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ABSTRACT
Morindae Officinalis Radix (MOR), Bajitian in Chinese, is the dried root of
Morinda officinalis F.C.How. (Rubiaceae). It is one of the most popular herbal
medicines used in the southeast region of China. Various types of chemical constituents
have been experimentally shown to be bioactive components of MOR, among which
secondary metabolites and saccharides predominate. Pharmacological studies revealed
MOR shows kidney tonifying, anti-osteoporosis, antidepressant, anti-inflammatory
and antioxidant effect. Since 2002, MOR has been approved as a food supplement for
daily healthcare, hence increasing consumption and demand for better quality of MOR.
However, selection of MOR with superior quality is largely based on traditional
experience which lacks scientific basis. For example, 3-4-year-old MOR is usually
used without xylem; and processed MOR are believed to show different bioactivities.
Therefore, to promote the rational utilization and ensure efficacy of MOR, overall
qualitative and quantitative characterization of MOR in different traditional usage is
needed. Anthraquinones, iridoid glycosides and oligosaccharides are the common
reference compounds for chemical characterization of MOR. However, they are
usually selectively characterized, which is not comprehensive enough in herbal quality
evaluation. To deal with this, metabolomics targeting secondary metabolome and
glycomics targeting glycome can be applied. And the integration of metabolomics and
glycomics could be a promising approach to investigate overall chemical variations in
MOR according to its traditional usage.
Therefore, in this study, chromatographic methods for metabololmics and
glycomics were firstly developed to study the traditional usage of MOR. In Chapter 2,
they were applied for studying chemical variation and differences in growth year and
plant tissue of MOR. In Chapter 3, chemical differences in processed products of MOR
were also studied using the established metabololmics and glycomics methods. Further
bioactivity differences of them were studied by cell metabolomics with HEK 293 cells
under high glucose microenvironment. Besides that, in Chapter 4, consumption method
of not only MOR, but other herbal medicines were studied. Conventional boiling water
extraction (BWE) and ultrasound-assisted extraction (UAE) were compared to
understand their effects on polysaccharides.
ii

For the study of growth year and tissues of MOR, the results showed that various
types of bioactive components reached a maximum between 3-4 years of growth; and
that xylem contained more potentially toxic constituents, but less bioactive components,
than cortex. For the study of processing products, the results showed that secondary
metabolome and glycome of raw MOR and other processing products was found
qualitatively and quantitatively different. Contents of secondary metabolites were
generally increased in processed products, while saccharides were decreased instead.
Also, steamed MOR (F) seemed to show preventive effect of diabetic nephropathy and
different MOR processing products had induced different metabolic changes on high
glucose induced HEK 293 cells. In the study of extraction methods, the results showed
that the polysaccharides from the herbal medicines by UAE were quantitatively and
qualitatively different with those by BWE. The powerful extraction ability and
polysaccharide degradation caused by ultrasound collectively contributed to these
differences. It was revealed that not only the UAE conditions but also the
polysaccharide structures could affect the extraction ability and polysaccharide
degradation.
To conclude, metabolomics and glycomics were integrated in this study to
investigate the variations in secondary metabolome and glycome in MOR. We had
successfully applied these methods to study and provide scientific basis for traditional
practice of MOR. We had proved that 3rd to 4th years of growth are the key period for
the development of the biochemical signature of MOR. Xylem and cortex of MOR
were qualitatively and quantitatively different and removing xylem could help to
remove potentially toxic components. This study also provided scientific evidences for
the justification of MOR and its processed products, as well as their metabolic effects
on high glucose induced DN in HEK 293 cells. Besides, this study revealed both UAE
parameters and structural properties of polysaccharides affects extraction recovery of
polysaccharides in herbal medicines. Hence, we suggest UAE should be carefully
considered before employing it in relevant chemical and pharmacological analysis.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 General introduction of Morindae Officinalis Radix
There are more than 100 species of Morinda (Rubiaceae) found globally and they
are mainly distributed in tropical and subtropical areas. Among them, Morinda
citrifolia L.

1,2

, Morinda lucida Benth.

3,4

and Morinda officinalis F.C.How. (MO) 5,6

are commonly used traditional medicinal plants in different regions. In China, dried
root of MO is used as a tonifying and nourishing medicine for more than two thousand
years. The traditional Chinese medicine is named Morindae Officinalis Radix (MOR),
Bajitian in Chinese. It was firstly documented in Divine Husbandman’s Classic of the
Materia Medica (Shen Nong's Herbal Classic 神農本草經), which is one of the earliest
herbal pharmacopeias in the world and listed as a ‘superior grade’ herbal medicine. It
is mainly cultivated in Guangdong, Fujian and other southern areas along the Yangtze
River, of which Deqing in Guangdong is its genuine producing area. With its
outstanding efficacy in clinical practices, MOR together with Arecae Semen (Binlang
檳榔), Amomi Fructus (Sharen 砂仁) and Alpiniae Oxyphyllae Fructus (Yizhi 益智),
are known as the ‘Four Great Southern Medicines’ in China. As stated in the Chinese
Pharmacopoeia (2015 version), MOR is traditionally used to tonify the kidney yang;
strengthen sinew and bone; and dispel wind-dampness 7. Modern research studies have
shown that it can be taken or consumed for bone protection, and andrological and
gynecological healthcare

8–11

. This wide range of bioactivities are found due to the

diversity of chemical composition in MOR. Various types of chemical constituents
have been experimentally shown to be bioactive components of MOR 12, among which
secondary metabolites (e.g.: anthraquinones and iridoid glycosides) 5,13 and saccharides
1

(e.g.: polysaccharides and inulin-type oligosaccharides)

14,15

predominate. In order to

understand MOR and its research progress, in this chapter, the morphology,
phytochemistry, quality control and pharmacology of MOR are focused and
summarized.
1.1.1 Plant and crude drug morphology
MO is a climbing shrub (Figure 1-1). Root of MO is fleshy thick and cylindrical
in shape. The root can be irregularly and discontinuously bulged as torulose during
growth. The branches of MO are surrounded at base by persistent leafless stipules.
Branches when young are covered with short coarse hair, of which turns rough later 16.
Leaves opposite, blade oblong and drying papery, shiny to matte adaxially and matte
abaxially. Apex acute or short acuminate, base obtuse or round; loosely coarse hairy or
glabrous above, short coarsely hairy beneath. Stipules can be fused into a membranous
spathe or tube. The inflorescence of MO is at terminal and can be umbellate or
fasciculate. Flowers fused for ca. half of hypanthium. Calyx is puberulent to glabrous.
Corolla is white, campanulate or urceolate; inside of corolla is densely villosulous from
middle of tube to throat. Lobes are lanceolate or narrowly oblong in shape, apically
thickened and rostrate. Drupecetum is globose to oblate and drupes are fully fused, red
in colour and subglobose.
The roots of MO were collected all the year round. Collected MO root is usually
washed clean and dried under the sun partially, beaten gently to be compressed, and
then dried in the sun. Dried MOR is compressed cylindrical in shape, can be curved or
varying in length. It is externally grayish-yellow or grayish-brown, some slightly
purple, with longitudinal wrinkles and deep horizontal wrinkles, sometimes shrunken

2

or with horizontal breaks in the cortex that expose the woody portion, shaped like
chicken-intestine pliable texture, non-flat fractured surface; cortex is 5 ~ 7 cm thick,
purple; xylem is 2 ~ 4 mm diameter. Faint odor; taste bitter and slightly astringent.
According to ‘Commodity Specification Standards for Seventy-six Kinds of Medicinal
Materials’, MOR of fat and strong, continuously linked, thick cortex, and purple were
regarded as superior for use in clinical or further processed as food supplements.
1.1.2 Phytochemistry
In an overview of research studies about MOR, more than 80 compounds have
been found. These chemical compounds could be classified into anthraquinones (1 –
30), iridoids (31 – 37), saccharides (38 – 52), volatile compounds (53 – 73), organic
acids (74 and 75), phytosterols (76 – 80) and coumarins (81). The chemical formulas
and structures in tables (Tables 1-1, 1-2 and 1-3) and figures (Figures 1-2, 1-3, 1-4, 15 and 1-6) below. Their respective detailed descriptions are also shown below.

3

Table 1-1 Anthraquinones, iridoid glycosides and saccharides isolated from MOR.
Class
Anthraquinones

No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29

Name
Physcion
Rubiadin-1-methyl ether
Rubiadin
2-Hydroxy-3-(hydroxymethyl)anthraquinone
1-Hydroxyanthraquinone
1-Hydroxy-2-methylanthraquinone
1,6-Dihydroxy-2,4-dimethoxyanthraquinone
1,6-Dihydroxy-2-methoxyanthraquinone
Alizarin-2-methyl ether
Tectoquinone
Alizarin 1-methyl ether
Lucidin-ω-methyl ether
1-Hydroxy-2,3-dimethylanthraquinone
1-Hydroxy-3-hydroxymethylanthraquinone
3-Hydroxy-1,2-dimethoxyanthraquinone
Anthragallol-2-methylether
2,5,8-Trihydroxy-1-methoxyanthraquinone
Quinizarin
Anthragallol-1,3-dimethylether
Alizarin dimethyl ether
1,3,8-Trihydroxy-2-methoxyanthraquinone
2-Hydroxy-3-methylanthraquinone
Digiferruginol
Lucidin
Lucidin ω-ethyl ether
2-Anthraquinonecarboxylic acid
2-Hydroxymethylanthraquinone
1,2-Dihydroxy-3-methylanthraquinone
2-Methoxyanthraquinone

4

CAS-no.
521-61-9
7460-43-7
117-02-2
68243-30-1
129-43-1
6268-09-3
142878-33-9
142878-32-8
6003-11-8
84-54-8
6170-06-5
79560-36-4
147088-69-5
51995-90-5
10383-62-7
10383-63-8
2056284-22-9
81-64-1
19852-76-7
6003-12-9
108637-82-7
17241-40-6
24094-45-9
478-08-0
17526-17-9
117-78-2
17241-59-7
602-63-1
3274-20-2

Formula
C16H12O5
C16H12O4
C15H10O4
C15H10O4
C14H8O3
C15H10O3
C16H12O6
C15H10O5
C15H10O4
C15H10O2
C15H10O4
C16H12O5
C16H12O3
C15H10O4
C16H12O5
C15H10O5
C15H10O6
C14H8O4
C16H12O5
C16H12O4
C15H10O6
C15H10O3
C15H10O4
C15H10O5
C17H14O5
C15H8O4
C15H10O3
C15H10O4
C15H10O3

Ref
13
17
17
18
17
17
17
17
19
5
5
5
5
5
20
20
21
21
21
19
18
13
13
13
13
13
22
18
18

Iridoid glycosides

Oligoaccharides

30

Xanthopurpurin

518-83-2

C14H8O4

23

31
32
33
34
35
36
37

Monotropein
Deacetylasperulosidic acid
Asperulosidic acid
Asperuloside
Morofficinaloside
Tetraacetylasperuloside
Monotropein methyl ester

5945-50-6
14259-55-3
25368-11-0
14259-45-1
78964-45-1
18842-95-0
54712-59-3

C16H22O11
C16H22O11
C18H24O12
C18H22O11
C17H26O11
C26H30O15
C17H24O11

5

38
39
40
41
42
43
44
45
46
47
48

1-Kestose
Nystose

470-69-9
13133-07-8
59432-60-9
-

C18H32O16
C24H42O21
C30H52O26
C36H62O31
C42H72O36
C48H82O41
C54H92O46
C60H102O51
C66H112O56
C72H122O61
C78H132O66

14

1F-fructofuranosylnystose
Inulin-type hexasaccharide
Inulin-type heptasaccharide
FOS DP8
FOS DP9
FOS DP10
FOS DP11
FOS DP12
FOS DP13

FOS = fructooligosaccharides; DP = degree of polymerization

5

5
5
5
5
24
21

14
14
14
14
14
14
14
14
14
14

Table 1-2 Polysaccharides isolated from MOR.
Class
Polysaccharides

No.
49

Name
MOHP-1

Molar ratio
Glu:Fru = 1:14

50

MOP-1

Glu:Fru = 1:21

51

MOP-2

52

MOP-3

Rha:Ara:Xyl:Man:Glu:Gal:GalA =
1:53.67:0.63:1.01:0.51:16.05:30.02
Backbone: Rha:Ara:Gal:GalA
Branch: Ara:Rha:Glu

Structure characteristics
Repeating unit:
α-Glcp-(1→2)-[β-Fruf-(2→1)-β-Fruf]n
Repeating unit:
α-Glcp (2→1)-[β-Fruf]n
-

Ref

-

25

15

25

25

Glu = glucose; Fru = fructose; Rha = rhamnose; Ara = arabinose; Xyl = xylose; Man = mannose; Gal = galactose; GalA = galacturonic acid; Glcp =
glucopyranosyl; Fruf = fructofuranosyl

Table 1-3 Volatile components and other constituents isolated from MOR.
Class
Volatile components

No.
53
54
55
56
57
58
59
60
61
62
63
64
65

Name
Borneol
2,6-Bis(1,1-dimethylethyl)-4-methyl-phenol
n-Heptadecane
Tetradecanoic acid
n-octadecane
Iso-eicosane
Pentadecanoic acid
9-Hexadecenoic acid
Hexadecanoic acid
Ethyl-hexadecanoic acid
N-phenyl-1-naphthalenamine
Nonadecane
Palmitic acid

6

CAS-no.
507-70-0
1918-11-2
629-78-7
544-63-8
593-45-3
52845-07-5
1002-84-2
373-49-9
57-10-3
54240-85-6
90-30-2
629-92-5
57-10-3

Formula
C10H18O
C17H27NO2
C17H36
C14H28O2
C18H38
C20H42
C15H30O2
C16H30O2
C16H32O2
C18H36O2
C16H13N
C19H40
C16H32O2

Ref
26
26
26
26
26
26
26
26
26
26
26
26
26

Organic acids

Phytosterols

Ubiquitous steroids

Coumarins

66
67
68
69
70
71
72
73

Benzaldehyde
Hexanoic acid
Benzeneacetaldehyde
Octanoic acid
1-Octanol
1-Hexanol
Dodecane
Tetradecanal

100-52-7
142-62-1
122-78-1
124-07-2
111-87-5
111-27-3
112-40-3
124-25-4

C7H6O
C6H12O2
C8H8O
C8H16O2
C8H18O
C6H14O
C12H26
C14H28O

27

74
75

Succinic acid
Fumaric acid

110-15-6
110-17-8

C4H6O4
C4H4O4

30

76
77
78
79
80

β-sitosterol
24-Ethyl-cholesterol
7-Oxositosterol
Stigmasterol
Daucosterol

83-46-5
19044-06-5
2034-74-4
83-48-7
474-58-8

C29H50O
C29H50O
C29H48O2
C29H48O
C35H60O6

31

81

Scopoletin

92-61-5

C10H8O4

13

7

27
27
27
28
28
29
29

13

31
5
32
32

1.1.2.1 Anthraquinones
Anthraquinones are the earliest studied chemical constituents in MOR

5,17

. They

are divided into free and combined type, of which combined anthraquinones are the
glycosides combined by free anthraquinones and glycosyl unit

33,34

. As reported in

literatures, anthrquinones isolated in MOR are mainly the free type anthraquinones
5,20,21

. The structural characteristics of anthraquinones isolated from MOR had been

summarized as follows 35,36. (1) Parent nucleus of anthraquinone derivatives in MOR
are usually an anthracene ring with a keto group on C9 and C10. (2) There can be one
or more methyl, hydroxyl, hydroxymethyl and methoxy functional groups on the parent
nucleus. (3) There is only one carbon-containing side chain on the parent nucleus, for
which can be methyl, hydroxyl, hydroxymethyl, formyl or carboxyl group, and they
are all at β position. According to the distribution of hydroxyl group on the parent
nucleus, anthraquinones can also be classified as emodin-type and alizarin-type

36

.

Example for emodin-type anthraquinones in MOR is phscion (1); while that for
alizarin-type anthraquinones includes rubiadin-1-methyl ether (2) and rubiadin (3).
There are altogether 30 anthraquinones isolated from MOR and the structures and
details of them are listed in Table 1-1, 1-4 and Figure 1-2.
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Figure 1-1 Basic skeleton of anthraquinones isolated from MOR

Table 1-4 Structural information of anthraquinones isolated from MOR.
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Name
Physcion
Rubiadin-1-methyl ether
Rubiadin
2-Hydroxy-3-(hydroxymethyl)anthraquinone
1-Hydroxyanthraquinone
1-Hydroxy-2-methylanthraquinone
1,6-Dihydroxy-2,4-dimethoxyanthraquinone
1,6-Dihydroxy-2-methoxyanthraquinone
Alizarin-2-methyl ether
Tectoquinone
Alizarin 1-methyl ether
Lucidin-ω-methyl ether
1-Hydroxy-2,3-dimethylanthraquinone
1-Hydroxy-3-hydroxymethylanthraquinone
3-Hydroxy-1,2-dimethoxyanthraquinone
Anthragallol-2-methylether
2,5,8-Trihydroxy-1-methoxyanthraquinone
Quinizarin
Anthragallol-1,3-dimethylether

R1
-OH
-OCH3
-OH
-H
-OH
-OH
-OH
-OH
-OH
-H
-OCH3
-OH
-OH
-OH
-OCH3
-OH
-OCH3
-OH
-OCH3

R2
-H
-CH3
-CH3
-OH
-H
-CH3
-OCH3
-OCH3
-OCH3
-CH3
-OH
-CH2OCH3
-CH3
-H
-OCH3
-OCH3
-OH
-H
-OH

9

R3
-OCH3
-OH
-OH
-CH2OH
-H
-H
-H
-H
-H
-H
-H
-OH
-CH3
-CH2OH
-OH
-OH
-H
-H
-OCH3

R4
-H
-H
-H
-H
-H
-H
-OCH3
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-OH
-H

R5
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-OH
-H
-H

R6
-CH3
-H
-H
-H
-H
-H
-OH
-OH
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

R7
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

R8
-OH
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-OH
-H
-H

20
21
22
23
24
25
26
27
28
29
30

Alizarin dimethyl ether
1,3,8-Trihydroxy-2-methoxy-anthraquinone
2-Hydroxy-3-methylanthraquinone
Digiferruginol
Lucidin
Lucidin ω-ethyl ether
2-Anthraquinonecarboxylic acid
2-Hydroxymethylanthraquinone
1,2-Dihydroxy-3-methylanthraquinone
2-Methoxyanthraquinone
Xanthopurpurin

-OCH3
-OH
-H
-OH
-OH
-OH
-H
-H
-OH
-H
-OH

-OCH3
-OCH3
-OH
-CH2OH
-CH2OH
-CH2OCH3
-COOH
-CH2OH
-OH
-OCH3
-H
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-H
-OH
-CH3
-H
-OH
-OH
-H
-H
-CH3
-H
-OH

-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

-H
-H
-H
-H
-H
-H
-H
-H
-H
-H
-H

-H
-OH
-H
-H
-H
-H
-H
-H
-H
-H
-H

1.1.2.2 Iridoid glycosides
Iridoids comprise a large group of monoterpenoids, characterized by skeletons in
which a six-membered ring, containing an oxygen atom, is fused to a cyclopentane ring
(iridane skeleton). These compounds most frequently occur in plants combined with
sugar and so are classified as iridoid glycoside

37

. Iridoid glycosides are commonly

found in Morinda genus, and it is one of the main active ingredient of MOR. Structural
characteristics of iridois glycosides are shown below 38,39. (1) C1 is usually connected
to a sugar unit, such as glucose, by an O-glycoside linkage to a hydroxyl group. (2)
Double bond is usually observed between C3 and C4. (3) Methyl ester or carboxylic
acid is usually found at C4. There are currently seven iridoid glycosides extracted from
MOR (Table 1-1 and Figure 1-2), namely monotropein (31), deacetylasperulosidic
acid (32), asperuloside acid (33), asperuloside (34), morofficinaloside (35),
tetraacetylasperuloside (36) and monotropein methyl ester (37). Among them,
monotropein is found the most abundant in MO, and its content nearly reaches to 2.0%
12

.
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Figure 1-2 Basic skeleton and structures of iridoid glycosides isolated from MOR
1.1.2.3 Saccharides
Saccharides, accounting for 49.79 – 58.25%, is another important chemical
category for MOR

40

. Varieties of saccharides are discovered in MOR, including

monosaccharides, oligosaccharides and polysaccharides. Glucose, mannose and
fructose are the common monosaccharides found in MOR 41. Oligosaccharides of MOR
is mainly inulin-type fructooligosaccharides (FOS), of which composed of linearly
linked fructose and glucose 14. Fructose unit chains (linked by β-(2→1)-D-fructosylfructose bonds) of various lengths and a single glucose unit (linked by α-Dglucopyranosyl bond) at terminal is the typical structure of FOS
12

40

. With one more

glycosidic linkage of a d-fructofuranosyl units to O1 of the d-fructofuranosyl unit of
another sucrose molecule in a β-D-linkage, a trisaccharide named 1-kestose (38) is
formed. The structure could also be indicated by its degree of polymerization (DP) as
DP3 42. Another d-fructofuranosyl units linked to O1 of the d-fructofuranosyl unit of
1-kestose formed nystose (DP4) (39). The lengthening of chain of FOS in MOR can be
up to DP13 and the content of FOS in MOR can be up to 29.9% 14. Polysaccharides in
MOR with determined structures are isolated through different means. A water-soluble
polysaccharides (MOHP-1, 49) was isolated from MOR by ethanol precipitation,
deproteinization and separation over anion exchange chromatography 15. MOHP-1 was
determined as a linear chain of (2→1) linked β-fructofuranosyl inulin-type structure,
of which α-glcpyranosyl-(1→2)-[β-frufuranosyl-(2→1)-β-frucfuranosyl]n was the
confirmed structure. Another three polysaccharides (MP-1, MP-2 and MP-3) were
isolated from MOR through ethanol precipitation and gel filtration chromatography 25.
MP-1 (50) was identiﬁed as an inulin-type fructan with linear (2→1)-linked structure.
Whereas both MP-2 (51) and MP-3 (52) were acidic polysaccharides predominately
consisted of galacturonic acid, arabinose and galactose. Details of saccharides are
shown in Table 1-1, 1-2, 1-5 and Figures 1-4.

Figure 1-3 Basic skeleton of fructooligosaccharides identified in MOR.
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Table 1-5 Structural information of fructooligosaccharides in MOR.
No.
38
39
40
41
42
43
44
45
46
47
48

n
2
3
4
5
6
7
8
9
10
11
12

DP
3
4
5
6
7
8
9
10
11
12
13

Name
1-Kestose
Nystose

1F-fructofuranosylnystose
Inulin-type hexasaccharide
Inulin-type heptasaccharide
-

n = number of repeating unit; DP = degree of polymerization
1.1.2.4 Volatile components
Volatile constituents in MOR are commonly extracted using distillation and
analyzed by gas chromatography hyphenated with mass spectrometry

27–29

. Volatile

compounds in MOR mainly are acids (56, 59 – 62, 65, 67 and 69), alkanes (55, 57, 58,
64 and 72), alkanols (53, 70 and 71), aldehydes (66, 68 and 73) and phenols (54).
Among them, acids were the most abundant, for which 8 out of 21 compounds were
identified in MOR. The chemical formulas of the main volatile constituents from MO
root are presented in Table 1-1.
1.1.2.5 Miscellaneous
Some other types of chemical compounds were also isolated from MOR, such as
organic acids, phytosterols and coumarins. Succinic acid (74) and fumaric acid (75) are
the organic acids found in MOR as reported in literatures. Additionally, β-sitosterol
(76), 24-ethyl-cholesterol (77), 7-oxositosterol (78), stigmasterol (79) and daucosterol
(80) are the phytosterols isolated from MOR. Whereas scopoletin (81) was the
coumarin identified in MOR.
14

1.1.3 Quality control
Quality control is very important for the use of herbal medicines. In recent years,
many rapid, sensitive and stable technologies have been applied for qualitative and
quantitative analysis of anthraquinones, iridoid glycosides and oligosaccharides in
MOR. Nystose, a kind of FOS, is used as an indicator to control the quality of MOR as
stated in Chinese Pharmacopoeia. The content of it in MOR is required to be more than
2.0% as determined by HPLC analysis 7.
1.1.3.1 Thin layer chromatography
Thin layer chromatography (TLC) is a widely used analytical method for the
identification of herbal medicines, such as separation and quantitative analysis, as it is
simple and effective. Anthraquinones is one of the indicators using thin-layer
chromatography with ultraviolet or fluorescence detection to evaluate if MOR is
genuine or not

43,44

. TLC had been used for discrimination between its counterfeit

species, namely Morinda umbellata L. and Damnacanthus officinarum Huang

45

.

Besides authentication, quantification of MOR could also be achieved using TLC.
MOR was extracted with chloroform and TLC was performed using silica gel GF254
plate with developing solvent of benzene: ethyl acetate: formic acid (8:2:0.1). While
rubiadin-1-methyl ether was selected as the reference marker for quality control. After
development, the TLC plate was placed under the ultraviolet light for observation. The
results showed MOR and commercial samples all contained rubiadin-1-methyl ether,
and the contents in commercial samples were higher than those in free-processed
samples 46. TLC identification of iridoids in MOR on its counterfeit species had also
been carried out. Monotropein was used as a reference substance and the MOR samples
were developed with n-butanol: acetic acid: water (7:1:3). Monotropein spots in
15

different samples was compared and the presence or absence of monotropein spots was
an indicator for determining whether they were counterfeit species of MOR

47

. In

addition, high-performance thin-layer chromatography (HPTLC) was used to compare
different processing products of MOR. The separation was performed on HPTLC GF254
silica-gel plate. Ethyl acetate extract was developed with petroleum ether: ethyl acetate
(5:5.5) while the n-butanol extract was developed with n-butanol: glacial acetic acid:
water (4:1:5). After spraying with α-naphthol in 10% sulfuric acid-ethanol solution, the
results showed that pattern between different samples were significantly varied, thus
showing variation in constituents in different processing products of

48

. HPTLC has

also been applied for quality control with oligosaccharides (1-kestose, nystose and 1Ffructofuranosylnystose) as reference markers. Developing solvent used for separation
of three oligosaccharides was n-butanol: isopropanol: water: acetic acid (7:5:2:1). The
method had successfully separated and quantified three oligosaccharides in MOR.
1.1.3.2 High performance liquid chromatography
High performance liquid chromatography is widely used in the detection of active
ingredients in MOR and is usually coupled with diode array detector (DAD) for
qualitative and quantitative analysis. For the determination of anthraquinones in MOR,
HPLC was applied to study the effects of various organic fertilizers on the content of
rubiadin-1-methyl ether. It was found that bio-organic fertilizers increased the content
of rubiadin-1-methyl ether in MOR. The results suggested biotic organic fertilizers
facilitated the growth and promoted formation of rubiadin-1-methyl ether in MOR 49.
HPLC was also used to compare the content changes of three kinds of anthraquinones,
namely, 1-methylanthraquinone, 1,8-dihydroxy-3-hydroxymethyl-anthraquinone and
1,8-dihydroxy-3-methyl-5-hydroxymethyl-anthraquinone, in different processing
16

products of MOR. The results showed changes in content of these three anthraquinones
after processing and provided evidence for explaining the principle of processing for
MOR 50. Another simultaneous analysis for four kinds of anthraquinones in MOR by
HPLC

included

2-hydroxy-3-hydroxymethylanthraquinone,

2-hydroxy-1-

methoxyanthranquinone, rubiadin-1-methyl ether and rubiadin. The HPLC method was
simple, accurate and reproducible, and could be used as a method for determining the
content of anthraquinones in MOR 51. For content determination of iridoid glycosides
in MOR, multiple studies had compared the extraction efficiency of it using HPLC and
monotropein is a common chemical marker used in these studies

52–54

. Monotropein

content variation in different processing products were also performed with HPLC. The
results showed that different processing methods significantly changed the content of
monotropein in MOR 55. HPLC methods were also developed to compare the content
of monotropein in counterfeit products and different parts of MOR
producing areas
MOR.

