004 0.1272 Trace  0.0912 0.0730 6.8556 0.1217 0.0415 0.0845 28.47
D18* WPR-PL 1.0795 ND Trace  0.1290 0.0034 1.8282 Trace Trace  0.0002 Trace 0.0667 6.3677 0.1722 0.0442 0.0182 971
D22° WPR-PL 0.7161 ND  0.0376 0.6517 0.0158 1.6976 0.0027 0.7351 0.0001 0.1336 0.0066 5.0689 0.1235 0.0517 0.0990 9.34
D24 WPR-PL 12817 ND  0.0034 0.0794 Trace  0.6763 Trace Trace Trace  0.0049 0.0985 77771 0.1326 Trace Trace 10.05
D2 WPR-PL 18.1872 ND  0.0625 0.8492 0.0114 0.3179 Trace  0.2560 0.0076 0.1895 0.0518 5.7261 0.4461 0.0499 0.1838 26.34
D4 WPR-PL 40.6239 ND  0.1294 11244 0.0228 2.4169 0.0052 0.5878 0.0045 0.1697 01626  13.2367 0.1527 0.0635 0.4997 59.20
D23 WPR-PL 9.4589 ND 01125 0.5205 0.0247 1.5801 0.0146 0.9251 0.0058 0.2441 0.0795 9.8495 0.2544 Trace 0.1632 23.23
D29 WPR-PL 18.8127 ND  0.1406 0.7145 0.0261 0.2968 Trace  0.6460 0.0042 0.2788 0.1055 6.9372 0.0518 Trace 0.0000 28.01
PR produced in China D45 WPR-PL 37.2556 ND  0.0653 0.0865 0.0161 1.6925 Trace  0.0680 0.0064 0.1685 0.0642 0.3652 Trace ND 0.2100 40.00
D46 WPR-PL 24.5805 ND  0.0611 0.8799 0.0186 2.1853 Trace 05707 Trace  0.0072 0.1841  10.1361 0.0659 ND 0.1854 38.87
D47 WPR-PL 48.5917 ND  0.1285 0.6655 0.0218 1.6156 0.0133 0.5054 0.0069 0.4564 01272 13.8726 0.3976 ND 0.3820 66.78
D48 WPR-PL 46.2621 ND  0.0501 0.5668 0.0166 0.6177 Trace 15188 0.0061 0.2524 0.0494 1.9043 0.0117 ND 0.0834 51.34
D53 WPR-PL 28.9685 ND  0.0862 0.5731 0.0105 2.2676 0.0115 0.2500 0.0030 0.1126 0.0667 3.4930 0.1178 0.0473 1.0167 37.02
PR produced in Japan D51 WPR-PL 19.7788 ND  0.0852 0.7081 0.0069 1.3932 0.0092 0.3674 Trace  0.4041 0.0604 4.1958 0.0542 ND 0.3202 27.38
D52 WPR-PL 20.2530 ND  0.1022 0.6908 Trace 16124 Trace  0.3722 Trace  0.3274 0.0092 6.3754 0.0432 ND 0.3362 30.12
D6 WPR-PL 34.3078 ND  0.0104 0.3813 0.0246 0.9193 0.0120 1.0957 0.0038 0.0204 0.0564 4.6325 0.0455 ND 0.1763 41.69
D7 WPR-PL 26.7963 ND  0.0818 0.0711 0.0428 2.0568 0.0092 2.0965 Trace  0.1687 0.0288 0.6136 Trace ND 0.4490 3241
D8 WPR-PL 27.0581 ND  0.0724 0.6070 0.0188 0.7086 Trace  0.8929 Trace  0.0487 Trace 4.6306 0.0703 ND 0.2057 34.31
D10 WPR-PL 30.2003 ND 01303 0.7488 0.0282 1.3161 0.0090 1.0045 0.0061 0.2286 0.0552 26546 0.0234 0.0485 0.2367 36.69
D9 RPR-PL 29.1662 ND  0.1539 0.5095 0.0283 0.5952 0.0091 1.6091 0.0070 0.2203 Trace 4.2818 0.0339 0.0766 0.3893 37.08
T:grt)lrnuaduced D12 RPR-PL 63.6020 ND  0.1889 0.1292 0.1109 0.7580 0.0820 1.2546 0.0369 0.4637 0.0877 232711 0.0131 0.1978 0.0854 69.34
D12N RPR-PL 37.0957 ND  0.0882 0.6107 0.0425 1.0671 0.0280 0.8550 0.0166 0.2167 0.0260 21821 0.0183 0.0948 0.1736 42.52
D13 RPR-PL 59.8307 ND  0.0788 1.1427 0.1206 0.1057 0.0141 1.3742 0.0353 0.1397 0.0748 16118 0.0499 0.0939 0.3530 65.03
D14 RPR-PL 35.2919 ND  0.2611 0.3670 0.0542 15621 0.0383 1.4053 0.0177 0.2229 0.0355 0.7986 0.0220 0.1096 0.2149 40.40
D15 RPR-PL 37.5644 ND  0.1976 0.7731 0.0975 1.6655 0.0486 1.8082 0.0340 0.3627 0.0709 0.759 00178 0.1843 0.1491 4373
D54 RPR-PL 32.9922 ND  0.2080 0.5507 0.0663 1.3204 0.0418 14175 0.0190 0.2357 0.0320 0.7114 0.0206 0.0933 0.1758 37.88
D11 PV 64.9791 Trace  0.0917 0.6543 ND  7.5476 Trace  0.0647 Trace  0.0309 0.0785 0.6765 Trace 0.0887 0.2771 74.49
Ds-1 PV 25.4056 0.0018 0.4334 0.1341 ND 58718 0.0600 0.1100 Trace  0.1238 0.0435 1.0806 0.0072 0.0359 0.4659 33.77
bS5 PV 27.7876 0.0050 0.6218 0.6316 ND  6.7813 0.0607 0.0832 0.0008 0.0379 0.0146 0.8901 0.0339 0.0513 0.2147 3721
Ds-6 PV 29.9585 0.0018 0.6073 0.6102 ND 50770 0.0296 0.1118 Trace  0.1108 0.0232 2.4180 0.0243 0.0587 0.1753 39.21
DS-7 PV 28.9500 0.0044 0.7249 0.7984 ND  4.1050 0.0062 0.0488 0.0004 0.0332 Trace 1.0985 0.0333 0.0343 0.1746 36.01
Plant specimens (wild) P7 PV 58.7083 Trace  0.2614 0.8624 ND  7.9484 Trace  0.0653 Trace  0.0627 0.0707 0.6688 Trace 0.1527 0.0888 68.89
P1 RPR-PL 50.4379 ND  0.0739 0.8011 0.1349 1.2358 0.0490 1.3255 0.0284 0.3237 0.0439 15294 0.0288 0.1929 0.0259 56.23
PL-1 RPR-PL 20.5050 ND  0.1076 0.5313 0.1175 2.4207 0.0895 0.1480 0.0130 0.2590 0.0210 2.0432 0.0640 0.1770 0.0170 26.51
PL-2 RPR-PL 32.8699 ND  0.1081 0.5510 0.0778 1.0631 0.0373 26290 0.0285 0.3069 0.0604 17502 0.0397 0.1574 0.0057 39.69
PL-3 RPR-PL 23.3783 ND  0.0553 1.0077 0.0382 0.5058 0.0314 1.2607 0.0304 0.2107 0.1003 18112 0.0984 0.0440 0.0023 28.57
PL-4 RPR-PL 37.8089 ND  0.0687 1.6343 0.1784 1.2856 0.0357 2.9402 0.0630 0.2581 0.0315 2.1861 0.1758 0.1263 0.0074 46.80
P4 PA 7.4225 0.0017 0.0278 0.0166 ND  0.0464 0.0038 0.0392 ND  0.0581 Trace 3.3652 0.0114 0.0182 0.1860 11.20
Ps PA 10.4752 0.0016 0.0277 0.1109 ND  0.0523 0.0313 0.0224 ND  0.1223 0.0216 0.3852 Trace 0.0131 0.2551 11.52
P6 PA 15.3336 0.0018 0.0179 0.0150 ND 1.6054 0.0215 0.0290 ND  0.0814 0.0194 0.2616 Trace 0.0222 0.2961 1771
P15 PA 16.0300 Trace  0.0180 0.1086 ND  0.5986 Trace  0.0944 ND  0.0921 Trace 0.7252 Trace 0.0371 0.0082 17.71
P8 PJ 22.1916 ND  0.0727 0.7345 ND  2.3243 0.0080 0.4049 ND  0.3114 0.1173 4.0080 0.0305 0.0392 0.1168 30.36

Plant specimens (cultivars)
WPR-PL  S4-3  Harunoniji 38.4613 ND  0.2890 0.8533 0.0735 1.0025 0.0119 0.2556 0.0357 0.1967 0.0445 15100 0.0107 0.0548 0.0221 42.82
$9-4  Bridal icing 33.5716 ND  0.0859 0.7935 0.0176 2.1070 0.0153 0.2615 0.0046 0.2450 0.1044 8.5341 0.4413 0.1167 0.0362 46.33
S11-3  Meigetsu 27.6220 ND  0.1165 0.6706 0.0107 1.0279 0.0140 0.4528 0.0040 0.7207 0.1121 5.8250 0.2546 0.0552 0.0056 36.89
$26-3  Shirayuki 41.7715 ND  0.1543 0.6612 0.0230 0.7254 0.0199 0.9049 0.0159 0.4506 0.1457 115458 0.2986 0.0735 0.0151 56.81
$31-3  Kitasaishou 39.5789 ND  0.0788 0.2840 0.0152 0.3848 0.0064 0.8260 0.0049 0.2159 0.0026 17274 0.0508 0.1024 Trace 43.28
$34-3  Bonten 25.7849 ND  0.0813 0.2658 0.0212 3.3417 0.0554 0.5526 0.0049 0.3413 0.0447 5.3552 0.0177 0.1251 0.0515 36.04
RPR-PL  S1-4 Harunoyosooi  32.2420 ND  0.1064 0.3026 0.0247 0.6328 0.0098 11045 0.0022 0.0803 0.0350 9.4891 0.1436 0.0793 0.0993 44.35
$39-5  White-lvory 335077 ND  0.1061 0.7247 0.0196 2.5474 0.0461 0.3013 0.0054 0.3466 Trace 4.6708 0.4709 0.1374 0.0310 42.91
$48-3 Hanakago 29.6023 ND  0.1049 0.6574 Trace  1.6574 00118 0.2445 Trace  0.2267 0.1727 4.0513 0.3315 0.0714 0.0207 37.15
S78N  Edulis Superba  39.1449 ND  0.2013 0.6880 0.0371 2.8490 0.0300 1.2879 0.0092 0.3041 0.0631  15.3102 0.0300 0.0827 0.0585 60.10

¢ Samples were processed by sulfur-fumigation

® ND: below the LOD
© Trace: bleow the LOQ

WPR-PL: WPR-type of P. lactiflora; RPR-PL: RPR-type of P. lactiflora; PV: P. veitchii ; PA: P. anomala; PJ: P. Japonica
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1)

2)

3)

4)

5)

Summary of Chapter IIl

MS/MS fragmentation pathways of PF-, AF- and PS-types of monoterpenoids
showed the different specific neutral losses patterns and characteristic product
ions which were used to identify different types of monoterpenoids and also
provided basic clues for monoterpenoids profiles. 30 monoterpenoids were

unambiguously and tentatively identified.