57

56

and different

. HPLC can be coupled with ELSD to detect oligosaccharides in

HPLC-ELSD

method

oligosaccharides in MOR

58,59

is

popularly

applied

in

determining

inulin

. The proposed methods were sensitive, accurate and

reproducible. With HPLC-ELSD, the abundance of oligosaccharides of MOR from
different habitats were demonstrated

59,60

. HPLC had also been coupled with mass

spectrometry (MS) combined to determine oligosaccharides in MOR 61.
1.1.3.3 Gas chromatography
Gas chromatography (GC) is a common analytical method for volatile components
and is coupled with MS for detection of components. Distillation extraction method
and simultaneous distillation extraction method is used to extract the volatile
components of MOR, and the content was identified with GC-MS. A total 36
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compounds were identified in MOR extracts and the results suggested hexadecenoic
acid was the highest in content in MOR, followed by linoleic acid, oleic acid 62. GCMS was also used to analyze the lipid-soluble components of different parts of MOR.
The results showed that the content of lipid-soluble components in the roots and root
bark of MOR was significantly different 63.
1.1.3.4 Ultraviolet-visible spectrophotometry
Ultraviolet-visible (UV-Vis) spectrophotometry is a common method for
polysaccharide detection. UV-Vis spectrophotometry was used to determine the
content range of free anthraquinones, combined anthraquinones and polysaccharides in
different species and regions of MOR, of which were later found significant differences
existed

64

. In studies of anthraquinones, 1,8-dihydroxyindole was selected as a

reference marker to determine the content of total anthraquinones and free
anthraquinones in different processing products of MOR

65,66

. In another study, 1,8-

dihydroxyanthraquinone was used as a reference compound for optimization of
anthraquinone extraction by microwave method using orthogonal test and compared
with water bath reflux method. The content of anthraquinones was determined by UVVis spectrophotometry and the results showed the influence of ratio of material to
liquid was the highest, the extraction power was second, and the extraction time was
the smallest

67

. Other studies of polysaccharides with this analytical method to

determine the effects of different origins and different processing methods on the
content of polysaccharides in MOR were performed 68,69.
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1.1.4 Pharmacology
MOR is traditionally taken or consumed for a wide range of pharmacological
activities. The diverse pharmacological activities include anti-osteoporosis, tonifying
kidney-yang effect, antidepressant, analgesic, antioxidant, and anti-inﬂammatory. The
details of each pharmacological activity are discussed below.
1.1.4.1 Tonifying kidney-yang effect
Traditionally, MOR is one of the famous herbal medicines to treat kidney-yang
deficient in China. Administrating MO aqueous extracts could improve the energetic
metabolism of rats with kidney-yang deficiency established through perfusion of
methimazole 70. MOR aqueous extract could improve the testicular seminiferous tubule
structure and promote testosterone secretion of Leydig cell in cyclophosphamideinduced testicular spermatogenic disorder. It also showed protective effect of cultured
mouse TM3 Leydig cells against H2O2-induced oxidative stress

71

. In another study,

MOR aqueous extracts improved cytoxan-induced damage to spermatogenesis of rats
72

. Besides, MOR extracts, oligosaccharides from MOR also showed kidney yang

promotion effect. MOR oligosaccharides could increase the number and activity of
sperms of male mice with decreased sperms casued by cytoxan 73. The oligosaccharides
from MOR also remarkedly raised the hatching rate and sexual vitality of Drosophila
melanogaster, showing a significant effect in invigorating the kidney and strengthening
yang 74. Another investigation found that Bajijiasu isolated from MOR is a potential
androgen-like drug that could to some extent enhance the sexual function of male mice,
modulate hormone levels without producing reproductive-organ lesions, and protect
the DNA of human sperms against H2O2 damage in normal and kidney-yang deficient
mice caused by hydroxyurea 75.
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1.1.4.2 Antiosteoporotic activity
Osteoporosis is known as low bone mass and structural deterioration of the bone,
for which may increase susceptibility to fractures. In traditional Chinese medicine,
kidney essence deficiency plays an important role in development of osteoporosis, and
MOR is commonly used as treating bone atrophy (osteoporosis) in TCM clinical
practice. The effectiveness of MOR aqueous extract on treatment of postmenopausal
osteoporosis has been proofed

76

. MOR extract may also act as both a suppressor of

bone resorption and an enhancer of bone formation shown in an in vivo study 8. In the
study, MOR aqueous extract significantly and dose-dependently suppressed decrease
of hind limb thickness, bone mineral density (BMD), indicated with increase in serum
osteoclacin levels and tibia failure load whereas it also reversed the alteration in
histomorphometrical parameters of the tibia by increasing in osteoclast cells in sciatic
neurectomized mice in both the prevention and therapeutic studies. On the other hand,
MOR ethanol extracts could increase the total BMD and trabecular BMD of tibial;
improve the levels of calcium and osteoprotegerin (OPG) and phosphorus; decrease the
levels of deoxypyridinoline/Cr (DPD/Cr), tartrate resistant acid phosphates (TRAP),
adrenocorticotropic hormone (ACTH) and corticosterone (CORT) in serum without
reversing the serum levels of ALP, tumor necrosis factor-α (TNF-α) and interleukin-6
(IL-6) in ovariectomized rats 9. However, the phytochemical analysis of MOR extract
and positive control in animal study were absent in these studies, thus limiting the
reliability of the study. The anti-osteoporotic chemical constituents from MOR ethanol
extracts were isolated by the bioactivity-guided fractionations. Eight anthraquinones
were found and confirmed to be responsible for the anti-osteoporotic activity as well
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as inhibiting osteoclastic bone resorption

18

. The mechanism of inhibitory effect of

these anthraquinones on bone resorption has been investigated. 1,3,8-trihydroxy-2methoxy-anthraquinone, 2-hydroxy-1-methoxy-anthraquinone and rubiadin inhibited
osteoclastic bone resorption by modulating c-Jun N-terminal kinases (JNK), enhancing
the apoptosis of osteoclasts and nuclear factor kappa B (NF-κB) signal pathway, and
reducing the expression of CA II and calcitonin receptor (CTR) of osteoclasts 77. These
investigations showed that anthraquinones from MO ethanol extracts had inhibitory
effects on osteoclastic bone resorption.
MOR polysaccharides are also shown to have antiosteoporotic activities. Oral
administration of MOR polysaccharides to ovariectomized rats reduced the levels of
cytokine in serum and raised the BMD and bone mineral content. This indicated MOR
polysaccharides could attenuate the ovariectomy inducing bone loss of rats

78

. The

proliferation and the activity of ALP in serum from rats treated with MOR
polysaccharides was promoted, and MOR polysaccharides remarkedly inhibited the
expression of Diekkopf-1(DKK-1) in cultured osteoblasts

79

. The differentiation of

mesenchymal stem cells into osteoblasts was promoted by MOR polysaccharides
through activation of the p38 expression in the mitogen-activated protein kinase
(MAPK) signaling pathway 80. Bajijiasu, a natural oligosaccharide from MOR, could
attenuate osteoclast formation and bone resorption by mediating RANKL signaling
pathways. It inhibited expression of RANKL-induced osteoclast formation and bone
resorption without causing toxicity, decreased the expression of RANKL-induced
osteoclast specific marker genes, and inhibited the NFAT expression, NF-κB activation,
phosphorylation of extracellular signal-regulated kinases (ERK), the expression of κBα (IκB-α) and V-ATPase d2

81

. Monotropein, a natural iridoid glycoside enriched in
21

MOR, exerted a definite bone protective effect in ovariectomized osteoporotic mice,
and an increase in the proliferation and differentiation of osteoblastic MC3T3-E1 cells
in vitro

82

. Further research is needed to compare the effects of monotropein,

polysaccharides, oligosaccharides and MOR extracts to understand their effects in
antiosteoporosis.
1.1.4.3 Antidepressant-like activity
Antidepressant-like activity of MOR polysaccharides and oligosaccharides have
been found on animal and cell experimental studies as well as human clinical trials. In
order to observe the antidepressant activities of MOR aqueous extract, differential
reinforcement of low-rate 72-s (DRL 72-s) schedule and forced swimming test were
conducted. The result showed that administrating MOR extracts significantly increased
the reinforcement rate in DRL 72-s schedule in rats and reduced the duration of
immobility significantly without causing any effects on spontaneous motor activity 83,84.
This is the first experiment about the antidepressant activity of MOR. Hence, the
explanation of active principle and mechanism of action are lacking. There is a study
attempted to explain underlying mechanism of antidepressant effect of MOR extracts.
In this study, the MOR extracts (ethanol extracts fractioned with chloroform, ethyl
acetate, n-butanol and water) decreased the duration of immobility in the tail
suspension test in mice and increased the head-twitch response evoked by 5hydroxytryptamine (5-HTP) in mice in the forced-swim test. The chloroform and ethyl
acetate fractions antagonized the apomorphine-induced stereotypy and climbing
behavior in mice; and none of the extracts enhanced the yohimbine-induced lethality
in mice. The results suggested MOR extracts may exert their antidepressant effects
mainly through activating the serotonergic system
22

85

. However, this study lacks

comparative analysis of differences between MOR extracts and positive control
(desipramine). In another study, MOR aqueous extracts increased swimming duration
of loaded mice and level of norepinephrine, epinephrine and dopamine; and decreased
the level of 5-HTP in the brain tissue. This suggested MOR could also exert a beneficial
effect on the brain by regulating the levels of monoamine neurotransmitters in the brain
86

.

1.1.4.4 Anti-inﬂammatory activity
MOR methanol extracts has anti-inflammatory and antinociceptive activities
through inhibiting cyclooxygenase (COX-2), iNOS and TNF-α expression by downregulating the NF-κB binding activity
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. Monotropein plays an important to treat

antinociceptive and anti-inflammatory. Pretreatment with monotropein significantly
reduced stretching episodes and acute paw edema induced by carrageenan in rats,
prolonged action time in mice of hot plate and writhing antinociceptive assays

88

.

Monotropein has shown the inhibition of the mRNA expression of iNOS, COX-2,
TNF-α and IL-1β in LPS induced RAW 264.7 macrophages, reduction of the DNA
binding activity of NF-κB, suppression of phosphorylation and degradation of IκB-α,
and consequently the translocation of NF-κB. Monotropein was also found to reduce
the disease activity index (DAI), myeloperoxidase (MPO) activity, and inflammationrelated protein expression by suppressing NF-κB activation in colon mucosa in the
DSS-induced colitis model of rats 89.
1.1.4.5 Anti-oxidative activity
MOR acidic polysaccharide has been shown to possess excellent capability in
scavenging DPPH radicals, chelating ferrous ions and inhibiting hemolysis of rat
erythrocytes treated with H2O2 90. MOR oligosaccharides exerted protection effect on
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human sperm DNA from damage by H2O2 91. MOR aqueous extracts can reduce the
content of MDA in the myocardium and liver tissue in exhaustive swimming mice. It
could improve the physical ability and increase the activity of SOD and GSH-Px, Ca2+ATPase and Na+-K+-ATPase of skeletal muscles of exhausted swimming rats and
improved the antioxidation of skeletal muscles in exercise rats 92,93.

1.2 Objectives of this study
As noticed in the quality control of MOR (section 1.1.3), some quality control
methods have been developed for the chemical characterization of MOR. A large
portion of these analytical methods were established for studying traditional practices
of MOR, such as selection of growth year and comparison between MOR tissues. With
these methods, the chemical components of MOR, such as oligosaccharides94,
anthraquinones95 or iridoid glycosides96, have been solely determined. As mentioned,
there are various types of chemical components found in MOR and they are collectively
contributed to the bioactivities of MOR. Therefore, previous quality control methods
focusing on only one type of chemicals were not comprehensive enough in chemical
characterization of MOR. Given this fact, to characterize the overall chemical natures
and hence quality of MOR, integrating metabolomics and glycomics could be a
promising approach. Metabolomics and glycomics, the two leading branches of
chemomics, are now being used for qualitatively and quantitatively elucidating
complex chemical profiles of herbal medicines and dietary supplements.97,98
Metabolomics seeks to analyze a complete secondary metabolome99,100, while
glycomics aims to evaluate a glycome including polysaccharides, oligosaccharides and
monosaccharides101. Therefore, the integration of metabolomics and glycomics should
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be a promising approach for the overall characterization of chemical components when
studying rationale of traditional practices of MOR.
MOR traditionally is used as tonics for nourishing kidney, strengthening bone and
enhancing immuno-function. Indeed, chemical natures and bioactivities of herbal
medicines could be changed after processing. As noticed in Chinese Pharmacopoeia
(2015 version), besides raw MOR, there are three processing products of MOR
recorded. In order to holistically understand the chemical and bioactivity differences
between different processing products of MOR, metabolomics and glycomics could be
applied for chemical study; while cell metabolomics could be applied to profile the end
products of cellular processes and thus understand the metabolic changes caused by
MOR processing products. Modern in vitro and in vivo pharmacological studies have
increasingly confirmed the traditional use of MOR based on the findings of various
biological activities. Drug repurposing could be developed for MOR, for which antidepressant is an example of newly discovered bioactivity. As MOR is traditionally used
for tonifying kidney, its effect on kidney-related disease, such as diabetic nephropathy,
could be examined in this study.
Besides that, polysaccharides are enriched in MOR and have found being one of
the bioactive components in MOR. However, among all the quality control methods
for chemical components of MOR, polysaccharides were merely found being selected
as the reference markers for analysis. Indeed, natural polysaccharide research still
suffers from multidisciplinary methodological bottlenecks, as the first step to tackle
these challenges, sample extraction of polysaccharides is considered. Recently
ultrasound-assisted extraction (UAE) has often been employed instead of boiling water
extraction (BWE) for extracting polysaccharides from herbal medicines for further
25

chemical or pharmacological testing in relevant laboratory research

102–109

. Whether

and how UAE impacts the various polysaccharides in herbal medicines, and thereby
extracts quantitatively and qualitatively different total polysaccharides compared to
conventional BWE. Therefore, it is significant to evaluate whether the UAE-related
research is instructive for the actual usage of herbal polysaccharides.
In general, there will be three chapters in this study:


Chapter 1, it would be aimed to develop an integrated method of metabolomics
and glycomics to study the chemical variations in traditional practice of MOR
about different growth year and plant tissues.



Chapter 2, the developed chemical characterization method was combined with
cell metabolomics to study another traditional practice of MOR. The chemical
and biological differences in different processing products of MOR would be
investigated.



Chapter 3, the quantitative and qualitative differences of total polysaccharides
obtained from conventional BWE and UAE were examined.
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CHAPTER 2 STUDY OF GROWTH YEAR AND TISSUE
OF MORINDAE OFFICINALIS RADIX
2.1 Introduction
Since 2002, MOR has been approved by the National Health Commission of China
as a functional food for daily healthcare

110

; therefore there are both increasing

consumption and increasing demand for better quality of MOR. As noticed in the herbal
markets, MORs with different growth year and with or without xylem were commonly
found. However, for clinical application, MOR materials grown for 3-4 years are
usually used
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and the xylem is sometimes removed in the processing of MOR

(Figure 2-1)7. These two practices are believed to produce MOR with superior quality.
Yet, the justification of the practices is mainly according to traditional clinical
experience, which lacks scientific rationale. This becomes an unfavorable situation not
only for ensuring the therapeutic efficacy of MOR, but also for promoting rational and
optimal utilization of MOR resources. To address this issue, investigation of the
correlation between the factors of growth years and plant tissues and the
quality/efficacy of MOR is necessary. Characterizations of qualitative and quantitative
variations of chemical components in different growth years and tissues of MOR
samples are both fundamental and crucial to understanding this correlation; however,
to the best of our knowledge, no such study has been conducted.
In this study, we integrated metabolomics and glycomics to comprehensively
investigate the qualitative and quantitative variations of chemical components in MOR
materials according to year of growth as well as in tissues. The research was conducted
as follows. First, MOR materials with 1-7 years of growth were collected, and the two
tissues of MOR from each year, namely xylem and cortex (where “cortex” is defined
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as the tissues remaining after removal of xylem, Figure 2-1), were separated. Second,
the secondary metabolites in the different MOR materials were determined by ultraperformance liquid chromatography quadrupole time of flight mass spectrometry
(UPLC-QTOF-MS)-based

metabolomics,

while

the

saccharides,

including

polysaccharides, oligosaccharides and monosaccharides, were characterized by
glycomics using high performance gel permeation chromatography-charged aerosol
detection (HPGPC-CAD), high performance liquid chromatography-charged aerosol
detection (HPLC-CAD) and UPLC-QTOF-MS. Third, the obtained secondary
metabolome and glycome data were processed by multivariate statistical analysis and
then integrated to provide the chemical basis for evaluating the traditional usage of
MOR in terms of a scientific rationale.
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Figure 2-1 Plant tissues (A) of fresh MOR with different years of growth (B).
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2.2 Experimental
2.2.1 Reagents, chemical and materials
Ammonium acetate (purity ≥ 98%, chromatographic grade) was bought from
Sigma (St. Louis, MO, USA). Deionized water was prepared by Millipore Milli Q-Plus
system (Bedford, MA, USA). Acetonitrile (HPLC grade), methanol (MS grade) and
formic acid (MS grade) were purchased from RCI Labscan (Bangkok, Thailand).
Absolute ethanol (analytical grade) was obtained from Merck (Darmstadt, Germany).
Trifluoroacetic acid (99%) was from International Laboratory USA (South San
Francisco, CA, USA).
Reference

substances

(purity

≥

98%)

including

monotropein,

deacetylasperulosidic acid, asperulosidic acid, asperuloside and rubiadin were
purchased from Sichuan Weikeqi Biological Technology Co., Ltd. (Sichuan, China)
while rubiadin-1-methyl ether (purity ≥ 90%) was supplied by Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Saccharide references with purity ≥ 98%,
namely, L-rhamnose, D-xylose, D-arabinose, D-fructose, D-mannose, D-glucose, Dgalactose

and

sucrose,

were

obtained

from

Sigma

while

inulin-type

fructooligosaccharide (FOS) references with 3-5 degree of polymerization (DP),
including 1-kestose (DP3), nystose (DP4) and 1F-fructofuranosylnystose (DP5), were
obtained from Sichuan Weikeqi Biological Technology Co., Ltd. for quantitative
analysis of saccharides.
MOR with 1-7 years of growth were kindly provided by Foison Chinese Herbal
Medicines Development Co., Ltd. (Guangdong, China). M. officinalis were cultivated
at the GAP farming base in Deqing County of Zhaoqing city, Guangdong, China
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(23°22'10"N, 112°05'28"E). M. officinalis were grown on seven acres of field with
slope of 42°. They were cultivated in 570 separate plots, 25-40 cm apart. There were
175 pitches in a plot; pitches were 10-15 cm apart. Three sets M. officinalis were
planted per pitch. 70 kg/ha of mixture of organic (silkworm larvae feces and tobacco
stem ≥ 25%) and inorganic fertilizer (N+P2O5+K2O ≥ 35%, for which N ≥ 16%, P2O5
≥ 6% and K2O ≥ 13%) obtained from Geolong China, (Guangdong, China) were
applied every four months. Ten visually healthy M. officinalis were randomly collected
every two months. After removal of residual soil, roots of M. officinalis were cleaned
with deionized water and oven-dried at 50 oC for 48 h to obtain MOR. After the sixth
collection of MOR, the samples were pooled and quartered randomly. One portion was
retained as a voucher specimen, while the other three were used as samples for
metabolomics and glycomics studies. Half of MOR samples were directly powdered
by a DM-6 grinder (Yu Chi Ling Co., Taichung, Taiwan); while the other half of MOR
samples were separated using a mortar and pestle to obtain xylem and cortex. To
perform the separation, intact MOR was held with one end in the mortar; the end in the
mortar was gently knocked with pestle until the cortex was crushed to small pieces.
The cortex pieces and xylem were visibly different and thus could be separated
manually. The two tissues were collected and powdered. All the sample powders
obtained were passed through an 80-mesh sieve. MOR samples collected were
authenticated by Professor Hu-Biao Chen based on the morphological and histological
features specified in the Chinese Pharmacopoeia (2015 version). Voucher specimens
were deposited in School of Chinese Medicine, Hong Kong Baptist University.
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2.2.2 Sample preparation for metabolomics
63 MOR samples [(intact MOR, xylem and cortex) × 7 growth years × 3 sample
portions] were analyzed in triplicate. 50 mg of each powdered sample was extracted
with 5 mL of methanol for 30 min. Extractions were performed with a CP2600D
ultrasonic machine (Crest, Trenton, NJ, USA) in a water bath working with frequency
of 45 kHz and power of 300 W at room temperature. The extracts were then centrifuged
at 4,000 rpm for 10 min. Supernatants were evaporated to dryness on a rotary
evaporator at 55 oC. Residues were re-dissolved with 1 mL of methanol and filtered for
metabolomics study with UPLC-QTOF-MS.
2.2.3 Sample preparation for glycomics
For glycomics analysis, 5 mL deionized water was added to 50 mg of powdered
sample and extracted by reflux for 30 min. After centrifugation, the supernatants were
collected, and the residues were extracted one more time. Then, 2 mL of combined
supernatants were precipitated with the addition of absolute ethanol to a final
concentration of 90% (v/v) and incubated for 12 h at 4 oC. After centrifugation,
supernatants were collected and evaporated until dryness. 1 mL of deionized water was
then added to re-dissolve residues. After centrifugation at 15,000 rpm for 5 min,
supernatants were subjected to UPLC-QTOF-MS for identification of inulin-type FOS
and HPLC-CAD quantitative analysis of free monosaccharides and oligosaccharides.
Precipitates from ethanol precipitation were washed with ethanol, air-dried (water bath,
60 oC) to remove any residual ethanol, and completely re-dissolved in 1 mL hot water
(60 oC) to obtain crude polysaccharides for HPGPC-CAD analysis.
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Crude polysaccharides obtained were further subjected to acid hydrolysis. The
prepared water extract of polysaccharide solutions (0.5 mL) were mixed with 2.5 mL
of 0.5 M trifluoroacetic acid solution in a screw-cap vial and hydrolyzed for 2 hours at
130 oC. After cooling, the hydrolysates were evaporated to dryness. 0.5 mL deionized
water was added to re-dissolve the hydrolysates, and precipitates were removed after
centrifugation (15,000 rpm for 5 min). The supernatants were then subjected to HPLCCAD for sugar composition analysis.
2.2.4 UPLC-QTOF-MS analysis for metabolomics
Chromatographic separation was performed on an Agilent 1290 UPLC system
(Agilent Technologies, Santa Clara, CA, USA) equipped with a binary pump, a
thermostatic column compartment, an auto-sampler, and a degasser. The samples were
kept at 10 oC in the auto-sampler. An aliquot of sample (1 μL) was injected into an
ACQUITY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm; Waters, Milford, MA,
USA) operated at 40oC. The separation was achieved using a linear gradient elution
with 0.1% formic acid in water (A) and methanol (B) at a flow rate of 0.30 mL/min.
For metabolomics study, the elution program was as follow: 0 – 0.5 min, 2 % B; 0.5 –
4 min, 2 – 7% B; 4 – 7 min, 7 – 19% B; 7 – 9 min, 19 – 100% B; 9 – 11 min, 100% B;
11 – 11.1 min, 100 – 2% B; 11.1 – 15 min, 2% B. For targeted metabolomics analysis,
the elution program was as follow: 0 – 0.5 min, 2 % B; 0.5 – 4 min, 2 – 7% B; 4 – 18
min, 7 – 60% B; 18 – 22 min, 60 – 100% B; 22 – 25 min, 100% B; 25 – 25.1 min, 100
– 2% B; 25.1 – 28 minutes, 2% B.
MS data were collected using an Agilent 6540 QTOF mass spectrometer (Agilent
Technologies) equipped with a JetStream electrospray ion (ESI) source. Data
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acquisition software were Mass Hunter Qualitative Analysis B.06 and Quantitative
Analysis B.04 (Agilent Technologies). The optimized operating parameters in negative
ion mode were as follows: nebulizing gas (N2) flow rate at 7 L/min; nebulizing gas
temperature at 300 oC; JetStream gas flow at 7 L/min; sheath gas temperature at 300
o

C; nebulizer pressure at 40 psi; capillary voltage at 3000 V; skimmer at 65 V; Octopole

RFV at 600 V; and fragmentor voltage at 150 V. MS/MS technique was applied to
provide parallel alternating scans for acquisition at low collision energy to obtain
precursor ion information or at a ramping of high collision energy to acquire a full-scan
accurate mass data of fragments and precursor ions and to obtain neutral loss
information. The collision energies for auto MS/MS analysis were 15 V and 35 V. For
the sake of full scanning, mass spectra were recorded across the ranges of mass to
charge ratio (m/z) of 100 – 1700 with accurate mass measurement of all mass peaks.
Formate adduct molecular ion of asperuloside and deprotonated molecular ions of the
remaining analytes were selected as their respective extraction ions in quantitative
analysis using the extracting ion mode (Figure 2-2).
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Figure 2-2 Extracted ion chromatograms (EIC) of reference standards (A) and MOR
samples (B). 4 = monotropein; 5 = deacetylasperulosidic acid; 20 = asperulosidic acid;
21 = asperuloside; 44 = rubiadin-1-methyl ether; 56 = rubiadin. The peak number is
the same in Table 2-2.
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An in-house library was built for identification of secondary metabolites in
metabolomics analyses. Secondary metabolite identification in metabolomics analysis
was conducted by establishment of an in-house library. Previous reports on secondary
metabolites from MOR and Morinda genus were collected and summarized in a
Microsoft Office Excel table (Microsoft Corporation, Redmond, WA, USA) to
establish an database, which includes compound name, molecular formula, accurate
molecular weight, chemical structure, MS/MS fragments and related references. The
empirical molecular formula was deduced by a comparison of the accurate mass value
and the theoretical exact mass value of putative deprotonated molecular ions (or
formate adduct molecular ions) and/or further confirmed by elucidating the fragment
ions based on previous reports, and then matched with that of known compounds in the
database using the “Find” function of Microsoft Office Excel.
2.2.5 HPGPC-CAD and HPLC-CAD analysis for glycomics
HPGPC-CAD analysis was used to determine the molecular weight distribution of
crude polysaccharides obtained. The analysis was performed on a Dionex UltiMate
3000 series ultra-high performance liquid chromatography and diode array detector
(UHPLC-DAD) system coupled with Dionex Corona Veo CAD from Thermo
Scientific (Waltham, MA, USA). The separation was achieved with two tandem TSK
GMPWXL columns (300 mm × 7.8 mm, 10 μm; TSKgel, Griesheim, Germany) and
ammonium acetate aqueous solution (20 mM) as mobile phase. The flow rate was set
at 0.6 mL/min and column temperature was constantly kept at 40 oC. The parameters
of CAD were set as follows: data collection rate at 2 Hz, filter at 10 s, gain at 100 pA,
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nebulizer heater at 60 oC and gas regulator mode at analytical. An aliquot of 20 μL
solution was injected for analysis.
Qualitative identification of inulin-type FOS was achieved by UPLC-QTOF-MS
analysis with an XBridge BEH amide HPLC column (2.1 mm × 150 mm, 3.5 μm;
Waters, Milford, MA, USA). The separation was operated at 10 oC using a linear
gradient elution with 75 mM ammonium acetate (pH 10.8) (A) and acetonitrile (B) at
a flow rate of 0.30 mL/min: 0 – 1 min, 87% B; 1 – 23 min, 87 – 82% B; 23 – 28 min,
82 – 77% B; 28 – 60 min, 77 – 55% B; and then back to 87% B and equilibrated for 15
min. The injection volume was 2 μL. The mass spectrometric conditions were the same
as mentioned in section 2.2.4.
The obtained free monosaccharides, oligosaccharides and hydrolysates of crude
polysaccharides were quantitatively analyzed by HPLC-CAD analysis. HPLC
conditions used were the same as those described for inulin-type FOS identification,
and CAD parameters were the same as described above for HPGPC-CAD analysis.
2.2.6 Method validation
Before data acquisition for metabolomics study, 100 μL of each methanol extract
were combined to give a quality control (QC) sample. The QC sample was run prior to
the start of the main analytical run six times per day to condition the instrument. For
the main analytical run, the MOR methanol extracts, blanks and the QC samples were
analyzed in three analytical blocks, each occupying approximately 24 h of instrument
time. There were seven segments in every block, where each segment contained nine
randomly selected samples bracketed by one blank and one QC sample. The QC
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samples injected in between MOR samples were used for further quality assurance in
processing of metabolomics analysis data.
Quantifications of secondary metabolites and saccharides by UPLC-QTOF-MS
and HPLC-CAD were validated in terms of linearity, sensitivity, precision, stability
and accuracy. Stock solutions of reference compounds were diluted to appropriate
concentrations for construction of calibration curves. Five concentrations of the
solution were analyzed, and the calibration curves were constructed by plotting the
peak areas versus the concentrations of analytes. For HPLC-CAD method, the
calibration curves were constructed by plotting logarithm of peak areas versus the
logarithm of concentrations. Linearity was evaluated by the determination coefficient
(R2) of the calibration curves. Sensitivity of the instruments in detecting analytes was
examined by limit of detection (LOD) and limit of quantification (LOQ) under the
present conditions. The values were determined as signal to noise ratio (S/N) of 3 and
10 for LOD and LOQ, respectively. Intra- and inter-day variations were chosen to
determine the precision of the developed assay. Each sample was extracted and
analyzed with six replicates within 1 day for intra-day variability test, while each
sample was examined in duplicate for 3 consecutive days for inter-day variability test.
Variation was expressed by the relative standard deviation (RSD) of the data. The
stability test was performed by analyzing the sample extract over periods of 2, 4, 6, 8,
10, 12, and 24 h, and RSDs of the peak areas of each analyte were taken as the measures
of stability. Accuracies of the methods were determined from spike recoveries tests
conducted at 80%, 100% and 120% levels. Recovery test was accomplished by adding
a mixed standard solution of a concentration level to the sample with known contents
of the target analytes. The sample was then extracted and analyzed with the established
38

methods in triplicates. The recovery test was performed at each concentration level,
and the spike recoveries were calculated by the following equation:
Spiked recovery (%) =