Monoterpenoids composition of P. lactiflora and P. veitchii obviously differed
from P. anomala and P. japonica. Besides the predominant common
monoterpenoids (4, 6, 9, 11, 13, 17) showed in all the four species,
4-O-methyl-paeoniflorin (7) was only detected in P. veitchii and P. anomala,
whereas mudanpioside C (10) only was observed in P. lactiflora. These specific
and distinctive constituents could be used as potential markers for identification

and discrimination of different types of PR and the related species.

Total contents of fifteen monoterpenoids were obviously higher in P. lactiflora

and P. veitchii than in P. japonica and P. anomala.

Among the commercial samples derived from P. lactiflora, RPR showed
obviously high contents of paeoniflorin-type monoterpenoids such as compounds
8, 10, 12, 13 and 14, but low contents of albiflorin-type monoterpenoids (3-5). P.
veitchii had the highest content of salicylpaeoniflorin (8) and galloylpaeoniflorin

(11), clearly differed from the samples derived from other three species.

Monoterpenoids composition between RPR-type and WPR-type of P. lactiflora
cultivars showed high similarities, which differed from the situation between the

commercial WPR and RPR.
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2)

3)

4)

5)

Conclusion

In the present study, 43 compounds, including three new monoterpenoids (1-3)
from the crude drug sample of RPR derived from P. lactiflora and one new
norneolignan (30) from the root of RPR-type of P. lactiflora cultivar were
afforded. They are mainly monoterpenoids, as well as flavonoids, lignan and
other types of compounds.

Monoterpenoids, as the representative components in PR, especially with
paeoniflorin-type skeleton exhibited moderate inhibitory effect against
IgE-mediated degranulation. Among them, paeoniflorol (1), salicylpaeoniflorin
(8) and galloylpaeoniflorin (11) from RPR, and mudanpioside E (31) from Edulis
Superba showed stronger activity than others.

Monoterpenoids profiling clarified the characteristics of the four species in sect.
Paeonia, and the marker constituents for their discrimination. Quantification of
fifteen monoterpenoids revealed considerable contents variation in the
representative monoterpenoids, and the total contents in P. lactiflora and P.
veitchii were obviously higher than in P. anomala and P. japonica. The four
species as well as the different types of PR showed their feature composition of
the paeoniflorin-type monoterpenoids.

RPR showed higher anti-allergic activity than WPR. The active constituents in
RPR responsible for the anti-allergic effect as well as its monoterpenoids profiles
were elucidated.

Edulis Superba, the horticultural cultivar of P. lactiflora, was selected as a
candidate of new resource of RPR with anti-allergic activity, and its active

constituents and monoterpenoids profiling have been evaluated.
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General Experimental

4.1 Experiment on Chapter | and 11
4.1.1 Experimental instrumentation and chemical reagents

NMR spectra were recorded on a JEOL ECX-400 spectrometer (*H, 400MH_; *3C,
100M Hz) with TMS as an internal standard. ESI-MS spectra were measured by
Agilent HPLC system with ion-trap mass spectrometer fitted with an electrospray
ionization source (Bruker Daltonics Inc., Germany). HR-ESI-MS spectra were
employed by Accella HPLC system equipped with an Orbitrap-EX mass spectrometer
(Thermo-Fisher Scientific Inc., USA). IR spectra were measured by using a JASCO
FT/IR-460 Plus spectrophotometer (JASCO Internal Co., Ltd., Japan). Optical
rotations were detected by using a JASCO P2100 digital polarimeter (JASCO Internal
Co., Ltd., Japan). Column chromatography (CC) was performed with normal-phase
(Wakogel® C-200 and 300HG, Wako Pure Chemical Industries, Ltd., Japan),
reverse-phase [ODS-A (12 nm, s-150 um) and ODS-AQ-HG (12nm, s-50 um), YMC
Co., Ltd., Japan], and Sephadex LH-20 (GE Healthcare Life Sciences, Sweden).
Preparative HPLC was performed on a Waters HPLC system (Waters Co., Ltd., USA)
equipped with a Delta 600 pump and 2489 UV detector by using YMC-Pack ODS-A
column (5um, 250 x 20 mm i.d.). TLC was carried out to monitor fractions on
precoated silica gel (60Fzs4) or RP-18 (Fas4) plates (0.50 mm thickness, Merck,
Germany). Spots were visualized under UV (254 and 360 nm) and/or monitored by
spraying with the solution of 10% sulfuric acid in ethanol (v/v). A HPLC system
(Shimadzu, Kyoto, Japan) consisting of an LC-20AD binary pump, DGU-14A
degasser, SIL-20AC autosampler, and a CTO-20AC column oven were employed for
chemical purity determination and sugar analysis. HPLC grade of formic acid,

acetonitrile and ultrapure water; and all solvents with analytical grade used for
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extraction and isolation; as well as several chemical reagents such as L-cysteine
methyl ester hydrochloride, phenyl isothiocyanate, L-(-)-glucose (purity: > 98%),
D-(+)-glucose (purity: > 98%), D-(-)-xylose (purity: > 98%), L-(-)-xylose (purity: >

97%) and Pyridine were purchased from Wako Pure Chemical Industries, Ltd.

4.1.2 Extraction and isolation of compound from D27967 (Chapter I)

The dried roots (1.5 kg) were cut into small pieces and then extracted repeatly
with methanol (3 x 2.5 L) by ultrasonic for 2 h at room temperature. The
MeOH-extract (280.0 g) was obtained after removing the solvent under vacuum, and
then was subjected to Daion HP 21 CC eluted with a gradient of H,O and MeOH as 0,
20%, 40%, 60%, 80% and 100% MeOH (v/v), respectively. The anti-allergic activity
assay showed that the 60% and 80% aqueous MeOH-elutions had significant
inhibitory activities against p-hexosaminidase release in IgE-sensitized RBL-2H3
cells, so the two elutions were further isolated for tracking the active constituents. The
60% MeOH-elution (30.8 g) was suspended in water and partitioned with EtOAc and
n-BuOH, respectively. The n-BuOH-soluble fraction was then subjected to
YMC-ODS-A CC eluted with MeOH-H,0O (1:9 to 1:0, v/v) to obtain six fractions
(60MBF-1 to 6). The 60MBF-2 was further subjected to YMC-ODS AQ CC eluted
with MeOH-H,O (1:9 to 1:0, v/v) to give seven fractions (60MBF-2-1 to 7).
60MBF-2-3 was separated by using preparative HPLC eluted with isocratic
acetonitrile (CH3CN)-H,0 (15:85, v/v) to give 1 (6.0 mg) and 8 (5.0 mg). Compound
11 (20.0 mg) was obtained from 60MBF-2-4 by using Sephadex LH-20 CC with
MeOH-H,0 (6:4, v/v). The 60MBF-3 was separated by YMC-ODS-A CC eluted with
MeOH-H,0 (1:1, v/v) to give four fractions (60MBF-3-1 to 4). Compounds 7 (5.0

mg) and 13 (3.0 mg) were purified from 60MBF-3-1 by using preparative HPLC with
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isocratic elution of CH3CN-H,O (15:85, v/v). The 60MBF-3-2 was further separated
by Sephadex LH-20 CC eluted with MeOH-H,0 (6:4, v/v) to give 16 (2.0 mg) and 19
(60.0 mg). Compounds 20 (7.0 mg) and 21 (7.0mg) were purified from 60MBF-4 by
using preparative HPLC eluted with isocratic CH3CN-H,O (17:83, v/v). The
60MBF-5 was separated by using preparative HPLC eluted with CH3CN-H,0 (12:88,
v/v) to give 18 (10.0 mg), 22 (1.0 mg) and 26 (31.0 mg).

In addition, 80% MeOH-elution (5.9 g) was subjected to a normal phase silica
gel CC eluted by CH3CI-MeOH with gradient condition from 1:0 to 1:5 (v/v) to give
seven fractions (80MF-1 to 7). The 80MF-1 was purified by using the preparative
HPLC with CH3CN-H,0 (30:70, v/v) to give 4 (10.0 mg), 6 (18.0 mg), 24 (8.0 mg)
and 25 (130.0 mg). The 80MF-2 was separated by using preparative HPLC eluted
with CH3CN-H,0 (30:70, v/v) to obtain 27 (9.0 mg), and 28 (10.0 mg). Compounds
17 from 80MF-3 (10.0 mg) and 9 (100.0 mg) from 80MF-5 were purified under the
same pre-HPLC condition. The 80MF-7 was further separated by Sephadex LH-20
CC with MeOH-H,O (6:4, v/v) to give ten subfractions (80MF-7-1 to 10). The
isolation of 12 (20.0 mg) and 15 (5.0 mg) from 80MF-7-2, 10 (50.0 mg) and 14 (40.0
mg) from 80MF-7-4 were achieved by using preparative HPLC with CH3;CN-H,0
(30:70, v/v). The isolation of 3 (8.0 mg) and 5 (33.0 mg) from 80MF-7-3, and 2 (2.0
mg) from 80MF-7-5, 29 (10.0 mg) from 80MF-7-9 and 23 (4.0 mg) from 80MF-7-10

were also achieved on the preparative HPLC eluted with CH3CN-H,0 (20:80, v/v).

4.1.3 Extraction and isolation of compound from S78N (Chapter I1)

The dried root (1.2 kg) was cut into small pieces and then extracted repeatedly
with methanol (3 x 2.0 L) by ultrasonic for 2 h at room temperature. The MeOH