(𝑡𝑜𝑡𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑−𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑎𝑚𝑜𝑢𝑛𝑡)
𝑎𝑚𝑜𝑢𝑛𝑡 𝑠𝑝𝑖𝑘𝑒𝑑

× 100%

2.2.7 Multivariate statistical analysis
For metabolomics study, UPLC-QTOF-MS raw data files in negative mode (MOR
samples and QC samples) generated from the analyses of samples in methanol extracts
were converted to comma-separated values file (CSV) using DA reprocessor (Agilent
Technologies) for peak finding, filtering and alignment. The DA method parameters
were set as follow: retention time range, 0 – 15 min; mass range, 100 – 1700 Da; peak
height greater or equal to 5000 counts; [M-H]- as allowed ion species; peak spacing
tolerance at 0.25 m/z plus 100 ppm; quality score greater or equal to 80. The obtained
CSV files were trimmed down to three columns (mass to charge ratio, retention time,
intensities) and subjected to MetaboAnalyst 4.0 (Sainte-Anne-de-Bellevue, Québec,
Canada) 112 for further data processing.
After uploading the files to MetaboAnalyst 4.0, mass tolerance was set at 0.25 m/z
and retention time tolerance was set at 30.0 sec for pre-processing. A peak intensity
table containing each feature labeled with mass to charge ratio and retention time (i.e.
431.1214/9.01) was automatically created for further data processing, which included
missing value processing, data filtering and data normalization. For missing value
processing, features with too many missing values were removed for better
downstream analysis. The option of ‘removing features with > 50% missing values’
was selected. To estimate the remaining missing values, the option of ‘Replace by a
small value’ was used. Data filtering is important to identify and remove unsuitable
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variables when modeling the data for metabolomics. ‘Relative standard deviation’ was
selected for feature filtering and for features with their RSDs > 10% in QC samples
were removed. Under data normalization process, ‘Normalization by sum’ was selected
for adjustment of differences among samples.
After data processing, the normalized data for metabolomics study of MOR in
different growth years and in different tissues were separately subjected to SIMCA
14.1 (Umetrics, Umeå, Sweden) for visualization. The global profiles across different
years of growth were observed by unsupervised principal component analysis (PCA)
whereas the variations of different tissues of MOR samples were observed by partial
least squares-discriminant analysis (PLS-DA). PCA models were created using pareto
scaling while both log transformation and pareto scaling were applied for PLS-DA
models. For glycomics, sample ID, year of growth or tissue and contents of quantified
analytes were listed and were analyzed using SIMCA 14.1. Unsupervised PCA and
PLS-DA were respectively employed to visualize the relationships of glycome, years
of growth and tissues of MOR samples. Hierarchical clustering analysis (HCA) was
also performed to observe the grouping of MOR samples. The distances between
clusters were calculated using Ward’s linkage and sorted by size. To validate the
effectiveness and reliability of the models, cross-validations were performed using the
default software options. The parameters R2X (cum) (for PCA model) or R2Y (cum) (for
PLS-DA model) expressing goodness of fit and Q2 (cum) reflecting goodness of
prediction were examined. Permutation tests were performed to check if the PLS-DA
models were over-fitted. Metabolites were found to contribute greatly to the separation
of sample groups in the PLS-DA models when their variable influence on projection
(VIP) values were greater than 1.
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Features with mass to charge ratio between 100 and 900 were extracted for marker
selection for further targeted metabolomics study by quantification. Missing values
were marked as ‘0’ while others were marked as ‘1’. There were 14 groups of data
[(xylem and cortex) × 7 years of growth] in total with each group containing nine
datasets. When the sum of a feature (i.e. 253.0525/10.35) in nine datasets of one group
(i.e. 1C) was greater than 6, ‘1’ was marked; otherwise ‘0’ was marked. A summarized
table of each feature in 14 groups was generated and saved as a comma-separated
values (CSV) file using semicolon as separator. A simple JSON data description file
was created according to the guidelines (http://github.com/VCG/upset/wiki) and
uploaded to UpSet web version (http://vcg.github.io/upset/) for interactive data
visualization and UpSetR shiny version (http://gehlenborglab.shinyapps.io/upsetr/) for
graph plotting. All 14 groups were added for analysis and aggregated by overlaps with
overlap degree set at 14.
Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used to plot the graphs
of quantification results of metabolomics and glycomics studies. All the quantitative
data were presented as mean ± SD of triplicate determinations. Significant difference
was indicated when p < 0.05, p < 0.01 and p < 0.001.

2.3 Results and discussion
2.3.1 Method optimization and validation
The extraction conditions for quantification of both metabolome and glycome
were optimized to achieve complete extraction according to technical guideline of
Hong Kong Materia Medica Standard.113 For metabolomics study, the sample powder
of MOR was repeatedly extracted (30 min each time) until residues of the concerned
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secondary metabolites for quantification were less than 1% in the subsequent extraction.
To calculate the percentage of residues remaining, the following equation was applied:
Residue (%) =

Peak area of secondary metabolites in n𝑡ℎ extraction
Total peak areas of secondary metabolites until n𝑡ℎ extraction

× 100%

With one extraction, the selected secondary metabolites could be completely
extracted. As the peak intensities were too low for metabolite identification and
quantification when the extracts were with sample weight-to-solvent ratio of 1:100, the
extracts were subsequently concentrated to that of 1:20. Since the peaks of monotropein
and deacetylasperulosidic acid could be better separated when re-dissolved with
deionized water than that with methanol in the extracted ion chromatograms (EIC), the
quantification of these two analytes were achieved individually. Also, 6-fold dilution
was performed for quantification of these two compounds to fit in the linearity range.
Therefore, for content determination of monotropein and deacetylasperulosidic acid,
the residues after drying with rotatory evaporator were re-dissolved with 6 mL of
deionized water. For glycomics, the sample powder was refluxed (30 min each time)
until no saccharides were detected by phenol-sulphuric acid analysis in the subsequent
extraction for polysaccharides and residues of both free monosaccharides and
oligosaccharides were less than 1% in HPLC-CAD analysis. With two extractions, the
saccharides in MOR samples could be completely extracted.
Amide column has been commonly used for chromatographic analysis of
monosaccharides and oligosaccharides.14,114 One advantage of this technique is that
saccharides can be directly analyzed without pretreatment using this technique 114. It is
also capable for analysis of oligosaccharides with different degrees of polymerization
115

. However, amide column chromatography is incapable of eluting uronic acid since
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the carbonyl group in uronic acid could react with the amino group bonded in the
column under nucleophilic addition. Based on our preliminary experiment using precolumn derivatization with 1-phenyl-3-methyl-5-pyrazolone (PMP),116 MOR samples
did not contain uronic acids but only neutral monosaccharides (Figure 2-3).

Figure 2-3 HPLC-DAD chromatograms of method blank (A), monosaccharide
reference standards (B) and MOR sample (C) for sugar composition analysis. Man =
mannose; Rha = rhamnose; GluA = glucuronic acid; GalA = galacturonic acid; Glu =
glucose; Gal = galactose; Ara = arabinose.
Therefore, amide column was employed in this study for analysis of
monosaccharides. Previous studies had used amide column with different
chromatographic conditions for eluting neutral monosaccharides and inulin-type
oligosaccharides separately.14,114 Based on our preliminary study, monosaccharides
and oligosaccharides could be eluted using a single modified chromatographic
condition. Therefore, here we simultaneously separated monosaccharides and
oligosaccharides in MOR by using amide column under the same chromatographic
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condition. The chromatographic condition was further optimized regarding
concentration of mobile phase, column flow rate, column temperature and gradient.
The final condition was then confirmed with the use of 75 mM ammonium acetate (pH
10.8) with 0.3 mL/min operated at 10 oC and a linear gradient elution. For sugar
composition analysis, the concentration of TFA, the reaction time, and temperature of
acid hydrolysis were optimized. The responses of monosaccharides produced from
water extracts of MOR samples by acid hydrolysis was used as the evaluation marker
for optimization. The results (Figure 2-4) suggested that 0.5 M TFA should be selected
for acid hydrolysis and the reaction was most efficient at 130 °C for 2 h.
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Figure 2-4 Optimization results of acid hydrolysis condition of concentration of TFA
(A), time (B) and temperature (C) for sugar composition analysis. * p < 0.05 or ** p <
0.01 as compared with previous data.
For method validation, the linearity, sensitivity, precision, stability and accuracy
of quantitative assays are summarized in Table 2-1. As rhamnose, xylose and arabinose
were not detected in MOR samples, they were excluded for precision, stability and
accuracy studies. Semi-quantification was applied for content determination of DP6 to
DP10 inulin-type FOS due to the lack of reference markers. As observed in the HPLC45

CAD chromatograms of reference markers (Figure 2-5A), the responses (peak areas)
of DP3 to DP5 under the same concentrations (0.06, 0.13, 0.25, 0.50 and 1.00 mg/mL)
were comparable with the increase in degree of polymerization, for which the
differences between two consecutive peaks were less than 10%. Therefore, it was
assumed that the responses of the latter peaks were also similar under the same
concentration. As DP3 to DP10 are in homologous series of inulin-type FOS with
additional fructose unit, a calibration curve constructed based on DP3 to DP5 was used
to determine the content of DP6 to DP10 FOS. The calibration curve was constructed
by taking logarithm of average peak area from DP3 to DP5 (with RSD < 6%) versus
the logarithm of concentrations; hence only the linearity was validated for FOS of DP
6 to DP10. As sums of the detected monosaccharide contents were used as
quantification of polysaccharides, method validation of polysaccharides is referred to
that of monosaccharides.
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Figure 2-5 Typical HPLC-CAD chromatograms of saccharide reference standards (A),
free monosaccharides and oligosaccharides in MOR (B) and sugar composition
analysis results of polysaccharides (C); and HPGPC-CAD chromatograms of variation
of polysaccharides within the molecular range of 1 to 2944 kDa in different years of
growth (D) and tissues of 3 years of growth (E). Rha = rhamnose; Xyl = xylose; Ara =
arabinose; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc =
sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; DP6DP10 = inulin-fructooligosaccharides with degree of polymerization 6 to 10.
For UPLC-QTOF-MS (Table 2-1), calibration curves showed good linearity with
coefficients (R2) no less than 0.999. As for sensitivity, the limits of detection (LOD)
and limits of quantification (LOQ) were less than 0.176 μg/mL and 1.406 μg/mL,
respectively, under the chromatographic conditions used. Regarding precision and
stability, the overall relative standards deviations (RSD) of intra- and inter-day
variations as well as stability were not more than 9.09%, 6.78% and 8.24%,
respectively. The established methods also had acceptable accuracy with a spike
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recovery range of 91.94% – 116.95%. Concerning the HPLC-CAD method (Table 21), good linearity was demonstrated across the linear range. The LOD and LOQ of
saccharides were less than 7.813 μg/mL and 31.250 μg/mL, respectively. The RSDs of
intra- and inter-day precision together with stability were all not more than 7.72%, 9.80%
and 5.30%, respectively. As for the accuracy test, the developed method was
reproducible with good recovery in the range of 87.12% – 117.11%. All the results
above indicated that the established methods were linear, sensitive, precise, accurate,
and stable enough for quantification of the selected secondary metabolites and
saccharides in the MOR samples.
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Table 2-1 Calibration curve, limit of detection, limit of quantification, repeatability, accuracy and stability of the quantitative assays for
secondary metabolites and saccharides in MOR samples with different growth years and different tissues
Linearity

LOD
(µg/mL)

Analyte
Range (µg/mL)

Equation

LOQ
(µg/mL)

R2

Repeatability
(n=6)
(RSD, %)
Intra-day

Inter-day

Stability
(n=6)
(RSD, %)

Spike recovery %
(n=3)
(RSD, %)
Low

Middle

High

UPLC-QTOF-MS assay
Mono

0.70 – 11.25

y = 97050x + 56309

0.9990

0.044

0.703

9.09

5.88

8.24

91.94
(5.33)

108.11
(8.01)

94.69
(4.36)

Deasp

1.41 – 22.50

y = 83084x + 53566

0.9992

0.176

1.406

1.38

1.20

1.89

109.30
(9.36)

102.87
(2.23)

98.45
(4.21)

AspA

0.70 – 11.25

y = 112359x + 8881.8

0.9998

0.176

0.703

1.53

4.60

5.04

103.61
(9.98)

114.17
(1.76)

116.95
(1.78)

Asp

0.70 – 11.25

y = 174260x - 36072

0.9995

0.176

0.352

1.91

6.78

6.75

95.85
(4.02)

95.00
(6.33)

93.96
(1.69)

R1M

0.20 – 3.13

y = 1000000x + 369218

0.9991

0.024

0.098

1.36

3.07

3.02

106.59
(1.08)

101.97
(2.83)

102.66
(8.21)

Rub

0.20 – 3.13

y = 2000000x + 744842

0.9990

0.049

0.098

2.72

4.03

4.41

105.69
(10.39)

102.72
(2.73)

101.48
(6.60)

HPLC-CAD assay
Rha

31.25 – 500.00

y = 0.9237x – 1.2344

0.9991

7.813

31.250

-

-

-

-

-

-

Xyl

12.50 – 200.00

y = 0.9030x – 1.0276

0.9993

5.469

10.938

-

-

-

-

-

-

Ara

12.50 – 200.00

y = 0.8302x – 0.8782

0.9916

5.469

10.938

-

-

-

-

-

-
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Fru

11.72 – 187.50

y = 0.9836x – 1.0884

0.9901

3.906

11.720

1.76

6.34

4.66

100.98
(8.76)

104.94
(4.18)

105.42
(3.70)

Man

31.25 – 250.00

y = 1.0712x – 1.3436

0.9959

7.813

31.250

5.01

8.44

3.94

87.12
(6.67)

114.66
(4.60)

106.66
(10.08)

Glu

9.38 – 150.00

y = 0.9480x – 0.7742

0.9949

3.516

8.984

5.28

8.08

4.23

96.46
(5.78)

99.30
(11.81)

100.98
(10.08)

Gal

12.50 – 200.00

y = 0.9702x – 0.9228

0.9952

4.688

9.375

7.72

9.80

5.30

90.21
(2.88)

113.62
(2.63)

100.62
(6.18)

Suc

0.13 – 2.00 a

y = 0.6957x – 0.6680

0.9958

3.906

15.625

2.58

2.74

3.81

117.11
(3.61)

108.50
(1.71)

97.09
(7.18)

DP3

0.13 – 2.00 a

y = 0.7298x – 0.8435

0.9942

3.906

15.625

2.46

4.09

4.72

98.98
(8.71)

94.58
(6.09)

97.10
(10.23)

DP4

0.06 – 1.00 a

y = 0.8245x – 1.0646

0.9971

3.906

15.625

0.85

2.52

2.90

105.50
(4.63)

107.88
(2.43)

106.05
(3.60)

DP5

0.06 – 1.00 a

y = 0.8316x – 1.1145

0.9944

3.906

15.625

1.00

2.36

3.06

102.94
(1.96)

110.02
(5.07)

111.51
(8.19)

DP6 –
DP10

0.06 – 1.00 a

y = 0.8166x – 1.0603

0.9969

-

-

-

-

-

-

-

-

a

unit in mg/mL
LOD = limit of detection; LOQ = lower limit of quantification; RSD = relative standard deviation; UPLC-QTOF-MS = ultra-performance liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry; HPLC-CAD = high performance liquid chromatography coupled with charged aerosal detector.
Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA = asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub = rubiadin; Rha
= rhamnose; Xyl = xylose; Ara = arabinose; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1-kestose; DP4 = nystose;
DP5 = 1F-fructofuranosylnystose

50

2.3.2 Chemical identification
Initially, both positive and negative ion modes were used for MS analysis.
Negative ion mode provided more extensive and clearer structural information, so it
was used for the data analysis. Base peak chromatograms (BPC) of the MOR samples
of cortex and xylem are shown in Figure 2-6. A total of 70 secondary metabolites were
tentatively or definitely identified from the MOR samples in negative ion mode.

Figure 2-6 Base peak chromatograms of cortex and xylem taking 4 years of growth as
example. The peak numbers are the same in Table 2-2.
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Table 2-2 Chromatographic and mass spectral data of the compounds identified in MOR by UPLC-QTOF-MS/MS
No.
1

RT
(min)
0.91

2

Asparagine

Molecula
Formula
C4H8N2O3

1.14

Bajijiasu (Dimeric Fructose, DMF)

3

1.17

4

2.27

5

2.74

Identification

[M-H]-

Ions
(m/z)
131.0462

Error
(ppm)
-1.53

MS/MS fragments (m/z) at 15V
collision energy (% abundance)
114.0200 [M-H-OH]- (100)

C12H22O11

[M-H]-

341.1089

-1.17

Malic acid

C4H6O5

[M-H]-

133.0142

-2.26

Monotropein a

C16H22O11

[M-H]-

389.1089

-3.08

[2M-H]-

779.2251

1.60

[M-H]-

389.1089

-2.06

[2M-H]-

779.2251

-1.67

341.1084 [M-H]- (85), 179.0562 [MH-fru]- (69 ), 119.0347 [M-H-fruC2H4O2]- (100)
133.0151 [M-H]- (30), 115.0046 [MH-H2O]- (100)
389.1077 [M-H]- (44), 227.0563 [MH-glc]- (46), 209.0442 [M-H-glcH2O]- (11), 191.0353 [M-H-glc2H2O]- (68), 179.0352 [M-H-glc-H2OCH2O]- (27), 165.0555 [M-H-glcH2O-CO2]- (83), 147.0452 [M-H-glcH2O-CO2-H2O]- (100), 135.0447 [MH-glc-H2O-CO2-CH2O]- (46)
779.2286 [2M-H]- (7), 389.1095 [MH]- (100)
389.1098 [M-H]- (100), 227.0569 [MH-glc]- (23), 209.0456 [M-H-glcH2O]- (52), 183.0666 [M-H-glc-CO2](54), 165.0557 [M-H-glc-H2O-CO2](66), 153.0553 [M-H-glc-CO2-CH2O](8)
389.1095 [M-H]- (100)

Deacetylasperulosidic acid a

C16H22O11

Ion species

6

3.12

4-epi-borreriagenin isomer b

C10H14O5

[M+HCOO]-

259.0826

-3.86

7

3.29

Yopaaoside C/isomer b

C17H26O12

[M-H]-

421.1351

-2.14

52

241.6974 [M+HCOO-H2O]- (26),
209.0435 (40), 165.0520 (66)
177.0547 (76), 151.0756 (100),
133.0643 (89), 119.0346 (76)

Occurrence
1X, 2, 3X,
4X, 7X
1-7

1, 2, 3X
1-7

1-7

1
1X, 2, 3X,
4C, 5, 6X,
7X

8

4.19

L-Phenylalanine

C9H11NO2

[M-H]-

164.0713

-2.44

147.0448 [M-H-OH]- (100)

7X

9

4.48

Deacetylasperuloside

C16H20O10

[M+HCOO]-

417.1038

-2.40

1-5, 6X, 7X

[M-H]-

371.0984

-3.50

371.0990 [M-H]- (79), 209.0456 [MH-glc]- (9), 191.0347 [M-H-glc-H2O](15), 165.0558 [M-H-glc-CO2]- (100),
147.0451 [M-H-glc-CO2-H2O]- (14),
135.0458 [M-H-glc-CO2-CHOH]- (7)
371.0979 [M-H]- (31), 165.0553 [MH-glc-CO2]- (100)
371.0981
[M-H-H2O-CO](74),
165.0552 [M-H-H2O-CO-glc-CO2](100)
389.1085 [M-H]- (100), 227.0556 [MH-glc]- (49), 209.0453 [M-H-glcH2O]- (47), 183.0661 [M-H-glc-CO2](73), 165.0555 [M-H-glc-CO2-H2O](65)
389.1084 [M-H]- (100)
373.1127 [M-H]- (9), 211.0610 [M-Hglc]- (29), 167.0714 [M-H-glc-CO2](19), 149.0605 [M-H-glc-CO2-H2O](49), 123.0450 (100)
395.0956 (100), 373.1145 [M-H]- (56),
211.0621 (50)
373.1140 [M-H]- (100)

1-7

395.0956 (100),
211.0621 (50)

1X, 2, 3C

10

4.48

Tudoside (citrifolinin B) b

C17H22O12

[M-H]-

417.1038

-2.40

11

5.16

Deacetylasperulosidic acid isomer

C16H22O11

[M-H]-

389.1089

-2.06

[2M-H]-

779.2251

-2.44

[M-H]-

373.1140

2.41

[M+HCOO]-

419.1195

-0.48

[2M-H]-

747.2353

2.54

[M-H]-

419.1195

-0.72

12

13

6.91

6.93

Geniposidic acid b

6β,7β-epoxy-8-episplendoside/
isomer b

C16H22O10

C17H24O12

53

373.1145

(56),

1-7

1-4, 5X,
6C, 7X

14

15

7.15

7.21

6-O-acetylscandoside b

Scandoside methyl ester (6βhydroxygeniposide/ feretoside)

C18H24O12

C17H24O11

[M-H]-

431.1195

-1.62

[2M-H]-

863.2463

-0.70

[M+HCOO]-

449.1301

-3.12

[M-H]-

403.1246

-3.47

16

7.24

Morofficinaloside/
6α-hydroxyadoxoside b

C17H26O11

[M+HCOO]-

451.1457

-1.77

17

8.39

C17H26O11

[M+HCOO]-

451.1457

1.55

18

8.61

Morofficinaloside/
6α-hydroxyadoxoside b
Scandoside methyl ester isomer

C17H24O11

[M+HCOO]-

449.1301

-2.89

19

8.91

Isoscopoletin

C10H8O4

[M-H]-

191.0350

-3.66

54

403.1240 [M-H-CO]- (11), 389.1080
[M-H-CH2CO-]- (3), 371.0974 [M-HCH2CO-H2O]- (22), 241.0714 [M-HCO-glc]- (31), 209.0457 [M-HCH2CO-H2O-glc]- (8), 191.0350 [MH-CH2CO-H2O-glc-H2O](42),
165.0555
[M-H-CH2CO-H2O-glcCO2]- (100), 147.0453 (41)
863.2497 [2M-H]- (12), 431.1210 [MH]- (100), 371.0992 [M-H-CH2COH2O]- (14), 191.0357 [M-H-CH2COH2O-glc-H2O]- (16), 165.0554 [M-HCH2CO-H2O-glc-CO2]- (9)
431.1184 [M-H-H2O]- (38), 403.1246
[M-H-COOH]- (22), 371.0966 [M-HCOOH-CH2OH2]- (72), 191.0352 [MH-COOH-CH2OH2-glc-H2O]- (100)
371.0980
[M-H-CH2OH2](29),
191.0348 [M-H-CH2OH2-glc-H2O](59), 165.0548 [M-H-H2O-CH2-glcCO2]- (100)
405.1352 [M-H-CO2]- (11), 243.0885
[M-H-CO2-glc]- (100), 191.0355 (59),
165.0552 (45)
405.1378 [M-H-CO2]- (20), 243.0876
[M-H-CO2-glc]- (100)
241.0707 (100), 193.0505 (75)
191.0345 [M-H]- (5), 176.0114 [M-HCH3]- (100), 148.0162 [M-H-CH3CO]- (20), 104.0269 (12)

1-5, 6X, 7X

1, 2, 3X, 4,
5X, 6X, 7

1, 2, 3X, 4,
5X, 6X, 7X
1-4, 5X,
6X, 7X
1, 2C, 3, 4,
5X, 6X
1

20

21

9.17

9.29

Asperulosidic acid a

Asperuloside a

C18H24O12

C18H22O11

[M-H]-

431.1195

-2.55

[2M-H]-

863.2463

-1.97

[M+HCOO]-

459.1144

-2.18

[M-H]-

413.1089

-2.90

C11H20O6

[M+HCOO]-

293.1235

-2.39

10.93

3-methylbut-3-enyl β-Dglucopyranoside isomer b
Roseoside II/ isomer b

C19H30O8

[M+HCOO]-

431.1923

-1.39

24

11.41

Scopoletin

C10H8O4

[M-H]-

191.0350

-3.14

25

12.44

Scandoside methyl ester isomer

C17H24O11

[M-H]-

403.1246

-2.98

26

12.56

Morinlongosides C isomer b

C22H32O15

[M-H]-

535.1668

1.12

22

9.48

23

55

431.1190 [M-H]- (64), 413.1084 [MH-H2O]- (81), 251.0557 [M-H-H2Oglc]- (38), 233.0449 [M-H-H2O-glcH2O]- (7), 191.0357 [M-H-H2O-glcH2O-CH2CO]- (22), 165.0559 [M-HH2O-glc-CH2CO
-CO2](31),
147.0452
[M-H-H2O-glc-H2OCH2CO -CO2]- (100)
431.1185 [M-H]- (100)

1-7

459.1130 [M+HCOO]- (9), 413.1085
[M-H]- (48), 251.0577 [M-H-glc]- (8),
233.0451
[M-H-glc-H2O](5),
191.0343
[M-H-glc-H2O-CH2CO](22),
161.0608
[M-H-glc-H2OCH2CO-CH2O]- (3), 147.0452 [M-Hglc-H2O-CH2CO-CO2]- (100)
413.1100 [M-H]- (7), 251.0571 [M-Hglc]- (28), 191.0340 [M-H-glc--H2OCH2CO]- (26), 147.0449 [M-H-glcH2O-CH2CO-CO2]- (100)
293.1231 [M+HCOO]- (55), 174.9554
(100)
385.1871 [M-H]- (56)

1-7

191.0345 [M-H]- (5), 176.0107 [M-HCH3]- (100), 148.0162 [M-H-CH3CO]- (19)
371.0969
[M-H-CH3OH](83),
283.1169 (27), 165.0561 (100)
535.1656 [M-H]- (100), 503.1383 [MH-CH2O]- (14), 149.0450 (35)

6X
1X, 2X,
3X, 5X, 6X
1-3, 5X, 6X

1C, 2, 3,
4C, 5X, 6X
1X, 2X,
3X, 4X,
5X, 6X, 7X

27

14.54

28

15.07

Damnacanthol-11-O-βprimeveroside/
1-methoxy-2primeverosyloxymethylanthraquinone-3-olate/
Damnacanthol-3-O-β-D-glucoside b
Digiferruginol-11-O-β-primeveroside

C27H30O14

[M+HCOO]-

623.1618

-1.12

283.0614 [M-HCOO-C11H20O9]- (100)

1X, 2X,
3X, 4X,
5X, 6X

C26H28O13

[M+HCOO]-

593.1512

-2.87

253.0498 [M-C11H20O9]- (100)

1X, 3X, 5X

209.0792 [2M-H]- (100), 181.0825
(53), 163.0711 (94)
283.0588 (100), 253.0495 [M-HCH2O]- (96)
269.0458 [M-H-C11H20O9]- (100)

4C

b

29

15.08

L-Serine isomer

C3H7NO3

[2M-H]-

209.0779

1.91

30

15.26

C16H12O5

[M-H]-

283.0612

0.35

31

15.80

C26H28O14

[M-H]-

563.1406

-0.53

32

17.23

1-hydroxy-2-(hydroxymethyl)-3methoxyanthraquinone b
Lucidin-3-O-β-primeveroside b/
1-hydroxy-2-primeverosyloxymethylanthraquinone-3-olate b
γ-nonalactone isomer

C9H16O2

[M+HCOO]-

201.1132

-1.49

201.1088 [M+HCOO]- (20), 183.1008
(39), 139.1144 (48), 118.9919 (68)

1X, 2X,
3X, 4X,
5X, 6X, 7X
1X, 2X, 3,
5X, 6X, 7X

33

17.32

C15H10O4

[M-H]-

253.0506

0.00

253.0503 [M-H]- (100), 223 [M-HCH2O]- (49), 195 [M-H-CH2O-CO](5)

1X, 2X,
3X, 4X,
5X, 6X, 7X

34

17.52

1-hydroxy-3hydroxymethylanthraquinone/
1-hydroxyl-6(hydroxymethyl)anthraquinone b
1-hydroxy-2-(hydroxymethyl)-3methoxyanthraquinone b

C16H12O5

[M-H]-

283.0612

-2.83

1-4, 5X,
6X, 7X

35

17.80

Nordamnacanthal b

C15H8O5

[M-H]-

267.0299

-3.00

36

18.76

C15H10O4

[M-H]-

253.0506

-2.37

37

19.04

Alizarin 2-methyl ether/ Soranjidiol b/
2-hydroxy-3-methoxyanthraquinone
b
/ Chrysophanol
1,3,3-trimethyl-2Oxabicyclo[2.2.2]octan-6-ol isomer

C10H18O2

[M+HCOO]-

215.1289

-3.25

283.0587 [M-H]- (100), 253.0501 [MH-CH2O]- (93), 210.0293 [M-HCH2O-CH3-CO]- (42)
267.0284 [M-H]- (99), 239.0343 [MH-CO]- (100), 211.0352 [M-H-COCO]- (38)
253.0501 [M-H]- (8), 238.0273 [M-HCH3]- (100), 210.0324 [M-H-CH3CO]- (27)
215.1282 [M+HCOO]- (39), 197.1179
[M+HCOO-H2O]- (100), 153.1268
(70)

56

2X

1, 2X, 3,
5X, 6X
1-4, 5X,
6X, 7X
1, 2X, 3X,
4X, 5X,
6X, 7X

38

19.19

Morindone-5-methylether b/
Anthragallol-2,3-dimethyl ether b/
1,7-dihydroxy-6-methoxy-2methylanthraquinone b

C16H12O5

[M-H]-

283.0612

-2.83

39

19.55

1-hydroxyanthraquinone isomer

C14H8O3

[M-H]-

223.0401

-1.35

40

19.60

1,6-dihydroxy-2methoxyanthraquinone/ lucidin

C15H10O5

[M-H]-

269.0455

0.00

41

19.64

2-formyl-1-hydroxyanthraquinone b/
Morindaparvin-A b/ 1-anthraldehyde b

C15H8O4

[M-H]-

251.0350

-2.39

42

19.70

C16H12O4

[M-H]-

267.0662

-0.37

43

19.90

C15H10O5

[M-H]-

269.0455

1.49

44

20.14

Alizarin dimethyl ether (1,2dimethoxyanthraquinone) isomer
1,6-dihydroxy-2methoxyanthraquinone/ Anthragallol2-methylether (1,3-dihydroxy-2methoxyanthraquinone)
Rubiadin-1-methyl ether a

C16H12O4

[M-H]-

267.0663

-1.87

45

20.36

1-hydroxy-5,6-dimethoxy-2methylanthraquinone b

C17H14O5

[M-H]-

297.0767

-0.34

46

20.64

Tianshic acid isomer

C18H34O5

[M-H]-

329.2333

-2.73

47

20.65

Alizarin 1-methyl ether/
2-hydroxy-3-methoxyanthraquinone b

C15H10O4

[M-H]-

253.0506

-0.79

48

20.66

Damnacanthal b

C16H10O5

[M-H]-

281.0455

-0.71

57

283.0612 [M-H]- (37), 268.0356 [MH-CH3]- (57), 253.0126 [M-H-CH3CH3]- (100), 239.0332 [M-H-CH3CHO]- (39), 225.0180 [M-H-CH3CH3-CO]- (19)
223.0399 [M-H]- (100), 210.0311 (6),
195.0443 [M-H-CO]- (6)
269.0449 [M-H]- (30), 251.0347 [MH-H2O]- (100), 223.0401 [M-H-H2OCO]- (5), 195.0445 [M-H-H2O-COCO]- (2)
251.0340 [M-H]- (100), 236.0478 [MH-CH3]- (2), 223.0401 [M-H-CO](100), 195.0450 [M-H-CO-CO]- (6)
267.0659 [M-H]- (98), 251.0350 (100),
236.0474 [M-H-OCH3]- (21)
269.0461 [M-H]- (16), 254.0228 [MH-CH3]- (63), 251.0344 [M-H-H2O](99), 239.0352 [M-H-CH2O]- (100)

1-4, 5X,
6X, 7X

267.0661 [M-H]- (100), 252.0420 [MH-CH3]- (34), 224.0474 [M-H-CH3CO]- (66)
297.0776 [M-H]- (19), 251.0346 [MH-C2H5OH]- (24), 222.0325 [M-HC2H5OH-CHO]- (30)
329.2234 [M-H]- (100), 281.0434 (24),
229.1442 (15), 171.1032 (13)
253.0503 [M-H]- (100), 239.0344 [MH-CH2]- (36), 223.0401 [M-H-OCH2](56), 210.0320 [M-H-CH2-CHO]- (48)
281.0454 [M-H]- (31), 253.0505 [MH-CO]- (100), 210.0321 [M-H-COCH3CO]- (62)

1-7

2X, 5X
1X, 2X, 3,
4X, 5X,
6X, 7X
1, 2X, 3X,
4X, 5X,
6X, 7X
2X
2X

2X

1-3, 4C,
5X, 7X
1X, 2X,
5X, 6X
1, 2, 3X,
4X, 5X,
6X, 7X

1-hydroxy-2-methylanthraquinone/
2-hydroxy-3-methylanthraquinone/
1-hydroxy-4-methylanthraquinone
1,6-dihydroxy-2methoxyanthraquinone/ Anthragallol2-methylether/
1,3,6-trihydroxy-2methylanthraquinone (6hydroxyrubiadin) b
Xanthopurpurin isomer

C15H10O3

[M-H]-

237.0557

-2.53

237.0548 [M-H]- (100), 223.0400 (23)

1-3, 4X,
5X, 6X, 7X

C15H10O5

[M-H]-

269.0452

-1.12

269.0463 [M-H]- (15), 254.0218 [MH-CH3]- (100), 210.0311 [M-H-CH3COO]- (20)

1C

C14H8O4

[M-H]-

239.0349

-0.42

6X

21.12

1,3,6-trihydroxy-2methoxyanthraquinone

C15H10O6

[M-H]-

285.0405

1.75

53

21.25

Physcion or isomer

C16H12O5

[M-H]-

283.0603

-3.18

239.0345 [M-H]- (49), 223.0395 (100),
211.0401 (11), 198.0296 (6)
285.0386 [M-H]- (24), 270.0175 [MH-CH3]- (100), 242.0210 [M-H-CH3CO]- (17)
251.0344 [M-H-OCH3]- (100)

54

21.62

1-hydroxy-2-(hydroxymethyl)-3methoxyanthraquinone b

C16H12O5

[M-H]-

283.0612

0.00

55

21.94

Rotungenic acid

C30H48O5

[M-H]-

487.3429

-0.62

56

22.07

Rubiadin a

C15H10O4

[M-H]-

253.0506

3.56

57

22.19

Lucidin isomer

C15H10O5

[M-H]-

269.0451

-1.49

58

22.23

Nordamnacanthal isomer b

C15H8O5

[M-H]-

267.0299

0.00

59

22.23

Xanthopurpurin isomer

C14H8O4

[M-H]-

239.0351

0.42

49

20.87

50

20.93

51

20.98

52

58

283.0610 [M-H]- (100), 252.0426 [MH-CH2OH]- (22), 224.0457 [M-HCH2OH-CO]- (5)
487.3429 [M-H]- (100)

1X, 2X

1X, 2X,
3X, 4X,
5X, 6X, 7X
2X,6X

2X, 4X, 6X

253.0512 [M-H]- (100), 225.0551 [MH-CO]- (37), 209.0591 [M-H-COOH]- (11)
269.0455 [M-H]- (100), 171.1010 (39)

1-7

267.0297(63), 239.0345 (100) [M-HCO]-, 211.0395 (13) [M-H-CO-CO]239.0355 [M-H]- (17), 223.0401 (11),
210.0391 [M-H-CHO]- (3), 195.0438
[223-CHO]- (1)

4X

1X

6X

60

22.26

13-hydroxy-9,11,15-octadecatrienoic
acid isomer b

C18H30O3

[M-H]-

293.2122

0.00

1X, 2X, 3,
7X

0.00

293.2123 [M-H]- (36), 275.1985 [MH-H2O]- (8), 265.0152 [M-H-C2H4](17), 195.1373 (19), 112.9859 (100)
269.0453 [M-H]- (32), 253.0477 [MH-O]- (3), 239.0337 [M-H-CH2O]- (7),
225.0544 [M-H-O-CO]- (3), 211.0383
[M-H-CH2O-CO]- (1)
295.2280 [M-H]- (89), 277.2168 [MH-H2O]- (39), 251.0356 [M-H-CO2](4), 195.1394 [M-H-CO2-C4H8]- (23),
171.1017 (17), 112.9854 (100)
277.2168 [M-H]- (100)

61

22.47

Lucidin isomer

C15H10O5

[M-H]-

269.0455

-0.74

62

22.5

Vernolic acid

C18H32O3

[M-H]-

295.2279

0.00

63

23.32

Trichosanic acid/ Linolenic acid

C18H30O2

[M-H]-

277.2173

64

23.52

Linoleic acid or isomer

C18H32O2

[M-H]-

279.2330

0.36

279.2332 [M-H]- (100)

[M-H]-

255.2330

1.96

255.2339 [M-H]- (100), 224.0496 (8)

1X, 2, 3,
4X, 5X, 6,
7X
1-7

65

23.68

Palmitic acid isomer

C16H32O2

66

23.77

Oleic acid isomer

C18H34O2

[M-H]-

281.2486

-2.84

281.2473 [M-H]- (100), 253.2525 (25)

1-7

67

24.06

C18H36O2

[M-H]-

283.2643

-3.88

283.2637 [M-H]- (100)

1-7

24.08

Stearic acid (Octadecanoic acid)
isomer
Nonanal isomer

68

C9H18O

[2M-H]-

283.2643

-0.35

283.2647 [2M-H]- (100)

1X, 2X, 3X

69

24.09

1-heptadecene or isomer

C17H34

[M+HCOO]-

283.2643

-3.53

283.2637 [M+HCOO]- (100)

70

24.79

Daucosterol isomer

C35H60O6

[M+HCOO]-

621.4372

-2.57

621.4364 [M+HCOO]- (25), 578.5155
[M+HCOO-CO2]- (27), 520.9050 (17),
452.9224 (38), 384.9355 (83),
316.9472 (100), 248.9606 (77),
180.972 (11), 112.9850 (18)

1, 2X, 3, 4,
5X, 6X
1-7

a

6X

1X, 2, 3,
4X, 5X,
6X, 7X
2X, 3

Identification was confirmed with reference markers
Firstly reported in MOR
glc = glucosyl; fru = frutofuranosyl; ‘No.’ = in both tissue; ‘C’ = in cortex only; ‘X’ = in xylem only, e.g.: ‘1’ refers to being detected in 1 year of growth in both
cortex and xylem; ‘1C’ or ‘1X’ refers to being identified in 1 year of growth in either cortex or xylem
b
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Six of the metabolites were confirmed by comparing the mass spectra and retention
times with those of reference compounds (Figure 2-7, 2-8); elucidations of their mass
fragmentation pathways are shown below.
2.3.2.1 Identification of iridoid glycosides
Iridoid glycosides are characterized by a closed-loop in their structures and a
bonding with glucoses at C-1. It has been reported that typical fragments of losses of
H2O, CO2, CH2O and a glucosidic unit117–119 indicated the presence of OH, COOH and
CH2OH and glucosidic groups in the structures. Also, presence of a formate adduct
molecular ion is regarded as the characteristic that distinguishes the iridoid glycosides
containing an ester group or a carboxyl group at the C-4 position.119 For example, peaks
4 and 5 (Table 2-2) were found to be isomers with the same empirical formula of
C16H22O11 and similar fragmentation patterns. Common fragment ions (Figure 2-7A,
2-7B) were found at m/z 227 ([M-H-162]-) and m/z 209 ([M-H-162-18]-) revealing
neutral losses of glucosyl units followed by H2O. However, fragment ions of m/z 192
([M-H-glc-H2O-H2O]-) and m/z 147 ([ M-H-glc-H2O-CO2-H2O]-) were only observed
in the MS/MS spectrum of peak 4 while m/z 183 ([M-H-glc-CO2]-) and m/z 153 ([MH-glc-CO2-CH2O]-) were only detected in the spectrum of peak 5, suggesting different
fragmentation pathways and thus different structures of the two compounds. Based on
their retention times, peaks 4 and 5 were assigned as monotropein and
deacetylasperulosidic acid, respectively.120 For peak 20, a series of neutral losses of
H2O (m/z 413), glucosyl (m/z 251) and especially CH2CO (m/z 233) units showing the
presence of an acetyl group in the structure indicated that it was asperulosidic acid
(Figure 2-7C). Peak 21 exhibited [M+HCOO]- at m/z 459 and neutral loss of CH2CO
unit at m/z 191 ([M-H-glc-H2O-CH2CO]-) suggesting the presence of an ester or lactone
60

group at C-4 position and an acetyl group in the structure; therefore it was identified as
asperuloside (Figure 2-7D).
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Figure 2-7 Proposed mass fragmentation pathways of monotropein (A);
deacetylasperulosidic acid (B); asperulosidic acid (C); asperuloside (D) in MOR
samples.
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2.3.2.2 Identification of anthraquinones
Deprotonated molecular ions [M-H]- are the common precursor ions of free
anthraquinones. A series of fragments produced by the neutral losses of m/z 15, m/z 18
and m/z 28 are the characteristics indicating the existence of CH3, H2O and CO groups
in the structures.121 CO elimination is often from the C-10 carbonyl group when
hydroxyl groups are present at C-1 and C-8. Since there are intramolecular hydrogen
bonds between the C-9 carbonyl group and α-hydroxyl groups, the hydroxyl groups are
difficult to be cleaved.121 Free anthraquinones containing other functional groups on
the benzene rings, such as -CH2OH and -OCH3 units are also easily lost to produce the
corresponding fragments. As shown in the MS/MS fragmentation spectrum in Figure
2-8A, peak 44 (Table 2-2) possessed fragment ions of m/z 252 ([M-H-15]-) followed
by m/z 224 ([M-H-15-28]-) indicated the loss of CH3 and CO groups, which was
determined to be rubiain-1-methyl ether. Fragmentation at m/z 225 ([M-H-CO]-) and
m/z 209 ([M-H-CO-OH]-) were observed in peak 56 (Table 2-2), which was identified
as rubiadin (Figure 2-8B).
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Figure 2-8 Proposed mass fragmentation pathways of rubiadin-1-methyl ether (A);
rubiadin (B) and DP 6 inulin-type FOS (C) in MOR samples.
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2.3.2.3 Identification of inulin-type FOS
The presence of inulin-type FOS with DP 6 to 10 in the HPLC-CAD analysis could
be confirmed by observing the fragmentation of these saccharides as revealed by
UPLC-QTOF-MS. The structures of FOS are characterized by a hexose unit (C6H10O5
m/z 162) between adjacent DPs. As FOS are highly polar, they are not well retained on
a C18 column; therefore, an amide column is used for the identification analysis. In the
MS/MS spectra, it was noticed that glycosidic bond cleavages produced glucosyl or
furanosyl units ([M-H-C6H10O5]-) and cleavages within the sugar ring resulted in loss
of H2O unit ([M-H-C6H10O5-H2O]-); these were the characteristic fragment ions of
FOS.14,122 Taking DP 6 as an example (Figure 2-8C), fragment ions of m/z 827 ([MH-glc]-), m/z 665 ([M-H-glc-fru]-), m/z 503 ([M-H-glc-2fru]-) and m/z 341 ([M-H-glc3fru]-) resulting from glycosidic cleavages between two sugar residues were obtained.
Also, the fragments of the cleavages within the sugar ring were found at m/z 809 ([MH-glc-H2O]-), m/z 647 ([M-H-glc-fru-H2O]-), m/z 485 ([M-H-glc-2fru-H2O]-) and m/z
323 ([M-H-glc-3fru-H2O]-). Based on the typical fragment ions, the peak in Figure 25B can be confirmed as DP6 and the identities of FOS with different degrees of
polymerization could be deduced.
2.3.3 Data processing with multivariate statistical analysis
For the metabolomics study of years of growth, 70 datasets of samples [7 years of
growth × 3 sample portions in triplicates + 7 QC samples] were subjected to
MetaboAnalyst for data processing. There were 7412 peaks with an average of 105.9
peaks per sample. A total of 126 features were formed, of which 33 were removed
based on QC RSD values during data filtering. For the metabolomics study of tissues,
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there were 14335 peaks in 140 samples [(xylem and cortex) × 7 years of growth × 3
sample portions in triplicates + 14 QC samples] with an average of 102.4 peaks per
sample. A total of 133 features were formed, of which 29 were removed after data
filtering. The results of multivariate statistical analysis for the remaining features are
shown in Figure 2-9A and Figure 2-10A.

Figure 2-9 Score plots of metabolomics (A) and glycomics (B) for 1-7 years of growth
after PCA. No. = year of growth, i.e. 4 = 4 years of growth.
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Figure 2-10 Score plots of metabolomics (A) and glycomics (B) for different tissues
of MOR after PLS-DA. No. = year of growth, i.e. 4 = 4 years of growth.
Score plots are used to visualize the degree of clustering or separation among
different groups of samples by dimension reduction of complex data.123 As shown in
the PCA and PLS-DA score plots (Figure 2-9, 2-10), all the samples fell well into the
95% tolerance region of confidence level. For metabolomics PCA model studying
growth year (Figure 2-9A), 0.923 and 0.777 of R2X (cum) and Q2 (cum), respectively,
of seven components were obtained while for glycomics analysis (Figure 2-9B), 0.999
and 0.979, respectively, of seven components were acquired (Table 2-3).
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Table 2-3 Summary for PCA and PLS-DA models
Component
R2X(cum)
Q2(cum)
PCA of metabolomics study across different growth years (Figure 2-9A)
1
0.611
0.553
2
0.726
0.624
3
0.807
0.705
4
0.855
0.750
5
0.883
0.769
6
0.906
0.763
7
0.923
0.777
PCA of glycomics study across different growth years (Figure 2-9B)
1
0.698
0.629
2
0.846
0.695
3
0.939
0.782
4
0.983
0.904
5
0.992
0.937
6
0.997
0.963
7
0.999
0.979
PLS-DA of metabolomics study between different tissues (Figure 2-10A)
1
0.376
0.491
2
0.466
0.598
3
0.526
0.717
4
0.558
0.753
5
0.600
0.749
PLS-DA of glycomics study between different tissues (Figure 2-10B)
1
0.653
0.732
2
0.742
0.865
3
0.843
0.876

R2Y(cum)
0.494
0.604
0.729
0.795
0.820
0.742
0.895
0.913

With R2X (cum) close to 1 and Q2 (cum) greater than 0.5, and their difference
within 0.2, the PCA modeling shows good fit and satisfactory predictive ability. As
PLS-DA is more efficient in diagnosing differences between two or more groups than
PCA, PLS-DA was used to find out the differences between xylem and cortex
samples.124,125 The acquired values of R2Y (cum) and Q2 (cum) with five components
for metabolomics PLS-DA model (Figure 2-10A) were 0.820 and 0.749, respectively,
while those values of three components for glycomics analysis (Figure 2-10B) were
0.913 and 0.876, respectively (Table 2-3), indicating good fitness and predictability of
the models. Permutation tests (n = 200) were performed to further validate the models,
and the results showed that the PLS-DA models for both metabolomics and glycomics
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were stable and reproducible with intercepts of R2 and Q2 smaller than 1 (i.e. R2 = (0.0,
0.152), Q2 = (0.0, -0.470) for metabolomics PLS-DA model while R2 = (0.0, 0.063), Q2
= (0.0, -0.359) for glycomics PLS-DA model, Figure 2-11).

Figure 2-11 Results of permutation test (n = 200) for checking if the PLS-DA models
for metabolomics (A) and glycomics (B) of different tissues were over-fitted.
2.3.4 Secondary metabolites and saccharides variation in MOR with 1-7 years
of growth
The dynamic changes of secondary metabolites in MOR samples across a sevenyear growth period are shown in Figure 2-9A. The quality of MOR samples in terms
of secondary metabolites of the first three years of growth was similar, as their clusters
were close together. The cluster was then shifted significantly from 3rd to 4th year of
growth, revealing significant metabolite changes had occurred during this period. The
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clusters of the 4th to 7th years were superimposed on each other, indicating the
metabolites of MOR were not further altered. This was corroborated by the dendrogram
generated from HCA (Figure 2-12A) showing a similar pattern, of which one cluster
combines QC and MOR with 1-3 growth years samples while another combines MOR
with 4-7 growth years samples.

Figure 2-12 Dendrogram of metabolomics (A) and glycomics (B) study for different
years of growth of MOR by HCA. No. = year of growth, i.e. 4 = 4 years of growth.
Targeted metabolomics by quantification was performed for better understanding
of dynamic changes of selected secondary metabolites across different years of growth.
To select the marker for quantification, UpSet was applied to visualize the intersections
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or aggregates of intersecting datasets.126 Among 85 features with m/z 100 to 900, 23
were commonly present in both tissues during all years of growth (Figure 2-13).

Figure 2-13 UpSet plot showing number of features (between m/z 100 and 900)
intersected in 14 groups of xylem and cortex with different growth years.
17 out of 23 common features could be generated with molecular formula using
Qualitative Analysis B.06.00 and 12 of the generated formulas could be matched with
those in our established in-house library (Table 2-4). After comparing the MS/MS
fragments with those reported in the literature and studying the reported bioactivity of
MOR, compounds successfully identified and with reported bioactivities in MOR18,77,82
were selected for quantitative study.
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Table 2-4 Identification of common features obtained from UpSet in 14 groups of MOR samples
No.
1

Feature
(m/z/RT)
116.9294/12.86

Molecular
formula
-

Ion species

Ions
(m/z)
-

Error
(ppm)
-

Identification
-

MS/MS fragments (m/z) at 15V collision energy
(% abundance)
-

-

253.0506

3.16

Rubiadin

253.0524 [M-H]- (100), 225.0566 [M-H-CO]- (34)

-

2

253.0525/10.35

C15H10O4

[M-H]

3

255.2349/11.56

C16H32O2

[M-H]-

255.2330

2.74

Palmitic acid isomer

255.2350 [M-H]- (100), 224.0496 (8)

-

267.0663

2.62

Rubiadin-1-methyl ether

4

267.06825/10.46

C16H12O4

[M-H]

5

281.2507/11.61

C18H34O2

[M-H]-

281.2486

4.27

Oleic acid isomer

267.0684 [M-H]- (65), 252.04330420 [M-H-CH3](7), 224.0494 [M-H-CH3-CO]- (33)
281.2506 [M-H]- (100), 253.2552 (18)

-

283.2643

3.18

Stearic acid isomer

283.2660 [M-H]- (100), 256.9615 (7)
341.1122 [M-H]- (69), 179.0578 [M-H-fru]- (63),
119.0360 [M-H-fru-C2H4O2]- (100)
373.1157 [M-H]- (7), 211.0631 [M-H-glc]- (25),
167.0723 [M-H-glc-CO2]- (18), 149.0618 [M-Hglc-CO2-H2O]- (51), 123.0464 (100)
383.3552 [M-H]- (100), 361.3493 (44), 337.5504
(35), 112.9866 (53)
389.1111 [M-H]- (100), 227.0573 [M-H-glc]- (22),
209.0473 [M-H-glc-H2O]- (42), 165.0571 [M-Hglc-H2O-CO2]- (56)
405.1066 [M-H]- (100), 361.1166 (19), 343.1037
(10), 181.0514 (45)
371.1001 [M-H-H2O-CO]- (64), 165.0572 [M-HH2O-CO-glc-CO2]- (100)
431.1217 [M-H]- (47), 413.1118 [M-H-H2O]- (37),
251.0581 [M-H-H2O-glc]- (29), 191.0364 [M-HH2O-glc-H2O-CH2CO]- (14), 165.0570 [M-H-H2Oglc-CH2CO -CO2]- (24), 147.0466 [M-H-H2O-glcH2O-CH2CO -CO2]- (100)
459.1149 [M+HCOO]- (7), 413.1116 [M-H]- (33),
191.0363 [M-H-glc-H2O-CH2CO]- (16), 147.0460
[M-H-glc-H2O-CH2CO-CO2]- (100)

6

283.2664/11.99

C18H36O2

[M-H]

7

341.1113/1.22

C12H22O11

[M-H]-

341.1089

3.22

DMF

8

373.1166/7.11

C16H22O10

[M-H]-

373.114

3.22

Geniposidic acid

9

383.3555/11.78

C24H48O3

[M-H]-

383.3531

2.61

Unknown

10

389.1115/2.87

C16H22O11

[M-H]-

389.1089

3.08

Monotropein/
deacetylasperulosidic acid

11

405.1065/6.04

C16H22O12

[M-H]-

405.1038

2.72

Unknown

12

417.1064/4.69

C17H22O12

[M-H]-

417.1038

2.64

Tudoside (citrifolinin B)

13

431.1224/8.16

C18H24O12

[M-H]-

431.1195

2.09

Asperulosidic acid

14

459.11735/9.06

C18H22O11

[M+HCOO]-

459.1144

3.27

Asperuloside
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15

621.44045/11.17

C35H60O6

[M+HCOO]-

621.4372

2.41

Daucosterol isomer

16

713.4773/9.93

-

-

-

-

-

723.5053

-1.38

Unknown

-

-

-

809.4482

5.56

Unknown

-

-

-

845.2780

4.50

Unknown

17

723.5063/9.93

C41H72O10

[M-H]

18

760.24225/2.36

-

-

19

809.4535/9.93

C39H70O17

[M-H]

20

841.2687/2.52

-

-

-

-

-

621.4402 [M+HCOO]- (21),
316.9504 (20), 248.9620 (32)
-

384.9357

(18),

723.5064 [M-H]- (42), 677.5005 (100), 451.3318
(5)
809.4527 [M-H]- (15), 139.9454 (100), 100.9348
(49)
-

21

845.2797/1.24

C30H54O27

[M-H]

22

851.27135/2.3

-

-

-

-

-

845.2851 [M-H]- (6), 827.2705 [M-H-H2O]- (31),
539.1414 (7), 503.1647 (100), 323.1011 (11)
-

23

899.2927/2.69

-

-

-

-

-

-

glc = glucosyl
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The selected compounds were: rubiadin, rubiadin-1-methyl ether, monotropein/
deacetylasperulosidic acid, asperulosidic acid and asperuloside. The quantification
results of these secondary metabolites are shown and summarized in Figure 2-14A and
Table 2-5.