extract (330.0 g) was obtained after removing the solvent under vacuum, and then was
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suspended in water and partitioned with EtOAc and n-BuOH, respectively. The
anti-allergic activity assay showed that the EtOAc and n-BuOH-soluble fractions had
potent activities against B-hexosaminidase release in IgE-sensitized RBL-2H3 cells,
so the two elutions were further isolated for tracking the active constituents.
EtOAc-soluble fraction (100.0 g) was subjected to normal phase silica gel CC using
CHCI3-MeOH gradient elution from 100:1 to 2:1 (v/v) to obtain eight fractions
(EF-1~8). EF-1 was separated by preparative HPLC eluted with isocratic acetonitrile
(CH3CN)-H,0 (30:70, v/v) to give 24 (12.0 mg). Compounds 25 (100.0 mg) from
EF-5 and 7 (10.0 mg) from EF-6 were obtained by using preparative HPLC eluted
with isocratic CH3CN-H,0 (30:70, v/v). EF-7 was subjected to YMC-ODS-A CC and
eluted with MeOH-H,0 (1:9 to 1:0, v/v) to give eight fractions (EF-7-1~8). EF-7-6
was further separated by YMC-ODS-AQ CC eluted with MeOH-H,0 (2:8 to 1.0, v/v)
to get five fractions (EF-7-6-1~5). Compounds 34 (4.0 mg) from EF-7-6-4, and 19
(10.0 mg) from EF-7-6-2 were obtained by using preparative HPLC eluted with
CH3CN-H,0 (15:85, v/v). EF-7-7 was subjected to YMC-ODS-Rp18 CC eluted with
MeOH-H,0 (2:8 to 1:1, v/v) to obtain seven fractions (EF-7-7-1~7). The EF-7-7-1
was purified by using preparative HPLC eluted with CH3CN-H,0 (10:90, v/v) to give
28 (11.0 mg) and 29 (8.0 mg). Compounds 6 (100.0 mg) and 4 (50.0 mg) were
purified from EF-7-7-2 and EF-7-7-3 by using preparative HPLC eluted with
CH3CN-H,0 (15:85, v/v). Compounds 37 (5.0 mg) and 38 (4.0 mg) were purified
from EF-7-7-4 by using the preparative HPLC eluted with CH3;CN-H,0 (12:88, v/v).
EF-7-7-5 was subjected to Sephadex LH-20 CC eluted with MeOH-H,0 (6:4, v/v) to
give thirteen fractions (EF-7-7-5-1~13), compounds 30 (5.0 mg) and 8 (3.0 mg) were
obtained from EF-7-7-5-4 by using preparative HPLC eluted with CH3CN-H,0O
(25:75, viv). Compounds 32 (8.0 mg) and 33 (8.0 mg) were obtained from EF-7-7-5-8
and EF-7-7-5-9 by using the preparative HPLC eluted with CH3CN-H,0 (20:80, v/v),
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respectively. In addition, the n-BuOH-soluble fractions (50.0 g) was subjected to
Daion HP-21 CC eluted with a gradient of H,O and MeOH as 0%, 30%, 60% and 100%
MeOH (v/v), respectively. 30%MeOH-soluble layer was subjected to YMC-ODS-A
CC eluted with MeOH-H,0 (5:95 to 90:10, v/v) to obtain eight fractions (30MF-1~8).
30MF-4 was further subjected to YMC-ODS-RP18 CC eluted with MeOH-H,0 (1:9
to 6:4, v/v) to give six fractions (30MF-4-1~6). 30MF-4-2 was separated by using
Sephadex LH-20 CC eluted with MeOH-H,O (6:4, v/v) to give seven fractions
(30MF-4-2-1~7). Compounds 20 (3.0 mg) and 21 (3.0 mg) were purified from
30MF-4-2-5, 35 (20.0 mg) and 36 (4.0 mg) from 30MF-4-2-4 by using preparative
HPLC eluted with CH3CN-H,O (12:88, v/v). 30MF-4-3 was further eluted with
MeOH-H,0 (1:9 to 6:4, v/v) by using YMC-ODS-AQ CC to give four fractions
(30MF-4-3-1~4). Compounds 42 (3.0 mg) and 43 (8.0 mg) were purified from
30MF-4-3-1 by using preparative HPLC eluted with CH3;CN-H,O (12:88, v/v).
Compounds 39 (5.0 mg) and 13 (380.0 mg) were obtained from 30MF-4-3-2 and
30MF-4-3-3 by using preparative HPLC eluted with CH3;CN-H,O (13:87, v/v),
respectively. 30MF-4-3-4 was subjected to the preparative HPLC eluted with
CH3CN-H,0 (13:87, v/v) to achieve 31 (10.0 mg). Compound 40 (17.0 mg) were
purified from 30MF-4-4 and 30MF-4-5 by using preparative HPLC eluted with
CH3CN-H,O (13:87, v/v). Furthermore, 30MF-5 was further subjected to
YMC-ODS-AQ CC eluted with MeOH-H,0 (1:9 to 1:0, v/v) to give nine fractions
(30MF-5-1~9). 30MF-5-8 was further separated by using YMC-ODS-AQ CC eluted
with MeOH-H,0 (2:8 to 1:1, v/v) to give 6 fractions (30MF-5-8-1~6). 30MF-5-8-3
was purified by using the preparative HPLC eluted with CH3;CN-H,0 (13:87, v/v) to
afford 40 (35.0 mg). 30MF-5-8-6 was subjected to YMC-ODS-RP18 CC eluted with
MeOH-H,0 (15:85, v/v) to obtain six fractions (30MF-5-8-6-1~6). Compounds 41

(3.5 mg) and 19 (14.0 mg) were obtained from 30MF-5-8-6-3 and 30MF-5-8-6-6 by
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using preparative HPLC eluted with CH3CN-0.1% acetic acid in H,O (12:88, v/v),

respectively.

4.1.4 Acidic hydrolysis and sugar analysis of new compounds

Acid hydrolysis of new compounds 1-3 and 30 were carried out using a
procedure similar to previous report [Tanaka et al. 2007]. Briefly, each new compound
(1.0 mg) was hydrolyzed by heating in 1.0 M HCI (0.2 ml) at 90°C in a stoppered vial
for 2 h and neutralized with Amberlite IRA-400. After drying in vacuum, the residue
was dissolved in pyridine (0.1 ml) containing L-cysteine methyl ester hydrochloride
(0.5 mg) and heated at 60 °C for 1 h, and then 0.1 ml solution of phenyl
isothiocyanate (0.5 mg) was added to the mixture and heated at 60 °C for 1 h. The
reaction solution was directly analyzed by HPLC-DAD system to determine the D/L
configuration of sugar moieties by comparing their retention time (tz) with these
authentic D- and L-glucose, D- and L-xylose derivatives (tr: D-glucose, 21.05 min;

L-glucose, 22.02 min; D-xylose, 25.10 min; and L-xylose, 27.05 min).