Figure 2-14 Results of quantitative analysis for secondary metabolites (A), free
monosaccharides and sucrose (B), and inulin-type FOS and polysaccharides (C) of
MOR among different growth years. Mono = monotropein; Deasp =
74

deacetylasperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub
= rubiadin; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc =
sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; Poly =
polysaccharides.
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Table 2-5 Contents of secondary metabolites and saccharides in different years of growth of MOR samples (n = 3)
Year(s) of growth
1

2

3

4

5

6

7

Secondary metabolites (µg/g)
Mono

512.139 ± 32.71

624.041 ± 20.60**

706.128 ± 15.43**

538.495 ± 47.84**

431.067 ± 26.45*

524.575 ± 10.67**

325.294 ± 28.37***

Deasp

1092.130 ± 69.44

996.607 ± 33.28

1156.405 ± 19.3**

1153.181 ± 9.00

1157.536 ± 40.92

711.096 ± 5.87***

990.638 ± 28.51***

AspA

497.649 ± 13.91

597.166 ± 5.60**

389.386 ± 3.92***

390.295 ± 7.72

219.741 ± 8.93***

250.200 ± 10.29*

Asp

599.540 ± 11.12

551.982 ± 7.55***

237.029 ± 2.31***

234.883 ± 5.90

276.020 ± 5.29***

177.270 ± 10.19***

R1M

74.517 ± 6.08

576.796 ± 4.15***
289.918 ±
10.65***
45.761 ± 0.58**

88.837 ± 2.80***

47.778 ± 1.54***

37.262 ± 0.12***

41.738 ± 4.61

51.949 ± 1.76*

Rub

27.430 ± 2.31

12.821 ± 0.48***

46.661 ± 1.77***

8.511 ± 0.22***

12.017 ± 0.13***

14.033 ± 1.36

13.656 ± 0.79

Saccharides (mg/g)
Fru

3.953 ± 0.07

17.803 ± 1.35***

10.473 ± 0.04***

7.450 ± 0.13***

11.673 ± 0.20***

14.140 ± 0.26***

8.880 ± 0.16***

Man

7.226 ± 0.13

12.796 ± 0.66***

19.196 ± 0.07***

13.413 ± 0.23***

15.823 ± 0.13***

13.793 ± 0.42**

10.436 ± 0.76**

Glu

3.926 ± 0.19

7.073 ± 0.10***

3.590 ± 0.11***

2.260 ± 0.20***

5.403 ± 0.22***

4.826 ± 0.40

3.213 ± 0.09**

Gal

0.580 ± 0.03

0.676 ± 0.03*

1.116 ± 0.05***

1.363 ± 0.13*

2.126 ± 0.09**

1.550 ± 0.18**

2.210 ± 0.10**

Suc

44.963 ± 0.67

56.830 ± 1.23***

72.916 ± 1.23***

68.746 ± 2.82

57.290 ± 0.96**

55.683 ± 1.27

51.963 ± 1.09*

DP3

36.556 ± 0.51

62.820 ± 1.26***

42.410 ± 0.39***

72.536 ± 1.72***

90.350 ± 1.07***

54.223 ± 0.19***

52.763 ± 0.51*

DP4

51.120 ± 1.93

63.016 ± 0.52***

66.000 ± 0.35**

81.240 ± 1.20***

87.570 ± 1.5**

72.196 ± 1.14***

70.916 ± 0.23

DP5

66.166 ± 2.12

74.063 ± 1.55**

79.966 ± 0.21**

98.460 ± 1.29***

104.516 ± 0.79**

87.323 ± 1.08***

86.443 ± 0.68

DP6

65.886 ± 2.58

71.066 ± 1.69*

85.740 ± 0.58***

105.340 ± 1.25***

97.556 ± 0.41***

91.200 ± 1.45**

94.513 ± 0.48*

DP7

58.200 ± 1.68

65.960 ± 1.99**

80.526 ± 1.10***

96.236 ± 1.18***

86.816 ± 0.14***

88.496 ± 0.55**

92.466 ± 0.67**

DP8

51.590 ± 1.61

58.953 ± 2.42*

69.093 ± 0.91**

83.250 ± 1.21***

74.323 ± 0.66***

77.766 ± 0.81**

84.980 ± 1.06***

DP9

42.313 ± 1.42

49.923 ± 3.12*

56.680 ± 1.14*

63.810 ± 8.08

61.280 ± 0.46

65.560 ± 0.69***

74.220 ± 1.13***

DP10

34.653 ± 0.78

40.730 ± 3.09*

44.650 ± 1.22

47.330 ± 12.01

48.390 ± 0.53

53.640 ± 1.00**

62.343 ± 0.99***

Poly
12.959 ± 0.23
13.986 ± 0.12**
15.608 ± 1.23
12.639 ± 0.56*
* p < 0.05, ** p < 0.01, *** p < 0.001 as compared with the previous year of growth

12.040 ± 1.03

11.957 ± 0.23

12.919 ± 1.14
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Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA = asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub = rubiadin; Fru =
fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; Poly = polysaccharides
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Overall, the contents of both iridoid glycosides and anthraquinones decreased with
various fluctuations from 1-7 years of growth (Figure 2-14A; Table 2-5). For example,
the contents of monotropein and rubiadin significantly declined from 512.14 ± 32.71
μg/g to 325.29 ± 28.37 μg/g (p < 0.01) and from 27.43 ± 2.31 μg/g to 13.66 ± 0.79 μg/g
(p < 0.001), respectively, indicating longer growth did not guaranteed higher contents
of secondary metabolites. A similar trend of changes in contents of selected metabolites
was noticed – there was an increase then a decrease in content of each metabolite and
the metabolites were commonly the most abundant at the 3rd year (Figure 2-14A). For
example, the content of monotropein had increased from 512.14 ± 32.71 μg/g at 1st
year to 706.13 ± 15.43 μg/g at 3rd year (p < 0.001), which was the highest amount, and
then decreased to 325.29 ± 28.37 μg/g at 7th year (p < 0.001). Both iridoid glycosides
and anthraquinones have been found to be important in plant development due to their
insecticidal, antifeedant127,128, antifungal and antibacterial activities129. Therefore, it
was believed that MOR developed rapidly during the first three years of growth, with
the biosynthesis of iridoid glycosides and anthraquinones, and the accumulation of
these metabolites reaching a maximum in the 3rd year. As the metabolites could be
constantly transferred to different part of the plant, i.e. leaf, fruit, for defense against
herbivore pests and pathogens,130,131 the gradual decrease in contents of these
secondary metabolites in roots (i.e. MOR) resulted. The quantitative results further
confirmed the conclusion that secondary metabolite composition in MOR varied
significantly during its first four years of growth, then became stable after the 4th year
of growth.
The PCA and HCA results of glycomics are shown in Figure 2-9B and Figure 212B respectively. Similar to that of metabolomics, discrete clusters could be observed
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in the score plot (Figure 2-9B) and dendrogram (Figure 2-12B) of MOR samples with
different years of growth. The changes in glycome as year of growth increased showed
a clear separation between the first three years and the following four years of growth
(Figure 2-9B). At first, the clusters gradually shifted from 1st year to 3rd year, and
distinct changes of glycome in MOR occurred as the cluster of 3rd year migrated to the
4th year. After the 4th year, the distances between each consecutive year of growth were
reduced, suggesting the glycome variation had slowed. Similar pattern, which MOR of
1-3 growth years were similarly clustered while the remaining also clustered, was
obtained in Figure 2-12B. As in the metabolomics analysis, the glycomics results also
indicated that 3rd to 4th year of growth was the critical period for chemical variations of
MOR.
Four free monosaccharides (fructose, mannose, glucose and galactose), nine
oligosaccharides (sucrose, DP3 to DP10) and total polysaccharides were determined in
MOR samples and their contents in specific years of growth are shown in Figure 214B, 2-14C and Table 2-5. As shown in Figure 2-14B and Table 2-5, contents of free
monosaccharides, particularly fructose, mannose and glucose, and sucrose fluctuated
during growth. Their contents climaxed at different times but were the most abundant
before the end of third year, and the content fluctuations became relatively moderate
after the climax. It is well known that monosaccharides are the basic units in carbon
metabolism, and both they and sucrose are important for plant growth and
development.132 For example, glucose and sucrose promote root elongation and
branching133,134 while galactose is an essential component in cell wall formation135. As
discovered from the sugar composition analysis (Figure 2-5C), fructose, mannose,
glucose and galactose were the main monosaccharide residues from the
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polysaccharides of MOR. Thus, climax of contents of these free monosaccharides at
various times could be differently contributing to the biosynthesis of polysaccharides
for elongation and/or formation of cell walls.
In general, contents of oligosaccharides increased with each year of growth. For
example, the content of DP6 increased from 65.89 ± 2.58 mg/g to 94.51 ± 0.48 mg/g
(p < 0.001) (Figure 2-14C; Table 2-5) over 1-7 years. It was noticed that different DP
of FOS reached maximum accumulation at different years of growth, and their contents
fluctuated steadily from their peaks onwards. For examples, the greatest accumulations
of the higher DP FOS (DP 6 to 9) were consistently found in samples with 4 years of
growth, while that of lower DP FOS (DP 3 to 5) were commonly detected in samples
with 5 years of growth (Figure 2-14C; Table 2-5). As low-DP FOS are more favored
than high-DP FOS for energy release by the FOS degrading enzymes in plants,136 this
preference might be one of the reasons why low-DP FOS accumulated the most at latter
stages of growth. Another factor is that, when reserved polysaccharides are mobilized
to other tissues to supply energy, they are broken down into secondary oligosaccharides
for translocation,137 especially those with high-DP oligosaccharides. As the
conformation of high-DP molecules are helical structures instead of linear, they are less
accessible for enzymes of regular cellular metabolism, thus favoring transport to
targeted tissues even over a long distance,132,136 and could reach maximum
accumulation before low-DP FOS.
As calculated by the established molecular weight-retention time calibration curve
(y = -0.2982x + 9.8266 with R2 = 0.9873), the molecular weight distribution of MOR
polysaccharides was 1 kDa to 2944 kDa, which was largely consistent in different
growth years (Figure 2-5D). However, the changes in quantitative results, GPC peak
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pattern as well as monosaccharide composition of polysaccharides suggested
polysaccharides altered throughout the growth years (Figure 2-5C, 2-5D and 2-14C;
Table 2-5). The content of polysaccharides increased during the first three years from
12.96 ± 0.23 mg/g to 15.61 ± 1.23 mg/g (p < 0.05) (Figure 2-14C; Table 2-5). After
the climax at 3rd year of growth, the variation in polysaccharides content became
moderate. In the 1st year of growth, four distinct peaks were observed at 25.32 min
(188.88 kDa), 29.05 min (14.58 kDa), 30.02 min (7.49 kDa) and 32.02 min (1.90 kDa)
(Figure 2-5D). Shifting and fluctuation of the dominant peaks were noticed between
2nd and 3rd growth years, but the dominant peaks became consistent from 4th year
onward (Figure 2-5D). Molar ratio of monosaccharides obtained from the sugar
composition analysis (Figure 2-5C) also supported this observation. In the
polysaccharides

of

the

1st

growth

year,

the

molar

ratio

of

fructose:mannose:glucose:galactose was 3.29:1.91:1.00:3.84, which further varied to
that of 3.94:3.33:1.00:6.82 in the 3rd growth year. The molar ratio remained relatively
steady at 2.65 ± 0.81:2.71 ± 0.20:1.00:4.71 ± 0.50 between 4th and 7th growth years.
All the above results suggest that the 3rd to 4th years of growth are the key period
for the development of the biochemical signature of MOR. The constituents studied
here climaxed either at the 3rd (secondary metabolites, monosaccharides, sucrose and
polysaccharides) or 4th (inulin-type FOS with DP6 to DP9) year of growth. These facts
provide a chemical basis for the common belief that MOR materials of 3-4 years of
growth are of better quality. Such materials do, in fact, have more abundant bioactive
components.

81

2.3.5 Secondary metabolite and saccharide variations in xylem and cortex of
MOR
Both PLS-DA score plots (Figure 2-10A, 2-10B) displayed clear separation
between xylem and cortex, suggesting significant differences were present in
metabolome and glycome. The discrimination could also be observed from the
dendrogram after HCA (Figure 2-15A, 2-15B).

Figure 2-15 Dendrogram of metabolomics (A) and glycomics (B) study for different
tissues of MOR by HCA. No. = year of growth, i.e. 4 = 4 years of growth.
In order to further identify the chemical component(s) responsible for the
differences, VIP predictive values were obtained using SIMCA 14.1; the resulting
distribution graphs and tables for VIP predictive values are shown in Figure 2-16A, 216B and Table 2-6, 2-7, respectively. Based on the criteria of VIP value greater than
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1, 22 components were identified as significant components to cause differences
between xylem and cortex (marked with red squares in Figure 2-16A and 2-16B),
including 17 secondary metabolites (Table 2-6) and five saccharides (Table 2-7).

Figure 2-16 VIP predictive distribution graph for secondary metabolome (A) and
glycome (B) of xylem and cortex. The significant components with VIP value greater
than 1 are highlighted with red squares. Identification of significant components for
secondary metabolome is in Table 2-6.
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Table 2-6 Identification of significant secondary metabolites for cortex and xylem with VIP predictive value > 1
No.

Variable ID
(m/z/RT)
Secondary metabolites
1
535.1697/9.57

VIP value

Molecular
formula

Ion species

Ions
(m/z)

Error
(ppm)

Identification

MS/MS fragments (m/z) at 15V
collision energy (% abundance)

2.82058

C22H32O15

[M-H]-

535.1668

4.86

2

295.2299/10.75

1.71255

C18H32O3

[M-H]-

295.2279

6.77

Morinlongosides C
isomer
Vernolic acid

3
4
5
6
7

1304.4256/3.27
279.2351/11.37
1451.4624/2.93
238.0288/10.35
267.0683/10.46

1.70949
1.55569
1.53308
1.42275
1.41932

C18H32O2
C16H12O4

[M-H][M-H]-

279.233
267.0663

7.52
8.24

Linoleic acid or isomer
Rubiadin-1-methyl ether

8
9
10
11
12
13
14
15
16
17

1223.3990/3.18
469.0685/1.78
583.2833/9.76
1256.4040/2.95
1061.3458/2.97
476.1071/9.07
1142.3726/3.08
327.2925/12.12
1003.3220/2.81
980.3194/2.81

1.36034
1.22585
1.22136
1.22105
1.21744
1.20846
1.20681
1.07758
1.04750
1.04678

C11H20O17
C40H40O4
C20H40O3
-

[M+HCOO][M-H][M-H]-

469.0683
583.2854
327.2905
-

1.71
-2.40
8.86
-

Unknown
Unknown
Unknown
-

535.1698 [M-H]- (100), 367.0651 (16),
242.0972 (23), 149.0463 (50)
295.2299 [M-H]- (35), 277.2168 [M-HH2O]- (18), 195.1394 [M-H-CO2-C4H8](13), 171.1013 (6)
279.2332 [M-H]- (100)
267.0685 [M-H]- (100), 252.0444 [M-HCH3]- (33), 224.0495 [M-H-CH3-CO](51)
469.0696 [M-H]- (100), 128.0353 (15)
139.9453 (100), 100.9349 (24)
327.2934 [M-H]- (100), 281.2872 (28)
-
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Table 2-7 Significant saccharides for cortex and xylem with VIP predictive value > 1
No.
1
2
3
4
5

Variable ID
DP10
DP9
DP8
DP7
DP6

VIP value
1.57836
1.47893
1.38323
1.26847
1.16365

To further investigate the chemical difference between xylem and cortex of MOR,
the selected secondary metabolites were quantitatively determined. In the quantitative
results, there was no consistent pattern of secondary metabolites accumulation in
tissues except rubiadin-1-methyl ether (Figure 2-17A; Table 2-8). Its content was
higher in cortex than xylem, as was found in a previous study138, during the 1-7 years
of growth. For example, 65.50 ± 6.14 µg/g in cortex and 35.64 ± 1.32 µg/g in xylem (p
< 0.01) of 1st growth year samples, and 58.31 ± 4.12 µg/g in cortex and 33.59 ± 0.72
µg/g in xylem (p < 0.001) of 3rd growth year samples. Also, as shown in Figure 2-16A
and Table 2-6, rubiadin-1-methyl ether was one of the identified critical features
distinguishing between the cortex and xylem and it is known to have anti-osteoporotic
activity18. The significant difference in its content is considered to be the reason for the
difference in quality classification (Figure 2-10A) and hence bioactive discrimination
between the two tissues. Besides that, the chemical identification results showed
accumulation in the xylem of at least three components with potential harmful
bioactivity. Vernolic acid, mostly found in xylem (Figure 2-16A and Table 2-2), was
another identified critical features distinguishing between the tissues (Table 2-6).
Previous study showed that vernolic acid could exert toxic effects on leukocytes.139
Peak 53 and 64, tentatively identified as physcion and linoleic acid, respectively, were
more frequently detected in xylem than cortex (Table 2-2). According to the literatures,
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physcion and its oxygenated metabolites are implicated in hepatotoxicity140; and the
monoepoxides of linoleic acid after oxidation could induce necrotic cell death141. In
addition to these components, if heavy metal such as cadmium and lead are present in
soil, they would be transported via xylem.142 Indeed, it has been reported that lead and
cadmium content of MOR had exceeded the limit of Chinese Pharmacopoeia143; and
lead, if present, is three times more likely to be found in the xylem than in the cortex6,144.
Hence, these findings and facts support the traditional belief that removing the xylem
could help to decrease the contents of potentially toxic and harmful components in
MOR, and thus reduce the risk of adverse effects, in clinical practice.
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Figure 2-17 Results of quantitative analysis for secondary metabolites (A), free
monosaccharides and sucrose (B), and inulin-type FOS and polysaccharides (C) of
MOR among different tissues. No. = year of growth, i.e. 4 = 4 years of growth; ‘C’ =
cortex; ‘X’ = xylem; Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA
= asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub =
rubiadin; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc =
sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; Poly =
polysaccharides.
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Table 2-8 Contents of secondary metabolites and saccharides in different tissues of MOR samples (n = 3)
1
Secondary metabolites (µg/g)
Mono X 603.055 ± 81.25
C 370.109 ± 51.37#
Deasp X 1483.544 ± 45.98
C 1178.230 ± 67.93##
AspA X 555.705 ± 11.52
C 443.167 ± 22.36##
Asp
X 685.838 ± 21.49
C 454.300 ± 28.39###
X 35.644 ± 1.32
R1M
C 65.503 ± 6.14##
X 16.751 ± 0.11
Rub
C 15.769 ± 2.33
Saccharides (mg/g)
X 11.306 ± 0.20
Fru
C 5.050 ± 0.15###
X 11.383 ± 0.23
Man
C 6.093 ± 0.29###
X 8.253 ± 0.15
Glu
C 3.863 ± 0.11###
X 3.543 ± 0.40
Gal
C 1.316 ± 0.06###
X 58.663 ± 4.54
Suc
C 40.903 ± 1.36##
X 43.963 ± 1.04
DP3
C 35.563 ± 1.44##
X 56.040 ± 0.73
DP4
C 50.773 ± 2.17#
X 64.893 ± 1.18
DP5
C 62.623 ± 2.64
DP6
X 64.070 ± 1.62

2

3

529.984 ± 49.87
539.551 ± 26.69
1031.834 ± 21.70
979.335 ± 120.39
425.277 ± 11.20
466.130 ± 57.29
318.507 ± 12.20
204.673 ± 14.54###
22.790 ± 0.37
50.396 ± 1.67###
32.183 ± 2.63
10.536 ± 0.51###

547.993 ± 12.15
692.013 ± 6.09###
1145.403 ± 36.91
1040.282 ± 10.64##
511.228 ± 12.45
619.880 ± 10.79###
556.910 ± 17.61
546.593 ± 6.29
33.593 ± 0.72
58.312 ± 4.12###
26.890 ± 0.59
24.293 ± 0.52##

12.996 ± 0.80
12.456 ± 1.58
8.146 ± 0.09
12.550 ± 0.58###
3.813 ± 0.11
5.653 ± 0.78#
1.153 ± 0.15
1.530 ± 0.18
45.063 ± 0.85
59.083 ± 0.69###
24.026 ± 0.64
42.300 ± 0.96###
41.346 ± 1.28
65.866 ± 1.28###
50.396 ± 0.93
80.836 ± 1.49###
49.740 ± 1.16

22.996 ± 0.55
21.720 ± 0.32#
13.966 ± 0.52
16.670 ± 0.20##
4.403 ± 0.18
5.390 ± 0.12##
0.673 ± 0.04
1.530 ± 0.14###
49.250 ± 1.04
54.530 ± 0.84##
19.650 ± 0.65
43.253 ± 3.74###
43.250 ± 0.56
59.850 ± 1.44###
51.116 ± 1.94
70.376 ± 1.72###
49.556 ± 2.13

Year(s) of growth
4

5

6

7

547.167 ± 53.73
557.853 ± 7.46
1154.380 ± 60.21
913.669 ± 21.27##
353.580 ± 2.27
300.276 ± 5.99###
307.372 ± 12.81
177.792 ± 2.38###
25.975 ± 0.85
45.174 ± 0.55###
6.976 ± 0.25
11.027 ± 0.60###

472.041 ± 3.58
371.441 ± 49.44#
1104.464 ± 17.14
1005.946 ± 87.27
331.109 ± 2.34
317.725 ± 11.79
285.408 ± 3.90
244.116 ± 7.41##
18.668 ± 0.47
36.600 ± 0.06###
12.371 ± 1.00
11.230 ± 0.24

457.380 ± 23.70
520.820 ± 16.42#
838.667 ± 35.34
767.145 ± 28.27
193.310 ± 7.23
200.571 ± 6.69
344.412 ± 19.83
254.173 ± 10.13##
32.725 ± 2.03
49.557 ± 2.73##
19.512 ± 0.57
14.900 ± 0.56###

502.450 ± 22.16
502.524 ± 15.02
1014.941 ± 34.09
835.288 ± 27.45##
349.648 ± 15.38
338.963 ± 8.06
336.919 ± 15.11
230.763 ± 3.04###
24.979 ± 2.98
54.487 ± 1.84###
5.804 ± 0.43
14.329 ± 0.69###

10.803 ± 0.27
9.556 ± 0.10##
11.223 ± 0.42
13.890 ± 0.21###
3.036 ± 0.21
3.423 ± 0.05#
1.690 ± 0.07
2.186 ± 0.11##
60.750 ± 0.67
53.403 ± 3.57#
42.326 ± 1.02
50.233 ± 0.62###
55.716 ± 0.68
71.006 ± 0.36###
65.280 ± 1.76
86.466 ± 1.09###
65.713 ± 2.78

11.053 ± 0.09
11.236 ± 0.29
11.666 ± 0.44
14.050 ± 0.52##
3.420 ± 0.14
4.293 ± 0.20##
1.863 ± 0.13
2.150 ± 0.08#
65.973 ± 5.46
57.370 ± 1.52
44.536 ± 0.09
56.536 ± 1.27###
55.740 ± 0.83
76.783 ± 1.57###
64.183 ± 1.27
92.670 ± 2.02###
64.720 ± 2.07

16.226 ± 0.28
14.453 ± 0.24##
13.020 ± 0.57
14.416 ± 0.55#
4.443 ± 0.16
4.280 ± 0.11
1.460 ± 0.13
1.873 ± 0.22
61.113 ± 2.28
59.976 ± 0.74
45.556 ± 0.38
56.213 ± 2.46##
55.013 ± 0.91
70.533 ± 0.76###
64.796 ± 0.61
85.290 ± 1.89###
64.910 ± 3.42

9.463 ± 0.14
8.603 ± 0.01###
8.040 ± 0.37
10.050 ± 0.30##
2.473 ± 0.34
2.410 ± 0.02
2.216 ± 0.21
2.713 ± 0.31
48.920 ± 3.72
46.630 ± 0.38
31.226 ± 0.35
49.316 ± 0.32###
44.100 ± 0.39
63.910 ± 0.60###
52.396 ± 0.31
77.323 ± 0.72###
53.286 ± 0.44
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63.020 ± 3.20
83.640 ± 2.08###
72.276 ± 2.95###
56.096 ± 2.47
45.576 ± 1.92
46.913 ± 2.45
DP7
58.203 ± 3.83
79.930 ± 1.53###
74.980 ± 2.87###
46.833 ± 2.74
38.663 ± 2.33
40.653 ± 2.77
DP8
52.250 ± 4.02
71.243 ± 2.43###
69.830 ± 3.59###
38.570 ± 2.75
31.230 ± 2.81
33.500 ± 2.26
DP9
43.660 ± 3.32
61.016 ± 2.17###
61.846 ± 3.20###
31.156 ± 2.37
24.093 ± 2.32
26.246 ± 1.90
DP10
35.780 ± 3.36
49.913 ± 2.32###
52.250 ± 3.61###
13.953 ± 1.30
10.420 ± 1.20
13.650 ± 0.81
Poly
14.256 ± 0.26
12.393 ± 1.26
16.020 ± 0.24##
#
p < 0.05, ## p < 0.01, ### p < 0.001 as compared between xylem and cortex
C
X
C
X
C
X
C
X
C
X
C

95.253 ± 1.90###
58.920 ± 3.67
91.560 ± 2.37###
49.583 ± 3.81
82.430 ± 2.64###
39.566 ± 3.29
71.400 ± 3.34###
30.410 ± 2.97
59.260 ± 2.73###
10.036 ± 0.69
13.310 ± 1.06#

100.680 ± 3.89###
58.006 ± 2.50
95.620 ± 3.95###
48.846 ± 2.89
85.830 ± 4.10###
39.403 ± 2.88
73.913 ± 3.54###
30.406 ± 2.54
61.093 ± 3.92###
12.923 ± 0.41
12.516 ± 1.16

90.510 ± 2.75###
62.040 ± 3.37
88.393 ± 2.72###
52.633 ± 3.35
78.990 ± 2.37###
42.320 ± 3.01
66.986 ± 2.74###
32.186 ± 2.58
54.763 ± 2.69###
11.243 ± 0.72
15.556 ± 0.13###

82.910 ± 1.78###
49.290 ± 1.64
81.783 ± 3.03###
43.566 ± 2.60
76.226 ± 3.43###
36.780 ± 2.89
67.626 ± 3.83###
30.226 ± 2.38
58.366 ± 3.44###
9.310 ± 0.69
17.373 ± 1.19###

C = cortex; X = xylem; Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA = asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether;
Rub = rubiadin; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose;
Poly = polysaccharides
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Figure 2-17B, 2-17C and Table 2-8 show the differences in the glycome of cortex
and xylem. Previously, DP4 and polysaccharides were found to be more abundant in
cortex than xylem.69,138 As seen in the results, similar observation was obtained not
only for these two but also for the entire glycome. For the free monosaccharides and
sucrose (Figure 2-17B; Table 2-8), most were more abundant in cortex; for example,
mannose was found at 16.67 ± 0.20 mg/g in cortex and 13.97 ± 0.52 mg/g in xylem
with p < 0.01 at the 3rd year. Similar difference was found in the content of inulin-type
FOS (Figure 2-17C; Table 2-8). For example, at 3rd year, 43.25 ± 3.74 mg/g and 74.98
± 2.87 mg/g of DP3 and DP7, respectively, were found in cortex, while only 19.65 ±
0.65 mg/g (p < 0.001) and 46.91 ± 2.45 mg/g (p < 0.001) of each were found in xylem.
As shown in Figure 2-17C and Table 2-8, the contents of DP6 to DP10 were higher
in cortex than in xylem throughout the growth period. This could be the reason for them
being the critical features (Figure 2-16B; Table 2-7) to cause the quality difference
between the two tissues (Figure 2-10B). Although similar molecular weight
distribution of 1 kDa to 2944 kDa was obtained for cortex and xylem, the GPC peak
pattern, monosaccharide composition as well as quantity of polysaccharides revealed
differences between the two tissues. In Figure 2-5E, taking 3 years of growth as
example, four dominant peaks at 25.40 min (178.78 kDa), 28.84 min (16.90 kDa),
30.16 min (6.82 kDa) and 31.86 min (2.12 kDa) were observed in the cortex; while
dominant peaks in the xylem were at 26.31 min (176.34 kDa), 29.40 min (11.48 kDa),
30.17

min

(6.75

kDa)

and

fructose:mannose:glucose:galactose

32.24
for

min

(1.64

kDa).

polysaccharides

in

Molar
the

ratio

cortex

of
was

4.36:2.85:1.00:4.67 while that for xylem was 1.17:2.92:1.00:5.27. The amount of
polysaccharides found in cortex was generally higher than that in xylem. For example,
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16.02 ± 0.24 mg/g of polysaccharides were found in the cortex and 13.65 ± 0.81 mg/g
were found in the xylem at 3rd growth year (p < 0.01). Overall, polysaccharides found
in cortex and xylem were qualitatively different, and glycome content was commonly
greater in cortex than xylem; this finding is consistent with the results of previous
studies69,138. Such differences in saccharide components might also contribute to
differences in the bioactivity of cortex and xylem.
The above results demonstrate that the secondary metabolome and glycome of the
xylem and cortex of MOR were qualitatively and quantitatively different. Furthermore,
it was found that potentially toxic components, such as vernolic acid, physcion and
linoleic acid accumulated in xylem, while beneficial bioactive components, such as
rubiadin-1-methyl ether and inulin-type FOS (DP6-10), were found in smaller amounts
in that tissue. Such chemical differences should contribute to the quality and bioactivity
differences between the xylem and cortex of MOR, and they provide scientific
justification for the traditional practice of removing xylem from MOR.

2.4 Concluding remarks
In this study, metabolomics and glycomics, were integrated to investigate the
variations in the secondary metabolome and glycome in different growth years and
different tissues of MOR. The results showed that various types of bioactive
components, namely anthraquinones, iridoid glycosides, monosaccharides, sucrose,
inulin-type FOS (DP6-10) and polysaccharides, reached a maximum between 3-4 years
of growth; and xylem contained more potentially toxic constituents (vernolic acid,
physcion and linoleic acid), but less bioactive components (rubiadin-1-methyl ether
and DP6-10) than cortex. These differences were believed to contribute to the quality
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and bioactivity difference of these MOR materials. This study was the first to provide
scientific evidences for the common practices of using 3-4 year old roots and of
removing the xylem of MOR for usage.
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CHAPTER 3 STUDY
ON
VARIATIONS
OF
DIFFERENT PROCESSING PRODUCTS OF MORINDAE
OFFICINALIS RADIX
3.1 Introduction
According to Chinese Pharmacopoeia (2015 version), there are four types of
processing products of MOR (Figure 3-1), namely, raw MOR (O), steamed MOR (F),
salt-steamed MOR (S) and boiled MOR with Glycyrrhizae Radix et Rhizoma decoction
(G) 7. It is stated in the Chinese Pharmacopoeia that all processing products of MOR
shared identical medicinal values, of which MOR is used for supplementing the kidney
and strengthen sinews and bones. Regarding the content determination as quality
control, nystose, is the only reference substance for the four processing products.
Previous studies had used nystose as the reference marker and showed variation of
nystose content in different processing products

145–147

. Besides nystose, there were

literatures studying iridoid glycosides and anthraquinones found in different processing
products of MOR, such as monotropein
23,60

147,148

, rubiadin and rubaidin-1-methyl ether

. However, conclusions drawn by solely characterized or single type of chemical

marker could be different as demonstrated in these studies 41,123. As mentioned before,
various types of chemicals collectively contribute to quality and thus bioactivity of
MOR. Therefore, how the overall chemicals and thereby quality and bioactivity of
MOR vary in different processing products should be concerned, especially for G with
the addition of another herbal medicine. Both metabolomics and glycomics are
affirmative approaches for the overall characterization of chemical components as
shown in Chapter 2. So, they are again integrated to provide holistic chemical
characterization for MOR of different processing products in this study.
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Diabetic nephropathy (DN), the most common end-stage of renal disease
worldwide, is one of the complications of diabetes

149

. Among the complications,

around 40% of diabetic patients are suffering from diabetic nephropathy (DN), which
was characterized by progressive loss of kidney function. Unfortunately, there are still
no known therapeutic treatment for DN and thus it is crucial to find alternative way,
such as using herbal medicines, i.e. MOR, to cope with DN. As MOR is traditionally
used for supplementing the kidney, therefore it might be an alternative supplement
dealing with DN. To understand if MOR could be used for DN treatment from scratch,
in vitro metabolomics study could be a suitable approach. Indeed, there are only a few
literatures studying DN with cell metabolomics reported

150,151

. Multiple advantages

are found for cell metabolomics as compared to the in vivo studies. For example, cell
metabolomics can be easily regulated, i.e. cell lines can be cultured under same
conditions of experiment, which in turn could have lower levels of biological
variability

152,153

. Also, cells raise no ethical concerns and are less expensive

152,154

.

Therefore, cell metabolomics could be a promising method in order to understand and
compare the effects of MOR extracts on cell metabolism under DN condition.
Therefore, in this study, there were two sections. Firstly, metabolomics and
glycomics were integrated to reveal the chemical changes in MOR after processing
123,155

. On the other hand, cell metabolomics was applied to study metabolic influences

of MOR processing products on cell line under DN condition. The results of this study
would provide evidences to understand the relationship of how processing lead to
quality and metabolic differences between different processing products of MOR.
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Figure 3-1 Raw MOR and its processing products. O = raw MOR; F = steamed MOR;
S = salt-steamed MOR; G = boiled MOR.

3.2 Experimental
3.2.1 Reagents, chemicals and materials
Ammonium acetate (purity ≥ 98%, chromatographic grade) and sodium chloride
(purity ≥ 99%) were bought from Sigma (St. Louis, MO, USA). Deionized water was
prepared by Millipore Milli Q-Plus system (Bedford, MA, USA). Acetonitrile (HPLC
grade), methanol (MS grade) and formic acid (MS grade) were purchased from RCI
Labscan (Bangkok, Thailand). Absolute ethanol (analytical grade) was obtained from
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Merck (Darmstadt, Germany). Trifluoroacetic acid (99%) was from International
Laboratory USA (South San Francisco, CA, USA).
Reference

substances

(purity

≥

98%)

including

monotropein,

deacetylasperulosidic acid, asperulosidic acid, asperuloside and rubiadin were
purchased from Sichuan Weikeqi Biological Technology Co., Ltd. (Sichuan, China)
while rubiadin-1-methyl ether (purity ≥ 90%) was supplied by Shanghai Yuanye
Biotechnology Co., Ltd. (Shanghai, China). Saccharide references with purity ≥ 98%,
namely, L-rhamnose, D-xylose, D-arabinose, D-fructose, D-mannose, D-glucose, Dgalactose, D-mannitol and sucrose, were obtained from Sigma while inulin-type
fructooligosaccharide (FOS) references with 3-5 degree of polymerization (DP),
including 1-kestose (DP3), nystose (DP4) and 1F-fructofuranosylnystose (DP5), were
obtained from Sichuan Weikeqi Biological Technology Co., Ltd. for quantitative
analysis of saccharides.
Fresh MOR were kindly provided by Foison Chinese Herbal Medicines
Development Co., Ltd. (Guangdong, China). The collected MOR were washed with
foreign matter removed, cut into 10 cm long and dried at 50 oC oven for 24 h before
randomly quartered. One portion of dried MOR was regarded as samples for raw MOR
(O); while the remaining three portions were further processed to prepare the steamed
(F), salt-steamed (S) and boiled (G) MOR. Each portion was further randomly
separated into three portions serving as three batches of samples. Glycyrrhizae Radix
et Rhizoma (GRR) used for preparing G was purchased in the herbal market in Ko
Shing Street (Sheung Wan, Hong Kong). The obtained herbal materials were
authenticated by Professor Hu-Biao Chen based on the morphological and histological
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features specified in the Chinese Pharmacopoeia (2015 version). Voucher specimens
were deposited in School of Chinese Medicine, Hong Kong Baptist University.
Human Embryonic Kidney (HEK 293) cells and Eagle's Minimum Essential
Medium (EMEM) with 5.5 mM glucose, 2 mM L-glutamine, 1 mM sodium pyruvate,
and 1500 mg/L sodium bicarbonate were purchased from American Type Culture
Collection (ATCC) (Manassas, VA, USA). Fetal bovine serum (FBS), Phosphate
buffered saline (PBS) pH 7.4 (1X), 0.25% trypsin-EDTA (1X) and penicillin (10000
Units/mL)-streptomycocin (10000 µg/mL) were obtained from Gibco (Thermo Fisher
Scientific;

Waltham,

Massachusetts,

USA).

3-(4,5-Dimethyl-2-thiazolyl)-2,5-

diphenyl-2H-tetrazolium bromide (MTT) was obtained from Molecular probes
(Thermo Fisher Scientific; Waltham, Massachusetts, USA). Dimethyl sulfoxide
(DMSO, purity ≥ 99.5%) was purchased from Sigma. Bovine serum albumin (BSA)
and Coomassie blue stain G-250 were bought from Thermo Fisher Scientific (Waltham,
Massachusetts, USA)
3.2.2 Sample preparation and extraction of different processing products
With reference to the Chinese Pharmacopoeia (2015 version) and Clinical
Authentication and Application of Traditional Chinese Medicine Decoction Pieces 156
and processing procedure of Foison Chinese Herbal Medicines Development Co., Ltd.,
different processing products were accordingly prepared.
For preparing F, dried MOR was firstly soaked with deionized water (300 mL/kg)
for 4 h. Volume of deionized water added into the stockpot for steaming was 3.5-fold
to the MOR weight, for which remaining water after MOR soaking was included.
Moistened MOR was placed onto the perforated rack, which fits into the pot and
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covered with a dome-shaped lid, and steamed for 1h. After that, 1.2-fold of deionized
water to the sample weight was added for second steaming of 1 h. Xylems of steamed
MOR were removed when hot. Water droplets on the domed cover and wall of the
steamer were washed down and concentrated together with the water remaining in the
pot. Concentrated solution (300 mL/kg) were mixed well with processed MOR and let
absorbed for 2 h. After that, the sample was oven dried at 50 oC for 24 h to obtain F.
The preparation of S was similar to that of F except that 2% sodium chloride solution
(w/v) was used for the 4 h soaking. For preparing G, GRR decoction was prepared in
advance. GRR was boiled with deionized water (5 L/kg) for 10 min first and then
stewed for 20 min. The GRR decoction was filtered and kept for further use; while the
GRR residues were used for another boiling and stewing. The two filtrates obtained
were combined and concentrated. Concentrated GRR decoction was mixed well with
MOR (300 mL/kg) and braised in the stockpot for 2 h with occasional stirring. After
that, xylems of MOR were removed when hot. The remaining GRR decoction was
mixed well with processed MOR and let absorbed for 2 h. G was obtained after being
oven-dried at 50 oC for 24 h. All the MOR samples (O, F, S and G) were powdered by
a DM-6 grinder (Yu Chi Ling Co., Taichung, Taiwan). The sample powder obtained
were passed through an 80-mesh sieve.
Each batch of different processing products were analyzed in duplicate [(O, F, S
and G) × 3 batches of sample × 2 replicates = 24 samples]. 0.1 g of powdered sample
was extracted with 10 mL of deionized water by reflux for 1 h. After centrifugation,
the supernatants were collected, and the residues were extracted one more time. Then,
the supernatants were combined and 2 mL of it were precipitated with the addition of
absolute ethanol to a final concentration of 90% (v/v) and incubated for 12 h at 4 oC.
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After centrifugation, supernatants and precipitates were separately handled. For the
supernatants collected, they were evaporated to dryness on a rotary evaporator at 55 oC.
Residues were re-dissolved with 1 mL of deionized distilled water and centrifuged at
15,000 rpm for 10 min. The aqueous solutions containing secondary metabolome were
used for metabolomics study with UPLC-QTOF-MS and glycomics study of free
monosaccharides and oligosaccharides by HPLC-CAD analysis. For the precipitates
collected after ethanol centrifugation, they were washed with ethanol, air-dried (water
bath, 60 oC) to remove any residual ethanol, and completely re-dissolved in 1 mL hot
water (60 oC) to obtain crude polysaccharides for glycomics analysis using HPGPCCAD. Acid hydrolysis of the polysaccharides obtained were further performed for
sugar composition analysis. 0.5 mL of polysaccharide solution was mixed with 2.5 mL
of 0.5 M trifluoroacetic acid solution in a screw-cap vial and hydrolyzed for 2 h at 130
o

C. After cooling, the hydrolysates were evaporated to dryness. 0.5 mL deionized water

was added to re-dissolve the hydrolysates, and precipitates were removed after
centrifugation (15,000 rpm for 10 min). The supernatants were then subjected to
HPLC-CAD analysis.
For extracts used in cell treatment, the sample powders of three batches of each
processing products were mixed. 1 g of the mixed powder was refluxed with 100 mL
deionized distilled water for 1 h. The extract was filtered, and the residues were
extracted for one more time. Combined filtrates were evaporated to dryness on a
rotatory evaporator at 60 oC. Residues were re-dissolved with 10 mL autoclaved
deionized water to obtain the extract of 100 mg/mL (crude drug weight/volume). The
extracts were store at -35 oC until further usage.
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3.2.3 HEK 293 cell line culture and cell viability test
HEK 293 cells were cultured in EMEM supplemented with 10% FBS and 1%
penicillin-streptomycin. Cells were incubated in 95% air and 5% CO2 at 37 oC.
Passages 12 to 26 were used in this study.
Cell viability test of the extracts of different processing products on cultured cells
under control (C) and model (M) condition were measured using MTT assay. The cells
were grown in 96-well plates at a density of 1 × 104 cells per well. After 24 h plating,
cells were treated with different concentrations (crude drug weight/volume) of samples
(125, 250, 500, 1000 μg/ml) and incubated for 2 h. Later, deionized water or D-glucose
solution was added to construct control or model condition and the cells were incubated
for 24 h. Next, 10 μl of the MTT solution (5 mg/ml) was added to each well, and the
plate was incubated for 2 h. Finally, the media were removed and 100 μl of DMSO was
added to dissolve the formazan crystals. The amount of formazan crystal was
determined by measuring the absorbance at 570 nm (with reference wavelength at 630
nm) by using a Benchmark Plus microplate spectrophotometer (Bio-Rad; Hercules,
California, USA).
3.2.4 Sample preparation for cell metabolomics study
There were totally seven experimental groups: control group (C) with normal
glucose culture environment (5.5 mM), model group (M) with high glucose culture
environment (25 mM), treatment groups (O, F, S and G) pre-treated with four different
processing product extracts prior to model construction, and osmotic control group (OC)
with D-mannitol (19.5 mM) in culture medium. There were three replicates for each
group and the experiment was performed twice, resulting 6 replicates for each group.
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Cells were seeded in 6-well plates at a density of 5 × 105 per well for 24 h. After that,
extracts of different processing products were added, for which the final concentration
in well was 500 µg/mL (crude drug weight/volume), while same amount of autoclaved
deionized water was added for C, M and OC groups. The plates were incubated for
another 2 h. Subsequently, extra D-glucose solution was added to model and treatment
groups, resulting 25 mM (5.5 + 19.5 mM) of final concentration of D-glucose in
medium. D-mannitol solution (19.5 mM final concentration) was added in medium of
OC while autoclaved deionized water was added to C. The volume of solution added
to the wells was all kept the same. After another 24 h incubation, the cells were
collected. They were washed with PBS, trypsinized and suspended with medium. Cell
counting was performed manually with a hemocytometer. After that, the cell
suspensions were centrifuged. Extraction solvent (acetonitrile: methanol: deionized
water 2:2:1) was used to wash the cell pellets and discarded after another centrifugation.
The obtained cell pellets were snap frozen with liquid nitrogen and stored at -80 oC
until further cell metabolome analysis.
About 1 mL of extraction solvent was added for 1 h extraction at 1000 rpm and 4
o

C by a thermomixer (Eppendorf; Hauppauge, NY, USA). The amount of extraction

solvent added was normalized according to the cell number of samples of each group.
After extraction, the cell suspensions were centrifuged at 14,000 rpm and 4 oC for 5
min. Supernatants were transferred to a 2-mL centrifuge tubes and evaporated by the
concentrator at 60 oC for 2 h. 100 µL deionized water was added to re-dissolve the
residues. After centrifugation, the supernatants were subjected to UPLC-QTOF-MS
analysis.
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3.2.5 Instrumental condition
Secondary metabolome of different processing products and cell metabolome of
HEK 293 cells were analyzed using UPLC-QTOF-MS. Chromatographic separation
was performed on an Agilent 1290 UPLC system (Agilent Technologies, Santa Clara,
CA, USA) equipped with a binary pump, a thermostatic column compartment, an autosampler, and a degasser. The samples were kept at 10 oC in the auto-sampler. An aliquot
of sample (2 μL) was injected into an ACQUITY UPLC BEH C18 column (2.1 mm ×
100 mm, 1.7 μm; Waters, Milford, MA, USA) operated at 40oC. The separation for
secondary metabolome was achieved using a linear gradient elution with 0.1% formic
acid in water (A) and methanol (B) at a flow rate of 0.30 mL/min. For global profiling
of secondary metabolome and quantification of targeted secondary metabolites in
MOR, the elution program was as follow: 0 – 0.5 min, 2 % B; 0.5 – 4 min, 2 – 7% B;
4 – 18 min, 7 – 60% B; 18 – 22 min, 60 – 100% B; 22 – 25 min, 100% B; 25 – 25.1
min, 100 – 2% B; 25.1 – 28 minutes, 2% B. For separation for cell metabolome, 0.1%
formic acid in water (A) and 0.1% formic acid in acetonitrile (B) at a flow rate of 0.30
mL/min was used. The linear gradient elution used was as follow: 0 – 0.5 min, 2 % B;
0.5 – 4 min, 2 – 7% B; 4 – 7 min, 7 – 19% B; 7 – 9 min, 19 – 40% B; 9 – 15 min, 40 –
95% B; 15 – 18 min, 95% B; 18 – 18.1 min, 95 – 2% B; 18 – 25, 2%B.
MS data were collected using an Agilent 6540 QTOF mass spectrometer (Agilent
Technologies) equipped with a JetStream electrospray ion (ESI) source. Data
acquisition software were Mass Hunter Qualitative Analysis B.06 and Quantitative
Analysis B.04 (Agilent Technologies). The optimized operating parameters were as
follow: nebulizing gas (N2) flow rate at 7 L/min; nebulizing gas temperature at 300 oC;
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JetStream gas flow at 7 L/min; sheath gas temperature at 300 oC; nebulizer pressure at
40 psi; capillary voltage at 3000 V; skimmer at 65 V; Octopole RFV at 600 V; and
fragmentor voltage at 150 V. For the sake of full scanning, mass spectra were recorded
across the ranges of mass to charge ratio (m/z) of 100 – 1700 with accurate mass
measurement of all mass peaks. MS/MS technique was applied to provide parallel
alternating scans for acquisition at low collision energy (15 V) to obtain precursor ion
information or at a ramping of high collision energy (35 V) to acquire a full-scan
accurate mass data of fragments and precursor ions and to obtain neutral loss
information. Negative ion mode was used for analysis of secondary metabolome while
positive ion mode was used for cell metabolome. Formate adduct molecular ion of
asperuloside and deprotonated molecular ions of the other targeted secondary
metabolites were also selected as their respective extraction ions in quantitative
analysis using the extracting ion mode (Figure 2-2). Secondary metabolite
identification in different processing products was achieved with the previously
established in-house library. Previous reports on secondary metabolites from different
processing products and GRR were added in the library, which includes compound
name, molecular formula, accurate molecular weight, chemical structure, MS/MS
fragments and related references.
Obtained free monosaccharides and oligosaccharides were quantitatively analyzed
by HPLC-CAD analysis. The analysis was performed on a Dionex UltiMate 3000
series ultra-high performance liquid chromatography and diode array detector
(UHPLC-DAD) system coupled with Dionex Corona Veo CAD from Thermo Fisher
Scientific (Waltham, MA, USA). Elution was achieved by using an XBridge BEH
amide HPLC column (2.1 mm × 150 mm, 3.5 μm) from Waters (Milford, MA, USA).
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With 75 mM ammonium acetate (pH 10.8) (A) and acetonitrile (B) as the mobile phase,
a linear gradient at a flow rate of 0.30 mL/min operating at 10 oC was used for the
separation. The linear gradient was as follow: 0 – 1 min, 87% B; 1 – 23 min, 87 – 82%
B; 23 – 28 min, 82 – 77% B; 28 – 60 min, 77 – 55% B; and then back to 87% B and
equilibrated for 15 min. The injection volume was 2 μL. The parameters of CAD were
set as follows: data collection rate, 2 Hz; filter, 10 s; gain, 100 pA; nebulizer heater, 60
o

C; and gas regulator mode, analytical.
HPGPC-CAD analysis was used to determine the molecular weight distribution of

crude polysaccharides obtained. The analysis was also performed on a UHPLC-CAD
system from Thermo Fisher Scientific. The separation was achieved with two tandem
TSK GMPWXL columns (300 mm × 7.8 mm, 10 μm; TSKgel, Griesheim, Germany)
and ammonium acetate aqueous solution (20 mM) as mobile phase. The flow rate was
set at 0.6 mL/min and column temperature was constantly kept at 40 oC. An aliquot of
20 μL solution was injected for analysis. CAD parameters were the same as described
above for HPLC-CAD analysis. Hydrolysates of crude polysaccharides were analyzed
using the abovementioned HPLC-CAD method.
3.2.6 Method validation
Quality control (QC) samples were prepared by mixing the same aliquot of each
sample for the corresponding analysis. For secondary metabolome study, 100 μL of
each aqueous solution of different processing products were mixed together. While for
the cell metabolome, 50 μL of each cell extracts were combined to give their respective
QC samples. Before data acquisition, the QC sample was run prior to the start of each
main analytical run five times per day to condition the instrument. For the main
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analytical run of secondary metabolome, the MOR aqueous extracts, blanks and the
QC samples were analyzed in four analytical segments. Each segment contained six
randomly selected samples bracketed by one blank and one QC sample. For analysis
of cell metabolome, the cell extracts, blanks and the QC samples were analyzed in
seven analytical segments, where each segment contained six randomly selected
samples bracketed by one blank and one corresponding QC sample. The QC samples
injected in between segments were used for further quality assurance in processing of
secondary metabolome and cell metabolome data.
Quantifications of secondary metabolites and saccharides by UPLC-QTOF-MS
and HPLC-CAD were validated in terms of linearity, sensitivity, precision, stability
and accuracy. Detailed procedure was the same as mentioned in section 2.2.6 of
Chapter 2.
3.2.7 Multivariate statistical analysis
UPLC-QTOF-MS raw data files generated from the analyses of samples were
converted to comma-separated values file (CSV) using DA reprocessor (Agilent
Technologies) for peak finding, filtering and alignment. The DA method parameters
for secondary metabolome study were set as follow: retention time range, 0 – 28 min;
mass range, 100 – 1700 Da; peak height greater or equal to 5000 counts; [M-H]- as
allowed ion species; peak spacing tolerance at 0.25 m/z plus 100 ppm; quality score
greater or equal to 80. For cell metabolome study, the DA method parameters were
similar except the following changes: retention time range, 0 – 25 min; peak height
greater or equal to 4000 counts and [M-H]+ as allowed ion species. The obtained CSV
files were trimmed down to three columns (mass to charge ratio, retention time,
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intensities) and subjected to MetaboAnalyst 4.0 (Sainte-Anne-de-Bellevue, Québec,
Canada)112 for further data processing.
After uploading the files to MetaboAnalyst 4.0, mass tolerance was set at 0.25 m/z
and retention time tolerance was set at 30.0 sec for pre-processing. A peak intensity
table containing each feature labeled with mass to charge ratio and retention time (i.e.
431.1214/9.01) was automatically created for further data processing, which included
missing value processing, data filtering and data normalization. For missing value
processing, features with too many missing values were removed for better
downstream analysis. The option of ‘removing features with > 50% missing values’
was selected. To estimate the remaining missing values, the option of ‘Estimate
missing values using KNN’ was used. Data filtering is important to identify and remove
unsuitable variables when modeling the data for metabolomics. ‘Relative standard
deviation’ was selected for feature filtering and for features with their RSDs > 25% in
QC samples were removed. Under data normalization process, ‘Normalization by sum’
was selected for adjustment of differences among samples.
After data processing, the normalized data for secondary metabolome of MOR and
cell metabolome were separately subjected to SIMCA 14.1 (Umetrics, Umeå, Sweden)
for visualization. For glycomics study of different processing products, sample ID,
class ID and contents of quantified analytes were listed and also being subjected to
SIMCA. Partial least squares-discriminant analysis (PLS-DA) with pareto scaling was
used to observe the classification based on chemical differences across processing
products and variation of differently treated cell metabolome. To validate the
effectiveness and reliability of the PLS-DA models, cross-validation (CV)-ANOVA
was performed to check the significance of models and the parameters R2Y (cum)
106

expressing goodness of fit and Q2 (cum) reflecting goodness of prediction were
examined. Permutation tests were performed to check if the PLS-DA models were
over-fitted. Hierarchical clustering analysis (HCA) was also performed to confirm the
grouping of samples. The distances between clusters were calculated using Ward’s
linkage and sorted by size. Once the differences between groups were confirmed being
driven by the study design, orthogonal partial least squares-discriminant analysis
(OPLS-DA) was performed between two groups for secondary metabolome, glycome
(i.e. O and F) and cell metabolome (i.e. C and M). Validation of the reliability of OPLSDA models was achieved by permutation test and CV-ANOVA function in SIMCA.
For secondary metabolome and glycome, chemical compounds were found to
contribute greatly to the separation of sample groups in the OPLS-DA models when
their variable influence on projection (VIP) values were greater than 1. For comparison
of cell metabolome in C, M and treatment groups, a shared unique structure plot (SUS
plot) was created to compare the differences of OPLS-DA models. This plot used the
combination of two predictive loadings obtained from two different OPLS-DA models
sharing a common group

157

. SUS-plots can be used to identify metabolites common

and unique between C and M or between M and treatment groups of different
processing products, and thus could identify biomarkers changed between different
treatments.
Prism 6.0 (GraphPad Software, San Diego, CA, USA) was used to plot the graphs
of quantification results of secondary metabolome and glycome analyses. All the
quantitative data were presented as mean ± SD of duplicate determinations. Significant
difference was indicated when p < 0.05, p < 0.01 and p < 0.001.
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3.3 Results and discussion
3.3.1 Method optimization and validation
In order to examine the chemical components found in MOR by traditional clinical
practice, the processing products were extracted using reflux. The extraction condition
was optimized based on guideline of Hong Kong Materia Medica Standard
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, for

which complete extraction of targeted analytes by repeated extraction was achieved.
To confirm the extraction cycle for complete extraction, the residue percentages of
targeted analytes in subsequent extraction cycle shall be less than 1%. The residue
percentage was calculated according to the following equation:
Residue (%) =

Peak area of secondary metabolites in n𝑡ℎ extraction
× 100%
Total peak areas of secondary metabolites until n𝑡ℎ extraction

MOR was repeatedly extracted (1 h each time) until residues of the concerned
secondary metabolites, free monosaccharides and oligosaccharides were less than 1%
in the subsequent extraction. By extracting MOR with reflux twice, the targeted
analytes were completely extracted. Polysaccharides could also be completely obtained
by the two-time extraction as no sugar was detected in the subsequent extraction by
phenol-sulphuric acid analysis. Ethanol precipitation was prepared in duplicate for each
sample [[(O, F, S and G) × 3 batches of sample × 2 replicates = 24 × 2 = 48 samples].
Half of the supernatants was processed as mentioned in section 3.2.2. While residues
of the other half after evaporation were re-dissolved with ethanol for rubiadin and
rubiadin-1-methyl ether quantification as they were better dissolved in organic solvent
than aqueous solvent.
Chromatographic condition of qualitative and quantitative analysis of
monosaccharides and oligosaccharides by HPLC-CAD as well as the sugar
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composition analysis for polysaccharides were optimized as the same mentioned in
section 2.3.1. Optimization included selection of analytical column, concentration of
mobile phase, column flow rate, column temperature and elution gradient; and
concentration of TFA, the reaction time, and temperature of acid hydrolysis.
For cell metabolomics, Human Embryonic Kidney (HEK 293) cell line was
selected in this study as it has been widely used in the studies for diabetic nephropathy
149,158–161

. Also, preventive effect of MOR on high glucose induced DN in cell models

was examined. As referenced to different literatures, high glucose induced cells were
usually pre-treated with drugs before constructing model condition

158,162

. Therefore,

this approach was adopted to investigate the preventive effect of different processing
products of MOR on DN. For the glucose concentration in establishing model group,
various studies were referenced to and 25 mM of glucose concentration was generally
regarded as high glucose concentration for inducing DN in vitro 158,162. So, 25 mM was
set as the final concentration of glucose for model group in this study. Drug
concentration (1000, 500, 250 and 125 ppm in final solution) for pre-treatment was
studied using MTT study. As seen in Figure 3-2A, cell viabilities of most groups were
not significantly altered when the drug was added under control condition. Similar
observation was found when model condition was established, i.e. 107.82 ± 4.71% (p >
0.05) of model group as compared to control group (Figure 3-2B). This suggested the
model establishment would not affect cell growth. To determine the concentration of
MOR extracts for cell metabolomics, the highest concentration that did not
significantly affected the cell viability was selected, i.e. no significant difference of cell
viability as compared to control group. As shown in Figure 3-2B, 500 µg/mL shows
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no significant difference among the four processing products when compared to control
group, so it was selected as the final concentration of MOR extracts in medium.