4.1.5 Cell culture and treatment

4.1.5.1 Measurement of B-hexosaminidase release in IgE-sensitized RBL-2H3

cells

The inhibitory effects of the test samples against DNP-BSA stimulated
B-hexosaminidase release in IgE-sensitized RBL-2H3 cells (Cell No. RCB2782,
RIKEN Cell Bank, Tsukuba, Japan) were evaluated by a previously reported method
[Matsuda et al. 2002]. Briefly, RBL-2H3 cells were dispended into 96-well culture
plates at a concentration of 4x10° cells/well using Eagle’s Minimum Essential
Medium (MEM, Gibco, Thermo Fisher Scientific Inc., USA) supplementing with 10%

90



Fetal Bovine Serum (FBS, 12003C, Sigma-Aldrich Co., LLC., USA), penicillin
(100U/ml, Sigma-Aldrich) and streptomycin (100 pg/ml, Sigma-Aldrich) and cultured
overnight at 37°C in 5% CO,. After washing with phosphate-buffered saline (PBS,
Gibco), the cells were sensitized with 0.5 pug/ml of anti-DNP IgE (D8406,
Sigma-Aldrich) for 24 h, washed twice with 200 pl Siraganian buffer [119 mM NacCl,
5 mM KCI, 0.4 mM MgCl,, 25 mM piperazine-N,N’-bis (2-ethanesulfonic acid)
(PIPES), 40 mM NaOH; pH 7.2] and incubated in 160 ul Siraganian (+) buffer
[Added 5.6 mM glucose, 1 mM CaCl, and 0.1 % bovine serum albumin (BSA, A7030,
Sigma-Aldrich) in Siraganian buffer; pH 7.2] for 10 min at 37 °C. Subsequently, 50 pl
of test sample solution was added into each well and incubated for 30 min, followed
by 50 ul DNP-BSA (1.0 pg/ml, A23018, Thermo Fisher Scientific Inc.) as an antigen
for 1 h to activate cells and to evoke allergic reactions (degranulation). The reaction
was stopped by cooling in an ice-bath for 10 min, and 100 pl of the supernatant were
transferred to 96-well plate and incubated with 50 pl of substrate (3.3 mM
p-nitrophenyl-N-acetyl-B-D-glucosaminide) for 1 h at 37 °C.The reaction was stopped
by adding 100 pl of alkaline buffer (0.1 M NaHCOj3 and 0.1 M Na,COs; pH 10) and
cooled in an ice-bath for 10 min. The absorbance at 405 nm was measured using
microplate reader (Infinite® F200, Swizerland). The test samples were dissolved in
dimethylsulfoxide (DMSQ) and Siraganian (+) buffer (final DMSO concentration was
less than 0.1%).
The inhibitory activity against B-hexosaminidase release of the test samples was
calculated using the following equation:
Inhibition (%) = [1- (At — Ab — An) / (Ac — An)] x 100
At: test, DNP-BSA (+), sample (+) Ab: blank, DNP-BSA (-), sample (+)
An: normal, DNP-BSA (-), sample (-)  Ac: control, DNP-BSA (+), sample (-)
The results were expressed as mean + S.D. for three independent experiments.
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One-way ANOVA followed by post-hoc Dunnett’s test or Chi-square test were used
for statistical analysis, and 1Csy values were calculated by using SPSS software

(version 15.0, IBM, USA).

4.1.5.2 Measurement of cell viability

The cytotoxicity of extract, fractions and isolated compounds on RBL-2H3 cells
was evaluated with CCK-8 (Dojindo laboratories Co. Ltd., Japan) according to
manufacturer’s instructions. Briefly, anti-DNP IgE-sensitized cells were treated with
various sample solutions and stimulated by DNP-BSA as described above. After wash
with PBS, 100 pl 10% FBS-MEM containing 10 ul WST-8 was added to each well
and incubated for 3 h. Then, the absorbance at 450 nm was measured by using a
microplate reader. The percentage of cell viability was calculated according to the
following formula: Cell viability (%) = (Mean absorbance of test samples / Mean

absorbance of vehicle control) x 100.
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4.2 Experiment on Chapter 111

4.2.1 Plant and crude drug materials

Eleven specimens of four Paeonia species including P. lactiflora, P. veitchii, P.
anomala and P. japonica were collected from China, Japan and Mongolia. Eleven
horticultural cultivars of P. lactiflora were harvested from four to eight years in
Toyama Prefectural Medicinal Plants Center, Japan (Table S1). Twenty-nine
commercial samples of PR were derived from P. lactiflora including WPR and RPR
produced in China and PR produced in Japan. Five samples of P. veitchii were
collected or purchased from Chinese and Japanese markets (Table S2). Their botanical
origins were identified by genetic analysis of nrDNA ITS sequence [Zhu et al., 2015].
The vouchers are deposited in the Museum of Materia Medica, Institute of Natural

Medicine (TMPW), University of Toyama, Japan.

4.2.2 Chemicals and reagents

The following 15 monoterpenoids were isolated and purified from the root of P.
lactiflora in our previous studies [Shi et al., 2016a; Shi et al., 2016b]: paeoniflorin (6),
4-O-methyl-paeoniflorin  (7), salicylpaeoniflorin (8), benzoylpaeoniflorin (9),
mudanpioside C (10), galloylpaeoniflorin (11), mudanpioside J (12), oxypaeoniflorin
(13), benzoyloxypaeoniflorin (14) and mudanpioside E (31) with paeoniflorin-type
skeleton; 4-epi-albiflorin (3), albiflorin (4) and paeonivayin (5) with albiflorin-type
skeleton; paeoniflorol (1), lactiflorin (17) with other type skeletons. The purities of
them were determined to be higher than 98.0% through HPLC-DAD analysis.
Geniposide (IS) used as internal standard was purchased from Wako Pure Chemical
Industries, Ltd., Japan. HPLC-grade acetonitrile, methanol and ultrapure water, and

analytical-grade ethanol for extraction were purchased from Wako Pure Chemical
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Industries, Ltd.