Figure 3-2 Cell viability results of MOR processing products with different
concentrations under control (A) and model (B) condition. O = raw MOR; F = steamed
MOR; S = salt-steamed MOR; G = boiled MOR.
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As mentioned in section 2.3.1, rhamnose, xylose and arabinose were not detected
in MOR samples, they were excluded for precision, stability and accuracy studies. Also,
semi-quantification was applied for content determination of DP6 to DP10 inulin-type
FOS and only linearity was validated for these chemicals. In general, method validation
results for secondary metabolites and saccharides indicated the established methods
were linear, sensitive, precise, accurate, and stable (Table 3-1). For UPLC-QTOF-MS,
calibration curves showed good linearity with coefficients (R2) no less than 0.999. As
for sensitivity, the limits of detection (LOD) and limits of quantification (LOQ) were
less than 0.117 µg/mL and 0.469 µg/mL, respectively, under the chromatographic
conditions used. Regarding precision and stability, the overall relative standards
deviations (RSD) of intra- and inter-day variations as well as stability were not more
than 6.46%, 5.95% and 8.40%, respectively. The established methods also had
acceptable accuracy with a spike recovery range of 83.48% – 118.21%. Concerning the
HPLC-CAD method, good linearity was demonstrated across the linear range. The
LOD and LOQ of saccharides were less than 31.250 μg/mL and 125.000 μg/mL,
respectively. The RSDs of intra- and inter-day precision together with stability were
all not more than 7.14%, 9.48% and 5.30%, respectively. As for the accuracy test, the
developed method was reproducible with good recovery in the range of 87.52% –
114.74%.
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Table 3-1 Calibration curve, limit of detection, limit of quantification, repeatability, accuracy and stability of the quantitative assays for
secondary metabolites and saccharides in MOR samples with different processing products
Linearity

LOD
(µg/mL)

Analyte
Range (µg/mL)

Equation

LOQ
(µg/mL)

R2

Repeatability
(n=6)
(RSD, %)
Intra-day

Inter-day

Stability
(n=6)
(RSD, %)

Spike recovery %
(n=3)
(RSD, %)
Low

Middle

High

UPLC-QTOF-MS assay
Mono

0.94 – 15.00

y = 82047x + 21657

0.9997

0.029

0.469

6.46

3.15

5.77

91.56
(1.96)

96.36
(4.74)

83.48
(4.38)

Deasp

0.94 – 15.00

y = 82656x + 14209

0.9996

0.059

0.234

1.78

3.09

1.98

104.23
(1.91)

104.44
(2.03)

92.96
(1.01)

AspA

0.23 – 3.75

y = 120810x + 2202.6

0.9999

0.117

0.234

2.59

2.66

1.93

91.20
(1.98)

115.77
(2.92)

99.36
(1.15)

Asp

0.12 – 1.88

y = 154171x – 146.39

0.9999

0.059

0.117

4.56

3.03

3.37

118.21
(4.88)

112.10
(3.10)

97.21
(2.26)

R1M

7.81 – 500.00 a

y = 723679x + 2149.4

0.9999

3.906 a

7.810 a

1.55

5.21

4.08

111.45
(4.66)

108.47
(4.91)

112.18
(3.97)

Rub

3.91 – 125.00 a

y = 2000000x + 3232.3

0.9995

1.953 a

3.900 a

1.61

5.95

8.40

97.72
(12.19)

115.32
(4.82)

105.11
(4.94)

HPLC-CAD assay
Rha

31.25 – 500.00

y = 0.9237x – 1.2344

0.9991

7.813

31.250

-

-

-

-

-

-

Xyl

12.50 – 200.00

y = 0.9030x – 1.0276

0.9993

5.469

10.938

-

-

-

-

-

-

Ara

12.50 – 200.00

y = 0.8302x – 0.8782

0.9916

5.469

10.938

-

-

-

-

-

-
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Fru

0.13 – 2.00 b

y = 0.7718x - 0.7424

0.9971

15.625

125.000

0.92

6.51

4.09

101.27
(5.06)

98.38
(4.18)

106.14
(8.93)

Man

0.13 – 2.00 b

y = 0.8110x - 0.7434

0.9980

15.625

125.000

0.70

7.24

1.85

87.54
(7.14)

93.15
(9.50)

99.59
(3.13)

Glu

0.13 – 2.00 b

y = 0.7848x - 0.6639

0.9991

31.250

62.500

5.69

9.48

4.40

100.67
(4.80)

91.78
(0.29)

89.01
(10.22)

Gal

0.13 – 2.00 b

y = 0.8203x - 0.7798

0.9982

7.813

125.000

7.14

5.53

5.30

90.88
(9.63)

108.84
(2.54)

101.10
(6.60)

Suc

0.06 – 2.00 b

y = 0.8196x - 1.0020

0.9951

7.813

31.250

2.49

4.20

4.09

95.38
(7.62)

87.52
(10.60)

106.841
(8.94)

DP3

0.06 – 2.00 b

y = 0.7171x - 0.8140

0.9992

15.625

62.500

2.40

2.03

4.61

114.74
(5.50)

109.00
(12.51)

96.15
(5.92)

DP4

0.13 – 2.00 b

y = 0.7708x - 0.9743

0.9965

15.625

125.000

0.41

2.89

2.92

103.12
(8.18)

99.58
(2.43)

91.54
(8.57)

DP5

0.06 – 1.00 b

y = 0.8812x - 1.3442

0.9990

15.625

31.250

1.26

2.31

3.07

100.68
(8.29)

94.85
(7.15)

102.93
(7.35)

DP6 –
DP10

0.06 – 1.00 b

y = 0.8166x – 1.0603

0.9969

-

-

-

-

-

-

-

-

a

unit in ng/mL
unit in mg/mL
LOD = limit of detection; LOQ = lower limit of quantification; RSD = relative standard deviation; UPLC-QTOF-MS = ultra-performance liquid chromatography
coupled with quadrupole time-of-flight mass spectrometry; HPLC-CAD = high performance liquid chromatography coupled with charged aerosal detector.
Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA = asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub = rubiadin; Rha
= rhamnose; Xyl = xylose; Ara = arabinose; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1-kestose; DP4 = nystose;
DP5 = 1F-fructofuranosylnystose
b
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3.3.2 Chemical identification results
Base peak chromatograms (BPC) in negative ion mode of the MOR samples of
different processing products are shown in Figure 3-3.
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Figure 3-3 Typical base peak chromatograms (BPC) of O, F, S and G. The peak
numbers are the same as those in Table 3-2. O = raw MOR; F = steamed MOR; S =
salt-steamed MOR; G = boiled MOR.
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A total of 57 secondary metabolites were tentatively or certainly identified from
the MOR samples in negative ion mode. Six of the metabolites were confirmed by
comparing the mass spectra and retention times with those of reference compounds
(same as in section 2.3.2). The other compounds were temporarily assigned by the
elemental composition data determined from accurate molecular weight measurements
and/or fragment ions, and by comparison with data of the published known chemicals
in our in-house library. Details of the secondary metabolites identified were
summarized in Table 3-2. Mass accuracies for all measured masses were < 10 ppm,
indicating that the empirical molecular formulas matched well with the putative
molecular ions. As shown in Table 3-2, a wide range of chemical compounds including
iridoid glycosides, terpenoids, anthraquinones, organic acids, amino acids and
coumarins were commonly present in different processing products of MOR. Among
them, 17 iridoid glycosides (peaks 2 – 10, 19 – 22, 28, 32 – 34) and 10 anthraquinones
(peaks 12 – 14, 17, 18, 25, 26, 29, 49, 50) were identified. Peaks 2 – 4, 7 – 10, 12 – 14
and 18 were commonly found in four processing products. For G, chemical compounds
including flavonoids, flavonoid glycosides, chalcones and saponins were exclusively
identified. As shown in Table 3-2, two flavonoids (peaks 42 and 53), five flavonoid
glycosides (peaks 37 – 40 and 47), four chalcones (peaks 41 and 43 – 46) and five
saponins (peaks 51, 52 and 54 – 56) were obtained.
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Table 3-2 Chromatographic and mass spectral data of the compounds identified in different processing products of MOR by UPLCQTOF-MS/MS
No.

RT
(min)

Identification

Molecular
Formula

Ion
species

Ions
(m/z)

Error
(ppm)

MS/MS fragments (m/z) at 15V
collision energy (% abundance)

Occurrence
O

F

S

G

O
1

2.34

Isoscopoletin isomer

C10H8O4

[M-H]-

191.0337

-6.81

-

+

2

2.33

Monotropein a

C16H22O11

[M-H]-

389.1066

-5.91

+

+

+

+

3

2.77

Deacetylasperulosidic acid a

C16H22O11

[M-H]-

389.1065

-6.17

+

+

+

+

4

4.50

Tudoside (citrifolinin B) b

C17H22O12

[M-H]-

417.1008

-7.19

+

+

+

+

5

5.19

Deacetylasperuloside isomer

C16H20O10

[M-H]-

371.0957

-7.28

6

5.19

Deacetylasperulosidic acid isomer

C16H22O11

[M-H]-

389.1059

-7.71

389.1065 [M-H]- (48), 227.0541 [M-Hglc]- (64), 209.0437 [M-H-glc-H2O](12), 191.0331 [M-H-glc-2H2O]- (100),
179.0323 [M-H-glc-H2O-CH2O]- (36),
165.0541 [M-H-glc-H2O-CO2]- (77),
147.0432
[M-H-glc-H2O-CO2-H2O](85),
389.1081 [M-H]- (100), 227.0551 [MH-glc]- (23), 209.0449 [M-H-glc-H2O](42), 183.0655 [M-H-glc-CO2]- (42),
165.0553 [M-H-glc-H2O-CO2]- (50),
153.0553 [M-H-glc-CO2-CH2O]- (6)
371.0962
[M-H-H2O-CO](80),
165.0539
[M-H-H2O-CO-glc-CO2](100)
371.0944 [M-H]- (3), 227.0539 (33),
209.0443 [M-H-glc]- (33), 183.0643
(54), 165.0538 (35)
389.1059 [M-H]- (100), 227.0540 [MH-glc]- (35), 209.0429 [M-H-glc-H2O](38), 183.0641 [M-H-glc-CO2]- (64),
165.0534 [M-H-glc-CO2-H2O]- (55)

117

+

+

+

+

7

6.96

Geniposidic acid b

C16H22O10

[M-H]-

373.1118

-5.90

8

7.18

Monotropein methyl ester/ isomer

C17H24O11

[M-H]-

403.1219

-6.70

9

9.19

Asperulosidic acid a

C18H24O12

[M-H]-

431.1166

-6.73

10

9.29

Asperuloside a

C18H22O11

[M-H]-

413.1080

-2.18

11

12.55

Morinlongosides C/ isomer b

C22H32O15

[M-H]-

535.1631

-6.91

12

18.78

C15H10O4

[M-H]-

253.0484

-8.69

13

19.23

C16H12O5

[M-H]-

283.0590

-7.77

14

20.16

Alizarin 2-methyl ether/ Soranjidiol/
2-hydroxy-3-methoxyanthraquinone/
Chrysophanol b
1-Hydroxy-2-(hydroxymethyl)-3methoxyanthraquinone/ Damnacanthol
Rubiadin-1-methyl ether a

C16H12O4

[M-H]-

267.0642

-7.86

15

20.45

Tianshic acid isomer

C18H34O5

[M-H]-

329.2308

-7.59

16

20.63

Tianshic acid isomer

C18H34O5

[M-H]-

329.2326

-2.13

17

20.66

Damnacanthal

C16H10O5

[M-H]-

281.0437

-6.40
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373.1099 [M-H]- (7), 211.0596 [M-Hglc]- (28), 167.0695 [M-H-glc-CO2](19), 149.0592 [M-H-glc-CO2-H2O](46), 123.0436 (100)
371.0952 [M-H]- (35), 241.0676 (32),
191.0307 (45), 165.0529 (100)
431.1190 [M-H]- (64), 251.0527 [M-HH2O-glc]- (71), 165.0555 [M-H-H2Oglc-CH2CO-CO2]- (60)
413.1041 [M-H]- (7), 251.0550 [M-Hglc]- (32), 233.0480 [M-H-glc-H2O](6), 191.0311 [M-H-glc--H2O-CH2CO](18), 147.0437 [M-H-glc-H2O-CH2COCO2]- (100)
535.1664 [M-H]- (100), 503.1390 [MH-CH2O]- (18), 149.0446 (31)
238.0247 [M-H-CH3]- (100), 210.0301
[M-H-CH3-CO]- (20)

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

284.0610 [M-H]- (25), 268.0351 (77),
253.0118 [M-H-CH2OH]- (20)
267.0647 [M-H]- (100), 252.0402 [MH-CH3]- (35), 224.0457 [M-H-CH3CO]- (64)
329.2305 [M-H]- (100), 100.9301 (9)

+

+

+

+

+

+

+

+

329.2322 [M-H]- (100), 281.0422 (11),
229.1485 (10), 171.1009 (20)
281.0451 [M-H]- (80), 253.0510 [M-HCO]- (95), 210.0319 [M-H-COCH3CO]- (100)

+

+

+

+
+
+

18

22.07

Rubiadin a

C15H10O4

[M-H]-

253.0485

-8.30

253.0512 [M-H]- (100), 225.0551 [MH-CO]- (37), 209.0591 [M-H-CO-OH](11)

F
19

3.33

Yopaaoside C isomer b

C17H26O12

[M-H]-

421.1326

-5.94

177.0528 (37), 151.0754 (78), 133.0643
(89), 133.0636 (100)

20

4.48

Deacetylasperuloside

C16H20O10

[M-H]-

371.0964

-5.39

21

6.96

6β,7β-Epoxy-8-episplendoside/ isomer b

C17H24O12

[M-H]-

419.1169

-6.20

22

8.39

C17H26O11

[M-H]-

405.1381

-5.18

23

11.44

Morofficinaloside/
6α-Hydroxyadoxoside b
Scopoletin

C10H8O4

[M-H]-

191.0335

-7.85

24

12.45

Secoxyloganin isomer

C17H24O11

[M-H]-

403.1225

-5.21

25

17.53

1-Hydroxy-2-(hydroxymethyl)-3methoxyanthraquinone b

C16H12O5

[M-H]-

283.0594

-6.36

26

20.88

1-Hydroxy-2-methylanthraquinone/
2-Hydroxy-3-methylanthraquinone/
1-Hydroxy-4-methylanthraquinone

C15H10O3

[M-H]-

237.0543

-5.91

191.0307 [M-H]- (19), 176.0105 [M-HCH3]- (100), 148.0143 [M-H-CH3-CO](35)
371.0969
[M-H-CH3OH](83),
283.1169 (27), 165.0561 (100)
283.0586 [M-H]- (96), 253.0470 [M-HCH2O]- (100), 210.0285 [M-H-CH2OCH3-CO]- (32)
237.0549 [M-H]- (100)

S
27

1.21

Malic acid

C4H6O5

[M-H]-

133.0138

-3.01

-

+

+

28

7.77

Citrifoside/ isomer

C16H22O10

[M-H]-

373.1136

-1.07

373.1148 (31), 253.8520 (33), 211.0598
(41), 149.0604 (100)

+

+
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+

+

+

+

+

+

+

+
395.0955 (100),
211.0597
(45),
123.04858(49)
-

373.1127
149.0599

(73),
(21),

+

+
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

1-Hydroxy-3hydroxymethylanthraquinone/
1-Hydroxyl-6(hydroxymethyl)anthraquinone b
Palmitic acid

C15H10O4

[M-H]-

253.0504

-0.79

C16H32O2

[M-H]-

255.2323

-2.74

C28H32O14

[M-H]-

591.1754

5.92

-

+

4.63

digiferruginol-1-methylether-11-Obeta-gentiobioside
Acubin/ isomer b

C15H22O9

[M-H]-

345.1184

-2.03

-

+

33

6.04

Morinlongosides C/ isomer

C22H32O15

[M-H]-

535.1652

-2.99

+

34

7.17

6-O-Acetylscandoside/ isomer

C18H24O12

[M-H]-

431.1184

-2.55

35

7.45

C15H20O10

[M-H]-

359.0971

-3.62

36

7.52

C9H10O3

[M-H]-

165.0550

-4.24

10.03

C21H22O9

[M-H]-

417.1175

-3.84

165.0550 [M-H]- (56), 147.8896 (44),
130.9654 (100)
-

+

37

Syringic acid 4-O-glucopyranoside
isomer c
3-(4-hydroxyphenyl)-propanoic acid
isomer c
Liquiritin c

535.1626 [M-H]- (41), 373.1138 [M-Hglc]- (78), 147.0446 (100)
403.1224 [M-H-CO]- (30), 241.0710
[M-H-CO-glc]- (100), 191.0342 [M-HCH2CO-H2O-glc-H2O]- (30), 165.0547
[M-H-CH2CO-H2O-glc-CO2](61),
147.0442 (31)
191.0448 [M-H-glc]- (100)

38

12.10

Schaftoside c

C26H28O14

[M-H]-

563.1383

-4.08

-

+

39

12.10

Neoliquiritin c

C21H22O9

[M-H]-

417.1175

-3.84

+

40

12.36

Liquiritin apioside c

C26H30O13

[M-H]-

549.1593

-3.82

41

12.55

Neoisoliquiritin c

C21H22O9

[M-H]-

417.1181

-2.40

417.1315 [M-H]- (1), 255.0640 [M-Hglc]- (100), 135.0069 (28)
549.1599 [M-H]- (100), 255.0671 (28),
135.0064 (7)
417.1315 [M-H]- (1), 255.0640 [M-Hglc]- (100), 135.0080 (12)

29

17.34

30

23.74

G
31

3.73

32
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253.0491 [M-H]- (100), 223.0392 [MH-CH2O]- (52)

+

+

+

+

+

+

+

+
+

42

12.58

Liquiritigenin c

C15H12O4

[M-H]-

255.0641

-8.63

255.0641 [M-H]- (18), 135.0078 (100),
119.0495 (87)
549.1597 [M-H]- (100), 255.0652 (17),
135.0082 (3)
549.1597 [M-H]- (100), 255.0641 (37),
135.0080 (6)
255.0659 [M-H]- (22), 135.0079 (86),
119.0495 (100)
417.1315 [M-H]- (1), 255.0648 [M-Hglc]- (100), 148.0156 (14), 135.0082
(13)
-

+

43

12.78

Isoliquiritin apioside c

C26H30O13

[M-H]-

549.1597

-3.10

44

15.07

Licuraside c

C26H30O13

[M-H]-

549.1594

-3.64

45

15.14

Isoliquiritigenin c

C15H12O4

[M-H]-

255.0659

-5.04

46

15.20

Isoliquiritin c

C21H22O9

[M-H]-

417.1176

-3.60

47

15.80

IsoSchaftoside c

C26H28O14

[M-H]-

563.1383

-4.08

48

18.98

Alizarin dimethyl ether

C16H12O4

[M-H]-

267.0652

-4.12

+

-4.46

267.0652 [M-H]- (87), 252.0423 [M-HCH3]- (100), 238.9794 [M-H-CHO]- (6)
223.0397 [M-H-CHO-CH3]- (16)
-

49

19.61

C15H10O5

[M-H]-

269.0443

50

19.93

Lucidin/ 1,6-dihydroxy-2methoxyanthraquinone b
Emodin isomer

C15H10O5

[M-H]-

269.0441

-5.20

-

+

51

20.08

C44H64O18

52

20.22

22β-Acetoxyglycyrrhizin/ Uralsaponin
Mc
Licorice-saponin A3/ isomer c

[M-H]-

879.3992

-3.18

+

C48H72O21

[M-H]-

983.4460

-3.36

879.3982 [M-H]- (100), 351.0630 (7),
112.9844 (27)
-

53

20.43

Gancaonin / isomer c

C21H20O6

[M-H]-

367.1174

-3.54

-

+

54

20.46

Uralsaponin U/ licorice-saponin G2 c

C42H62O17

[M-H]-

837.3893

-2.51

-

+

55

21.16

Uralsaponin U/ licorice-saponin G2 c

C42H62O17

[M-H]-

837.3890

-2.87

-

+

56

21.42

Glycyrrhizic acid/ isomer c

C42H62O16

[M-H]-

821.3946

-2.31

821.3938 [M-H]- (100), 351.0534 (5),
248.9595 (4), 112.9851 (8)

+
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+
+
+
+

+

+

+

57

24.09

Octadecanoic acid/ isomer

C18H36O2

[M-H]-

283.2632

a

-3.88

-

Identification was confirmed with reference markers
Firstly reported in MOR
c
Compounds from Glycyrrhizae Radix et Rhizoma (GRR)
glc = glucosyl; + = present in samples; O = raw MOR; F = steamed MOR; S = salt-steamed MOR; G = boiled MOR
b
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+

3.3.3 Data processing with multivariate statistical analysis
For secondary metabolome analysis, 28 datasets of samples [4 different processing
products × 3 sample portions in duplicates + 4 QC samples] were subjected to
MetaboAnalyst 4.0 for data processing. There were 1659 peaks with an average of 59.2
peaks per sample. A total of 69 features were formed, of which 6 were removed based
on QC RSD values during data filtering. For cell metabolome study, there were 2479
peaks in 49 samples [7 experimental groups × 3 replicates performed twice + 7 QC
samples] with an average of 50.6 peaks per sample. A total of 77 features were formed,
of which 3 were removed after data filtering. The corresponding results after
multivariate statistical analysis with MetaboAnalyst were visualized using SIMCA
14.1 (Figure 3-4).
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Figure 3-4 Score plots of secondary metabolome (A), glycome (B) in different
processing products of MOR and cell metabolome (C) of HEK 293 for different
experimental groups after PLS-DA. O = raw MOR; F = steamed MOR; S = salt-
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steamed MOR; G = boiled MOR; C = control group; M = model group; OC = osmotic
control group.
Score plots are used to visualize the degree of clustering or separation among
different groups of samples by dimension reduction of complex data.123 As shown in
PLS-DA score plots (Figure 3-4), all the samples fell well into the 95% tolerance
region of confidence level. For secondary metabolome PLS-DA model (Figure 3-4A),
0.878 and 0.739 of R2Y (cum) and Q2 (cum), respectively, of five components were
obtained; while for glycome analysis (Figure 3-4B), 0.960 and 0.919, respectively, of
five components were acquired. The R2Y (cum) and Q2 (cum) values of eight
components for the PLS-DA model of cell metabolome study were 0.715 and 0.574
respectively (Table 3-3). With R2Y (cum) close to 1 and Q2 (cum) greater than 0.5, and
their difference within 0.2, the PLS-DA modeling shows good fit and satisfactory
predictive ability. Besides, as referring to Table 3-4, the large F value and small p value
(p < 0.05) of PLS-DA models after CV-ANOVA test suggested that the established
models were statistically significant. For the OPLS-DA models obtained for secondary
metabolome, glycome and cell metabolome, the models were all statistically significant,
and the R2Y (cum), Q2 (cum) and p values in CV-ANOVA test were satisfactory.
Details of the models are shown in Tables 3-3, 3-4 and Figures 3-5 to 3-8.
Table 3-3 Summary of PLS-DA and OPLS-DA models for secondary metabolome,
glycome and cell metabolome.
Components

R2X(cum)

R2Y(cum)

Q2(cum)

PLS-DA of secondary metabolome study (Figure 3-4A)
1
2
3
4
5

0.522
0.714
0.798
0.855
0.873

0.250
0.492
0.723
0.793
0.878
125

0.241
0.476
0.686
0.725
0.739

PLS-DA of glycome study (Figure 3-4B)
1
0.677
0.322
0.310
2
0.910
0.629
0.604
3
0.953
0.878
0.847
4
0.973
0.931
0.898
5
0.979
0.960
0.919
PLS-DA of cell metabolome study (Figure 3-4C)
1
0.440
0.128
0.115
2
0.564
0.247
0.203
3
0.709
0.332
0.264
4
0.791
0.444
0.367
5
0.854
0.527
0.430
6
0.893
0.600
0.494
7
0.925
0.635
0.521
8
0.934
0.715
0.574
OPLS-DA of secondary metabolome between O and F (Figure 3-5A)
P1
O1

0.606
0.106

0.986
0

0.962
-

OPLS-DA of secondary metabolome between O and S (Figure 3-5B)
P1
O1

0.779
0.063

0.997
0

0.985
-

OPLS-DA of secondary metabolome between O and G (Figure 3-5C)
P1
O1

0.576
0.099

0.985
0

0.952
-

OPLS-DA of glycome between O and F (Figure 3-6A)
P1
O1

0.877
0.071

0.977
0

0.959
-

OPLS-DA of glycome between O and S (Figure 3-6B)
P1
O1

0.879
0.068

0.991
0

0.985
-

OPLS-DA of glycome between O and G (Figure 3-6C)
P1
O1

0.869
0.070

0.980
0

OPLS-DA of cell metabolome between C and M (Figure 3-7A)
P1
0.378
0.962
O1
0.246
0
O2
0.533
0
OPLS-DA of cell metabolome between C and O (Figure 3-8A)
P1
0.413
0.971
126

0.967
0.893
0.902

O1
0.272
0
O2
0.451
0
OPLS-DA of cell metabolome between C and F (Figure 3-8B)
P1
0.349
0.939
0.879
O1
0.241
0
OPLS-DA of cell metabolome between C and S (Figure 3-8C)
P1
0.603
0.995
0.976
O1
0.190
0
O2
0.296
0
OPLS-DA of cell metabolome between C and G (Figure 3-8D)
P1
0.553
0.938
0.891
O1
0.198
0
P1 = predictive component; O1-O7 = orthogonal components; O = raw MOR; F =
steamed MOR; S = salt-steamed MOR; G = boiled MOR; C = control group; M =
model group.
Table 3-4 CV-ANOVA results for PLS-DA and OPLS-DA models of secondary
metabolome, glycome and cell metabolome.
SS
DF
MS
F
PLS-DA model of secondary metabolome (Figure 3-4A)
Total corrected 108
108
1.000
Regression
90.70
40
2.267
8.910
Residual
17.30
68
0.254
PLS-DA model of glycome (Figure 3-4B)
Total corrected 69.00
69
1.000
Regression
63.35
27
2.346
17.434
Residual
5.65
42
0.135
PLS-DA model of cell metabolome (Figure 3-4C)

p

SD

-15

1.00
1.51
0.50

-15

1.00
1.53
0.37

-

4.39 × 10
-

-

3.17 × 10
-

Total corrected 336
336
1.000
1.00
Regression
186.19 112
1.662
2.486
3.98 × 10-9
1.29
Residual
149.81 224
0.669
0.82
OPLS-DA model of secondary metabolome between O and F (Figure 3-5A)
11
1.000
1.00
Total corrected 11.00
-5
10.58
4
2.645
43.934
4.80 × 10
1.63
Regression
0.42
7
0.060
0.25
Residual

OPLS-DA model of secondary metabolome between O and S (Figure 3-5B)
11
1.000
1.00
Total corrected 11.00
-6
10.83
4
2.708
112.077 2.00 × 10
1.65
Regression
0.17
7
0.024
0.16
Residual
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OPLS-DA model of secondary metabolome between O and G (Figure 3-5C)
11
1.000
1.00
Total corrected 11.00
-4
10.47
4
2.617
34.465
1.07 × 10
1.62
Regression
0.53
7
0.076
0.28
Residual
OPLS-DA model of glycome between O and F (Figure 3-6A)
11
1.00
Total corrected 11.00
10.55
4
2.64
41.200
5.95 × 10-5
Regression
0.45
7
0.06
Residual

1.00
1.62
0.25

OPLS-DA model of glycome between O and S (Figure 3-6B)
11
1.00
Total corrected 11.00
10.83
4
2.71
113.135 1.94 × 10-6
Regression
0.17
7
0.02
Residual

1.00
1.65
0.15

OPLS-DA model of glycome between O and G (Figure 3-6C)
11
1.00
Total corrected 11.00
10.64
4
2.66
52.043
2.72 × 10-5
Regression
0.36
7
0.05
Residual

1.00
1.63
0.23

OPLS-DA model of cell metabolome between C and M (Figure 3-7A)
11
1.00
Total corrected 11.00
9.82
5
1.96
9.983
7.15 × 10-3
Regression
1.18
6
0.20
Residual

1.00
1.40
0.44

OPLS-DA model of cell metabolome between C and O (Figure 3-8A)
11
1.00
Total corrected 11.00
9.92
5
1.98
11.069
5.48 × 10-3
Regression
1.08
6
0.18
Residual