4.2.3 Preparation of standard solutions

Each of 15 reference compounds was accurately weighted and then dissolved in
ethanol-water (75:25, v/v) to prepare the standard stock solutions of 1.0 mg/ml. A
series of standard solutions (0.01, 0.1, 1.0 and 10.0 pg/ml) were prepared by
appropriate dilution of the stock solutions to make calibration curves. The working

solutions were stored at 4 °C for further analysis.

4.2.4 Sample preparation

The sample solution was prepared according to the previously reported method
[Zhu et al., 2015]. The respective samples were pulverized and then screened through
a 300 um sieve to obtain homogeneous fine powder. 0.3 g of the fine powder was
accurately weighted and extracted with 75% ethanol (9 ml, 8 ml x 2) by
ultrasonication at room temperature for 30 min, mixed periodically by vortex to
obtain full extraction. The supernatant was then obtained by centrifugation at 2,500
rpm (Kubota 3740, Japan) for 15 min. Supernatants were combined into a 25.0 ml
volumetric flask and finally filled with 75% ethanol to the volume. After filtration
through a 0.22 um Millipore filter unit (Advantec, Japan), 1.0 ul of this solution was

injected into the LC-MS-IT-TOF system for analysis.

4.2.5 HPLC conditions

HPLC system (Shimadzu, Kyoto, Japan) consisted of an LC-20AD binary pump, a
DGU-14A degasser, a SIL-20AC autosampler, a CTO-20AC column oven and a

SPD-M20A DAD. The mobile phase consisted of acetonitrile containing 0.1% formic
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acid (v/v) (A) and water containing 0.1% formic acid (v/v) (B). The sample
solutions were analyzed on a YMC Pack ODS-AQ column (3 um, 2.0 mm x 150 mm)
with a gradient elution system as followns: 0-10min, 5%-10% A; 10-20min, 10%-15%
A; 20-25min, 15% A; 25-30min, 15%-20% A; 30-35min, 20% A,; 35-45min,
20%-25% A, 45-50min, 25%-40% A, 50-60min, 40%-90% A. The flow rate was 0.2
ml/min, and the column temperature was set at 40 °C. The DAD detector was
monitored at 254 nm, and the on-line UV spectra were recorded in the range of

190-600 nm.

4.2.6 ESI-IT-TOF-MS analysis

A hybrid ion trap time-of-flight (IT-TOF) mass spectrometer (Shimadzu, Tokyo,
Japan) equipped with electrospray ionization (ESI) source interface was connected to
the above Shimadzu HPLC system. TOF mass spectrometer was calibrated using a
lock-mass trifluoroacetic acid sodium solution to increase mass accuracy. The
optimized mass parameters in the negative mode were set as follows: Detector voltage,
1.75 kV; spray voltage, (-)-3.5 kV; nebulizing gas (N) flow, 1.5 I/min; dry gas (N,)
pressure, 100 kPa; curved desolvation line (CDL) temperature, 200°C; heat block
temperature, 200°C. Molecular weight acquisition was performed from m/z 100 to
2000 for MSand m/z 100 to 1000 for MS/MS. The ion accumulation time was set at
30 ms, and the collision energy of collision-induced dissociation (CID) was set as
50%. Data acquisition and processing were performed with the LCMS solution

version 3.41 software package (Shimadzu, Tokyo, Japan).

4.2.7 Statistical and multivariate analysis

The data matrix (21 markers x 56 samples) was employed using unsupervised
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principal component analysis (PCA). PCA was performed using SIMCA-P (version

11.5, Umetrics, Sweden) to generate an overview for group clustering.
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Table S1 Plant specimens used in the Chapter 111

Plant Location for collecting plant W/C? Voucher No. ’C\‘:gde ggltleectlon
Speciemens Paeonia lactiflora Pallas Duolun, Inner Mongolia, China w Wei S.L., 2007-1 P1 2007.01.28
P. lactiflora Arong, Inner Mongolia, China W Komatsu K. etal. HIN67  PL-1 2012.07.20
P. lactiflora Arong, Inner Mongolia, China w Komatsu K. etal. HIN70 PL-2  2012.07.20
P. lactiflora Chifeng, Inner Mongolia, China w Komatsu K. etal. HIN252 PL-3  2012.08.04
P. lactiflora Duolun, Inner Mongolia, China w Komatsu K. etal. HIN295 PL-4  2012.08.05
P. anomala Linn. mﬁ;g:f; davas-Hutag-Ondor, Bulgan, Komatsu K. etal, M505 P4 2002.07.20
P. anomala Jingiin halzan-Bayannuul, Uvs, Mongolia W Komatsu K. et al., M755-1 P5 2002.07.29
P. anomala Jingiin halzan-Bayannuul, Uvs, Mongolia W Komatsu K. et al., M755-2 P6 2002.07.29
P. anomala Bayanchandmani, Tov, Mongolia w Komatsu K. et al., MIl 127 P15 2015.08.01
P. veitchii Lynch Ganzi, Sichuan, China w Komatsu K. etal., S-1 P7 1996.07.10
P. japonica_Miyabe et Takeda Toyama, Japan C Murakami M., MM-4 P8 2008.12.04
Cultivars of  Harunoniji TPMPC °, Toyama, Japan C S4-3 2009
P. lactiflora  Bridalicing TPMPC, Toyama, Japan C S9-3 2009
Meigetsu TPMPC, Toyama, Japan C S11-3 2009
Shirayuki TPMPC, Toyama, Japan C S26-3 2009
Kitasaishou TPMPC, Toyama, Japan C S31-4 2010
Bonten TPMPC, Toyama, Japan (03 S34-3 2009
Harunoyosooi TPMPC, Toyama, Japan (03 S1-3 2009
White-lvory TPMPC, Toyama, Japan C S39-4 2010
Hanakago TPMPC, Toyama, Japan C S48-5 2011
Edulis Superba TPMPC, Toyama, Japan C S78N 2013
#W: Wild; C: Cultivated
® TPMPC: Toyama Prefectural Medicinal Plants Center
Table S2 Crude drug samples analyzed in Chapter 111
. . Code . Collection TMPW
Drug Name Producing area Obtained from No. Identity Date No.
WPR Bozhou, Anhui, China Bozhou, Anhui, China D1 WPR-PL  2006.05.02 25071
WPR Bozhou, Anhui, China Bozhou, Anhui, China D2 WPR-PL  2006.05.02 25072
WPR Bozhou, Anhui, China Bozhou, Anhui, China D3 WPR-PL  2006.10.17 25244
WPR Bozhou, Anhui, China Bozhou, Anhui, China D17 WPR-PL  2006.05.02 25073
WPR Anhui, China Hohhot, Inner Mongolia, China D23 WPR-PL  2010.10.14 26975
WPR Zhongjiang, Sichuan, China Jihuang, Zhongjiang, Sichuan, China D4 WPR-PL  2002.09.23 25820
WPR Zhejiang, China Cenxi, Guangxi, China D18 WPR-PL  2008.09.06 25973
WPR Hangzhou, Zhejiang, China Hohhot, Inner Mongolia, China D22 WPR-PL  2010.10.13 26974
WPR Panan, Zhejiang, China Panan, Zhejiang, China D29 WPR-PL  2009.08.05 26620
WPR Jiangsu, China Hohhot, Inner Mongolia, China D24 WPR-PL  2010.10.16 26976
RPR Sichuan, China Cenxi, Guangxi, China D16 RPR-PL  2008.09.06 25974
RPR Inner Mongolia, China Chifeng, Inner Mongolia, China D12 RPR-PL  2002.09.14 21565
RPR Inner Mongolia, China Chifeng, Inner Mongolia, China D12N RPR-PL  2013.10.30 27967
RPR Inner Mongolia, China Bozhou, Anhui, China D13 RPR-PL  2006.05.01 25047
RPR China Uchida Wakanyaku Co., Ltd., Tokyo, Japan D14 RPR-PL  2008.10.07 26401
RPR Inner Mongolia, China Tochimoto Tenkaido Co., Ltd., Osaka, Japan D15 RPR-PL  2008.10.16 26406
RPR China Matsuura Co., Ltd., Nagoya, Japan D54 RPR-PL  2012.10.04 27893
RPR Ganzi, Sichuan, China Ganzi, Sichuan, China D11 PV 1996.07.11 17304
RPR Sichuan, China Hehuachi, Sichuan, China DS-1 PV 1995.09.17 16306
RPR Aba, Sichuan, China Chengdu, Sichuan, China DS-5 PV 2014.09.22 28405
RPR Lixian, Sichuan, China Lixian, Sichuan, China DS-6 PV 2014.09.22 28396
RPR Maerkang, Sichuan, China Lixian, Sichuan, China DS-7 PV 2014.09.22 28397
PR Zhejiang, China Tochimoto Tenkaido Co., Ltd., Osaka, Japan D45 WPR-PL  2012.09.04 27887
PR Sichuan, China Tochimoto Tenkaido Co., Ltd., Osaka, Japan D46 WPR-PL  2012.09.04 27888
PR Anhui, China Tochimoto Tenkaido Co., Ltd., Osaka, Japan D47 WPR-PL  2012.09.04 27889
PR China Uchida Wakanyaku Co., Ltd., Tokyo, Japan D48 WPR-PL  2012.09.04 27890
PR China Matsuura Co., Ltd., Nagoya, Japan D53 WPR-PL  2012.10.04 27892
PR (Bonten) Toyama, Japan Nara, Japan D51 WPR-PL  2008.02.15 25835
PR (Bonten) Toyama, Japan Nara, Japan D52 WPR-PL  2008.02.15 25836
PR Niigata, Japan Uchida Wakanyaku Co., Ltd., Tokyo, Japan D6 WPR-PL  2008.10.07 26400
PR (Yamato shakuyaku)  Nara, Japan Tochimoto Tenkaido Co., Ltd., Osaka, Japan D7 WPR-PL  2008.02.14 25818
PR (Yamato shakuyaku) ~ Hokkaido and Nagano, Japan Tochimoto Tenkaido Co., Ltd., Osaka, Japan D8 WPR-PL  2008.02.14 25819
PR (Yamato shakuyaku)  Nara, Japan Tochimoto Tenkaido Co., Ltd., Osaka, Japan D10 WPR-PL  2008.10.31 26398
PR (Yamato shakuyaku)  Nara, Japan Tochimoto Tenkaido Co., Ltd., Osaka, Japan D9 RPR-PL  2008.10.31 26107

#The botanical origion of each sample was identified by ITS sequence. WPR idicates WPR-type of P. lactiflora, RPR indicates RPR-type of P. lactiflora.

PV represents P. veitchii.
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