1.00
1.41
0.42

OPLS-DA model of cell metabolome between C and F (Figure 3-8B)
11
1.00
Total corrected 11.00
9.67
4
2.42
12.760
2.48 × 10-3
Regression
1.33
7
0.19
Residual
OPLS-DA model of cell metabolome between C and S (Figure 3-8C)
11
1.00
Total corrected 11.00
10.74
5
2.15
49.813
8.32 × 10-5
Regression
0.26
6
0.04
Residual

1.00
1.56
0.44
1.00
1.47
0.21

OPLS-DA model of cell metabolome between C and G (Figure 3-8D)
11
1.00
1.00
Total corrected 11.00
-3
9.80
4
2.45
14.320
1.76 × 10
1.57
Regression
1.20
7
0.17
0.41
Residual
SS = sum of squares; DF = degree of freedom; MS = mean squares; SD = standard
deviation; O = raw MOR; F = steamed MOR; S = salt-steamed MOR; G = boiled MOR;
C = control group; M = model group.
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Figure 3-5 Score plots of secondary metabolome between O and other processing
products after OPLS-DA (A-C) and their respective results of permutation test (n =
200) for checking if the OPLS-DA models were over-fitted (D-F). O = raw MOR; F =
steamed MOR; S = salt-steamed MOR; G = boiled MOR.
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Figure 3-6 Score plots of glycome between O and other processing products after
OPLS-DA (A-C) and their respective results of permutation test (n = 200) for checking
if the OPLS-DA models were over-fitted (D-F). O = raw MOR; F = steamed MOR; S
= salt-steamed MOR; G = boiled MOR.
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Figure 3-7 Score plots of cell metabolome between control and model group after
OPLS-DA (A) and its respective result of permutation test (n = 200) for checking if the
OPLS-DA model was over-fitted (B). C = control group; M = model group.
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Figure 3-8 Score plots of cell metabolome between control group and treatment groups
of different processing products after OPLS-DA (A-D) and their respective results of
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permutation test (n = 200) for checking if the OPLS-DA models were over-fitted (EH). O = raw MOR treatment group; F = steamed MOR treatment group; S = saltsteamed MOR treatment group; G = boiled MOR treatment group; C = control group.
Permutation tests (n = 200) were performed to further validate the models, and the
results showed that the PLS-DA for the three models were stable and reproducible with
intercepts of R2 and Q2 smaller than 1. For example, R2 = (0.0, 0.205) and Q2 = (0.0, 0.580) for secondary metabolome PLS-DA model (Figure 3-9A), while R2 = (0.0,
0.206) and Q2 = (0.0, -0.546) for glycome PLS-DA model were obtained (Figure 39B). Whereas R2 = (0.0, 0.169) and Q2 = (0.0, -0.633) for cell metabolome PLS-DA
model were acquired (Figure 3-9C). Results of permutation test and intercepts of R2
and Q2 for OPLS-DA models of secondary metabolome and glycome between O and
other processing products, as well as that of cell metabolome between model and
different experimental groups are shown in Figures 3-5 to 3-8 and Table 3-5.
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Figure 3-9 Results of permutation test (n = 200) for checking if the PLS-DA models
for secondary metabolome (A), glycome (B) in different processing products of MOR,
and cell metabolome of HEK 293 in different experimental groups were over-fitted.
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Table 3-5 Intercept of R2 and Q2 after permutation tests for PLS-DA and OPLS-DA
models of secondary metabolome, glycome and cell metabolome.
R2
PLS-DA model of secondary metabolome (0.0, 0.205)
(Figure 3-4A)
PLS-DA model of glycome
(0.0, 0.206)
(Figure 3-4B)
PLS-DA model of cell metabolome
(0.0, 0.169)
(Figure 3-4C)
OPLS-DA model of secondary metabolome (0.0, 0.504)
between O and F (Figure 3-5A)
OPLS-DA model of secondary metabolome (0.0, 0.398)
between O and S (Figure 3-5B)
OPLS-DA model of secondary metabolome (0.0, 0.556)
between O and G (Figure 3-5C)
OPLS-DA model of glycome between O and F (0.0, 0.336)
(Figure 3-6A)
OPLS-DA model of glycome between O and S (0.0, 0.241)
(Figure 3-6B)
OPLS-DA model of glycome between O and G (0.0, 0.250)
(Figure 3-6C)
OPLS-DA model of cell metabolome between C (0.0, 0.596)
and M (Figure 3-7A)
OPLS-DA model of cell metabolome between C (0.0, 0.571)
and O (Figure 3-8A)
OPLS-DA model of cell metabolome between C (0.0, 0.478)
and F (Figure 3-8B)
OPLS-DA model of cell metabolome between C (0.0, 0.558)
and S (Figure 3-8C)
OPLS-DA model of cell metabolome between C (0.0, 0.343)
and G (Figure 3-8D)
O = raw MOR; F = steamed MOR; S = salt-steamed MOR; G =
control group; M = model group.

Q2
(0.0, -0.580)
(0.0, -0.546)
(0.0, -0.633)
(0.0, -0.769)
(0.0, -0.674)
(0.0, -0.558)
(0.0, -0.692)
(0.0, -0.649)
(0.0, -0.714)
(0.0, -0.982)
(0.0, -0.837)
(0.0, -0.975)
(0.0, -0.926)
(0.0, -0.862)
boiled MOR; C =

3.3.4 Secondary metabolites variation in MOR of different processing products
The overall secondary metabolome variation of MOR after processing is shown in
Figure 3-4A. The clusters of F, G and QC are close together and near O, while the
cluster of S is far away from the others. This suggested the secondary metabolome in
F and G after processing were similar and the changes was relatively moderate but that
in S was changed significantly. The heights of the clusters in the dendrogram obtained
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after HCA are proportional to the distance between the clusters. In other words, the
longer the vertical lines, the further the clusters are separated and vice versa. As seen
in Figure 3-10A, similar pattern as that in score plot of PLS-DA was observed (Figure
3-4A), of which F and G were close to O while S was far apart. Using O as a reference
group, differences of secondary metabolites between it and other processing products
were studied with OPLS-DA. As seen in Figure 3-5A to 3-5C, separation between O
and other respective processing products was observed, suggesting secondary
metabolome was varied after processing as compared with O. In order to identify the
chemical components responsible for the differences, VIP predictive values were
obtained using SIMCA 14.1. The resulting table for VIP predictive values are shown
in Table 3-6. Seven significant secondary metabolites were found between O and F;
nine for that between O and S, and seven for that between O and G. Identification of
significant components was based on the following two criteria: if molecular formula
of those features could be generated with using Qualitative Analysis B.06.00; and
whether the generated formulas could be matched with those in our established inhouse library. Among them, deacetylasperulosidic acid was the common secondary
metabolites identified as significant component between O and other processing
products.
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Figure 3-10 Dendrogram of secondary metabolome (A), glycome (B) of different
processing products and cell metabolome (C) of HEK 293 with different experimental
groups by HCA. O = raw MOR; F = steamed MOR; S = salt-steamed MOR; G = boiled
MOR; C = control group; M = model group; OC = osmotic control group.
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Table 3-6 Identification of significant secondary metabolites for O and other processing products with VIP predictive value > 1.
No.

Variable
(m/z/RT)
O vs F

ID

VIP
value

Molecular
formula

Ion species

Ions
(m/z)

Error
(ppm)

Identification

MS/MS fragments (m/z) at 15V
collision energy (% abundance)
389.1060 [M-H]- (100), 227.0531
[M-H-glc]- (19), 209.0434 [M-H-glcH2O]- (43), 183.0641 [M-H-glc-CO2](47), 165.0542 [M-H-glc-H2O-CO2](60),
153.0543
[M-H-glc-CO2CH2O]- (5)
665.2029 [M-H]- (100), 485.1424
[M-H-glc-H2O]- (14), 341.1040 (9),
323.0931 (10), 179.0535 (30)
665.2028 [M-H]- (100), 485.1417
[M-H-glc-H2O]- (12), 341.1046 (5),
323.0934 (8), 179.0537 (14)
503.1531 (100), 179.0537 (26)
-

1

389.1029/2.74

3.02631

C16H22O11

[M-H]-

389.1070

-4.88

Deacetylasperulosidic acid

2

665.2030/1.43

2.77587

C20H42O24

[M-H]-

665.2028

5.26

Unknown

3

711.2075/1.43

1.65842

C20H42O24

[M+HCOO]-

711.2075

3.80

Unknown

4
925.2192/1.81
5
549.1580/1.16
6
116.9274/26.79
7
132.9221/26.79
O vs S

1.31587
1.28149
1.18588
1.12147

C26H30O13
-

[M-H]-

549.1579
-

-6.37
-

Unknown
-

1

389.1029/2.74

3.14564

C16H22O11

[M-H]-

389.1085

-1.03

Deacetylasperulosidic acid

2
3

377.0798/1.03
665.2030/1.43

2.45516
1.73594

C20H42O24

[M-H]-

665.2045

7.82

Unknown

4

387.1083/1.07

1.42528

C13H24O13

[M-H]-

387.1147

0.77

Unknown
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389.1072 [M-H]- (100), 227.0551
[M-H-glc]- (24), 209.0449 [M-H-glcH2O]- (38), 183.0658 [M-H-glc-CO2](34), 165.0554 [M-H-glc-H2O-CO2](52),
153.0545
[M-H-glc-CO2CH2O]- (7)
665.2051 [M-H]- (100), 485.1440
[M-H-glc-H2O]- (13), 341.1049 (8),
323.0939 (12), 179.0541 (18)
341.1048 (100), 179.0545 (24)

711.2075/1.43

1.24130

C20H42O24

[M+HCOO]-

711.2091

6.05

Unknown

6
760.2254/2.15
7
549.1580/1.16
8
827.2524/1.82
9
841.2502/2.24
O vs G

1.12303
1.04860
1.02007
1.00256

C26H30O13
-

[M-H]-

549.1593
-

-3.82
-

Unknown
-

1

389.1029/2.74

3.42504

C16H22O11

[M-H]-

389.1080

-2.31

Deacetylasperulosidic acid

2
3
4
5
6
7

404.0982/1.06
980.2973/2.56
377.0798/1.03
132.9221/26.79
116.9274/26.79
818.2476/2.24

1.52022
1.39280
1.36618
1.18207
1.09142
1.05251

C16H22O12
-

[M-H]-

405.1049
-

2.72
-

Unknown
-

5

O = raw MOR; F = steamed MOR; S = salt-steamed MOR; G = boiled MOR; glc = glucosyl unit
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665.2046 [M-H]- (100), 485.1445
[M-H-glc-H2O]- (12), 341.1045 (6),
323.0950 (7), 179.0542 (12)
503.1551 (100), 179.0540 (13)
389.1073 [M-H]- (100), 227.0559
[M-H-glc]- (18), 209.0447 [M-H-glcH2O]- (37), 183.0647 [M-H-glc-CO2](44), 165.0546 [M-H-glc-H2O-CO2](50),
153.0543
[M-H-glc-CO2CH2O]- (5)
-

To further understand the changes in secondary metabolome, six successfully
identified compounds (monotropein, deacetylasperulosidic acid, asperulosidic acid,
asperuloside, rubiadin-1-methyl ether and rubiadin) as mentioned in section 2.3.4 of
Chapter 2 were selected for quantitative study. The quantification results of these
secondary metabolites are shown and summarized in Figure 3-11A and Table 3-7. In
general, the total content of selected secondary metabolites was increased significantly
after processing. The total content of secondary metabolites of O was 2723.998 ± 32.31
µg/g, while that of F, S and G were respectively 3122.157 ± 60.56 µg/g (p < 0.001),
3083.687 ± 42.36 µg/g (p < 0.001) and 3001.674 ± 47.16 µg/g (p < 0.001), for which
the total content in the three processing products were far more than O. This indicated
that the solubility of these bioactive components has been obviously improved by
processing

163

. For iridoid glycosides, their contents after processing were increased

drastically as compared with O. Monotropein and asperulosidic acid are known to have
renoprotective activity, increase in their contents could help to enhance the kidney
tonifying bioactivities of MOR 155,164, especially for F as both monotropein (1134.559
± 33.33 µg/g, p < 0.001) and asperulosidic acid (144.389 ± 5.89 µg/g, p < 0.001) were
found the most abundant in it (Figure 3-11A and Table 3-7). In Table 3-6,
deacetylasperulosidic acid was found to be the significant component between O and
other processing products. It was found increased in F, S (p < 0.001) and G (p < 0.01)
as compared to O; and its contents in both F (1775.379 ± 26.59 µg/g) & G (1730.694
± 23.97 µg/g) were very close while that in S (1814.198 ± 35.98 µg/g) was higher than
the two. The difference of its content in these three processing products (Figure 3-11A
and Table 3-7) is considered to be the reason for the difference in quality classification
as seen in Figure 3-4A and Figure 3-5. Besides that, increase in contents of
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anthraquinones were also observed in Figure 3-11A and Table 3-7, of which
corroborated with previous studies

23

. Both rubiadin and rubiadin-1-methyl ether

showed significant increase in contents as compared with O and they were found the
most abundant in G (46.856 ± 1.72 µg/g for rubiadin-1-methyl ether and 16.456 ± 1.21
µg/g for rubiadin), of which might contributed to the bioactivity differences between
G and other processing products. All the above results suggested that processing could
significantly help the release of secondary metabolites and hence improving the related
bioactivities of MOR, of which reinforcing efficacy of herbal medicines is one of the
aims of processing 163. However, content changes of iridoid glycosides were reported
to be decreased 123, which was different from our results; while that of anthraquinones
matched with previous studies. This has further supported that various bioactive
constituents in herbal medicine should be collectively characterized in order to have an
overall understanding of herbal medicines in quality and quantitative studies.
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Figure 3-11 Results of quantitative analysis for secondary metabolites (A), free
monosaccharides and sucrose (B), and inulin-type FOS and polysaccharides (C) of
MOR among different growth years. Mono = monotropein; Deasp =
deacetylasperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl ether; Rub
= rubiadin; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc =
sucrose; DP3 = 1-kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; Poly =
polysaccharides.
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Table 3-7 Contents of secondary metabolites and saccharides in different MOR processing products (n = 6)
Compounds

Processing products
S

O
F
Secondary metabolites (µg/g)
921.315 ± 17.62
1134.559 ± 33.33 ***
Mono
1669.193 ± 38.6
1775.379 ± 26.59 ***
Deasp
80.753 ± 4.63
144.389 ± 5.89 ***
AspA
4.007 ± 0.56
13.197 ± 0.45 ***
Asp
35.803 ± 1.85
39.937 ± 1.72 ***
R1M
12.927 ± 1.67
14.697 ± 0.89 *
Rub
Saccharides (mg/g)
8.053 ± 0.41
9.442 ± 0.31 ***
Fru
5.902 ± 0.25
6.027 ± 0.51
Man
2.382 ± 0.11
1.398 ± 0.12 ***
Glu
0.945 ± 0.09
0.557 ± 0.07
Gal
39.833 ± 2.14
30.080 ± 1.34 ***
Suc
21.542 ± 2.19
22.047 ± 1.92
DP3
38.535 ± 1.78
33.773 ± 0.57 ***
DP4
47.152 ± 2.10
37.690 ± 1.00 ***
DP5
46.677 ± 2.06
35.623 ± 1.27 ***
DP6
42.140 ± 1.72
32.783 ± 0.84 ***
DP7
39.543 ± 1.90
28.158 ± 0.86 ***
DP8
35.063 ± 1.75
24.612 ± 1.38 ***
DP9
29.220 ± 1.31
20.503 ± 1.10 ***
DP10
7.957 ± 0.31
8.168 ± 0.57
Poly
* p < 0.05, ** p < 0.01, *** p < 0.001 as compared with O
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G

1072.685 ± 19.93 ***
1814.198 ± 35.98 ***
131.214 ± 3.76 ***
9.925 ± 0.99 ***
41.25 ± 0.97 ***
14.414 ± 0.77

1050.015 ± 25.75 ***
1730.694 ± 23.97 **
143.635 ± 1.03 ***
16.019 ± 0.72 ***
44.856 ± 1.72 ***
16.456 ± 1.21 **

13.975 ± 1.37 ***
7.538 ± 0.44 ***
2.238 ± 0.15
3.603 ± 0.30 ***
50.140 ± 3.94 ***
22.652 ± 0.53
36.523 ± 0.54 *
39.320 ± 0.47 ***
35.982 ± 1.04 ***
31.662 ± 0.70 ***
27.425 ± 0.58 ***
23.173 ± 0.78 ***
18.125 ± 0.44 ***
7.443 ± 0.16 **

11.765 ± 0.35 ***
7.262 ± 0.25 ***
2.415 ± 0.14
0.580 ± 0.05 ***
39.297 ± 3.18
20.423 ± 1.73
32.087 ± 0.99 ***
36.197 ± 1.38 ***
34.713 ± 1.17 ***
30.552 ± 0.98 ***
26.602 ± 1.01 ***
23.267 ± 0.70 ***
18.555 ± 0.33 ***
8.749 ± 0.32 **

Mono = monotropein; Deasp = deacetylasperulosidic acid; AspA = asperulosidic acid; Asp = asperuloside; R1M = rubiadin-1-methyl
ether; Rub = rubiadin; Fru = fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1-kestose; DP4 = nystose;
DP5 = 1F-fructofuranosylnystose; Poly = polysaccharides
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3.3.5 Saccharides variation in MOR of different processing products
While for glycome, the score plot after PLS-DA and dendrogram after HCA are
shown in Figure 3-4B and 3-10B respectively. Four clusters were observed in Figure
3-4B that they could be classified into two groups, for which one included O, while the
other one included F, S and G. This separation was similarly observed in Figure 3-10B.
Both results in Figure 3-4B and 3-10B suggested the glycome were quite similar after
processing but totally different as compared with O. Differences of glycome between
O and other processing products were studied with OPLS-DA and the results are shown
in Figure 3-6 and Table 3-8. There were clear discrimination between O and each
other processing product in Figure 3-6A to 3-6C, showing great variation of glycome
after processing. By studying the VIP predictive values obtained, seven significant
components were found between O and each other processing product (Table 3-8).
Sucrose and DP5-DP10 were the significant components between O and F as well as
O and S; while DP4-DP10 were the significant components between O and G.
Table 3-8 Significant saccharides for O and other processing products with VIP
predictive value > 1.
No.
O vs F
1
2
3
4
5
6
7
O vs S
1
2
3
4
5

Variable ID

VIP value

DP8
DP6
DP9
Suc
DP5
DP7
DP10

1.43406
1.42195
1.36859
1.32113
1.32105
1.31343
1.25083

DP8
DP9
DP10
DP6
DP7

1.40244
1.39009
1.34180
1.31412
1.30098
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6
Suc
1.26485
7
DP5
1.11066
O vs G
1
DP8
1.48694
2
DP6
1.43350
3
DP9
1.42100
4
DP7
1.40955
5
DP5
1.35055
6
DP10
1.33736
7
DP4
1.04323
Suc = sucrose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; DP6-DP10 = inulinfructooligosaccharides with degree of polymerization 6 to 10.
The chromatograms and the quantification results of glycome are shown in Figure
3-12 and Table 3-7 respectively. Four free monosaccharides (fructose, mannose,
glucose and galactose) and nine oligosaccharides (sucrose and DP3 – 10) were detected
in HPLC-CAD analysis (Figure 3-12B). The total content of glycome in O was
364.943 ± 15.45 mg/g; while that for F, S and G were 290.861 ± 4.57 mg/g (p < 0.001),
319.800 ± 5.02 mg/g (p < 0.001) and 292.462 ± 3.87 mg/g (p < 0.001) respectively
(Figure 3-11B, 3-11C and Table 3-7). This showed that glycome content was
decreased significantly after processing, suggesting saccharides underwent structural
transformation163 and/or might be degraded during processing as thermal
decomposition of carbohydrates could be initiated at temperature as low as 100 °C 165.
For monosaccharides and sucrose, there was a general increase in contents after
processing. As shown in Figure 3-11B and Table 3-7, the contents of fructose was
8.053 ± 0.41 mg/g in O and could be raised to 13.975 ± 1.37 mg/g (p < 0.001) in S. It
was believed the oligosaccharides and polysaccharides consisting of these saccharide
components were hydrolyzed to cause the increment in their contents

166,167

. Also, it

was noticed that the content of monosaccharides and sucrose in S was generally the
highest among the other processing products. Previous study performed using sodium
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chloride solution could cause salting out effect of polysaccharides 168,169. By emerging
in sodium chloride solution before the processing had led to release of more
polysaccharides, and hence more to be decomposed to monosaccharides and sucrose.
However, significant decrease in contents of glucose and galactose in F as well as that
of galactose in G were observed. It was known that glucose under heating and acidic
condition could be dehydrated or isomerized to fructose to produce 5-hydroxymethylfurfural (5-HMF) 170,171, which has been widely identified in range of processed herbal
medicines and baked foods

172

. Furfural mono-glucoside (5-GMF) and furfural di-

glucoside (5-GGMF) could also be generated, for which leading to the decrease in
glucose content 123,170. While for decrease in content of galactose, it could be related to
changes in polysaccharide, of which was discussed in the latter part. For sucrose, it was
found decreased significantly from 39.833 ± 2.14 mg/g in O to 30.080 ± 1.34 (p < 0.001)
in F but increased significantly to 50.140 ± 3.94 mg/g (p < 0.001) in S. Increase in
sucrose content could be due to the addition of sodium chloride causing more
polysaccharides to be decomposed while decrease in content might be due to its
conversion to 5-HMF during processing as stated in previous study 171,173. In Table 38, sucrose was a discriminative component between O and F (Figure 3-6A) as well as
O and S (Figure 3-6B). This might be accounted by the content differences of sucrose
between O and F, and S. Besides that, oligosaccharides ranging from DP4 to DP10
were also the significant components between O and other processing products (Table
3-8). As shown in Figure 3-11C and Table 3-7, the oligosaccharides (DP4-DP10)
contents were decreased significantly (p < 0.05 and p < 0.001 for various DPs), of
which was believed to be the reason behind the discrimination shown in Figure 3-6.
Previous studies showed fructooligosaccharides could be easily hydrolyzed under high
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temperature, the processing of steaming (F and S) and boiling (G) could lead to the
decrease in contents of fructooligosaccharides 174. Polysaccharides for O, F and S were
found to be composed of fructose, mannose, glucose and galactose in the sugar
composition analysis (Figure 3-12C) while polysaccharides for G was composed with
the mentioned and arabinose. As calculated by the established molecular weight
(logarithmic)-retention time calibration curve (y = -0.2748x + 9.1752 with R2 = 0.9971),
the molecular weight distribution of polysaccharides in O was 1 kDa to 2686 kDa,
which was relatively consistent in different processing products (Figure 3-12D),
showing minor changes in molecular size of polysaccharides. Four dominant peaks
were observed in O at 26.21 min (93.91 kDa), 28.92 min (16.90 kDa), 30.10 min (8.01
kDa) and 31.74 min (2.84 kDa). These peaks were varied in retention times and peak
intensities in the other three processing products, suggesting changes in nature of
polysaccharides during processing. Studying the molar ratio of monosaccharides
composition of polysaccharides further indicated differences in nature of
polysaccharides. The molar ratio of fructose:mannose:glucose:galactose was
3.73:2.34:1:2.94 in O, for which ratio of fructose and glucose and galactose were
significantly changed in F, S and G. The molar ratio in F was 3.64 ± 0.21:2.61 ±
0.52:1:3.77 ± 0.50, while that in S was 3.22 ± 0.49:2.72 ± 0.48:1:3.88 ± 0.49, whereas
the ratio of galactose was increased significantly with p < 0.05 for F and p < 0.01
respectively, indicating transformation of polysaccharide structures was taken place
123,163

. Greater changes in polysaccharides of G was observed. The molar ratio of

fructose:mannose:glucose:galactose:arabinose in G was 1.14 ± 0.14:1.52 ± 0.12:1:1.91
± 0.24:1.02 ± 0.10. GRR is commonly served as adjuvants in herbal medicine
processing. Polysaccharides originated from GRR could be absorbed into MOR during
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boiling and its presence might contribute to modification of polysaccharides properties
of MOR by chemical or physical interactions

155

, and hence leading to variation in

polysaccharides of G. The above results showed different extents of quantity changes
of saccharides in MOR after processing. A general decrease in oligosaccharides but
increase in monsoaccharides and sucrose was observed, for which was believed that
large molecules of saccharides were broken down to give more easily absorbed
monsoaccharides and sucrose.

Figure 3-12 Typical HPLC-CAD chromatograms of saccharide reference standards
(A), free monosaccharides and oligosaccharides in MOR (B), sugar composition
analysis results of polysaccharides (C); and HPGPC-CAD chromatograms of
polysaccharides within the molecular range of 1 to 2686 kDa in different MOR
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processing products (D). Rha = rhamnose; Xyl = xylose; Ara = arabinose; Fru =
fructose; Man = mannose; Glu = glucose; Gal = galactose; Suc = sucrose; DP3 = 1kestose; DP4 = nystose; DP5 = 1F-fructofuranosylnystose; DP6-DP10 = inulinfructooligosaccharides with degree of polymerization 6 to 10. O = raw MOR; F =
steamed MOR; S = salt-steamed MOR; G = boiled MOR.
3.3.6 Metabolic changes of different processing products of MOR
Similar approach of secondary metabolome and glycome was applied for studying
cell metabolome. First of all, as shown in the score plot of cell metabolome (Figure 34C), clusters of different experimental groups could be categorized into three groups,
of which was also observed in Figure 3-10C. Group 1 included C, M, OC and QC,
group 2 included O and F and group 3 included S and G. Clusters of group 2 were
superimposed with that of group 1, i.e. cluster of F was more close to C whereas that
of O was near M. This could be indicating similarity in cell metabolomes between C
and F, and between O and M. In other words, F might showed preventive effect for DN,
whereas O could not help prevent DN. While group 3 was at a great distance from the
other two groups, suggesting cell metabolomes in these S and G varied to some extent
that was neither similar to control nor model group. The metabolic changes in these
two groups were too different from the others, which required further metabolic
pathway analysis in order to understand its effect on high glucose induced DN.
OPLS-DA and its corresponding permutation test were performed between C and
M (Figure 3-7) as well as between C and different treatment groups (Figure 3-8). Most
of the OPLS-DA models were successfully established (Table 3-3 and 3-4). For the
comparison between C and M, there were 12 variables selected as significant
components between these two groups with VIP value greater than 1 (Table 3-9).
Among them, eight showed significant difference (p < 0.05) in M as compared to C,
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and three of them were identified as hypoxanthine (137.0465/1.38), isoleucine
(132.1028/1.94) and carnitine (162.1136/0.98). These variables were useful for further
interpretation and discrimination of components for treatment groups.
In order to understand and compare cell metabolites influenced by different
processing products of MOR without interference from exogenous glucose or MOR
secondary metabolites, SUS-plot technique was applied
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. Figure 3-13A shows a

SUS-plot comparing cell metabolite variables (green dots) examining the respective
contribution of ‘C vs M’ relative to ‘C vs O’. Given that both models have the same
baseline point (C), the variables altered in M vs O are extracted in the plot. SUS plots
of cell metabolite variables between M and F, M and S as well as M and G are in Figure
3-13B, 3-14A and 3-14B respectively.
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Table 3-9 Identification of significant cell metabolites between C and M with VIP predictive value > 1.
No.
1
2

Variable ID
(m/z/RT)
530.3529/15.72
376.2630/12.74

VIP value
1.82150
1.69341

Molecular
formula
C22H39N15O
C26H33NO

Ion
species
[M+H]+

Ions (m/z)
530.3529

Error
(ppm)
-1.13

Identification

p-value

-

0.009

Regulation
against C
Down

[M+H]

+

376.2618

-4.52

-

0.497

Up

+

3

137.0465/1.38

1.62224

C5H4N4O

[M+H]

137.0463

3.65

Hypoxanthine

0.003

Down

4

132.1028/1.94

1.57135

C6H13NO2

[M+H]+

132.1024

3.78

Isoleucine

0.025

Down

[M+H]

+

120.0816

6.66

-

0.010

Up

[M+H]

+

162.1130

3.08

Carnitine

0.004

Down

+

308.0936

3.89

Glutathione

0.004

Down

-

-

-

0.001

Up

421.3214

0.24

-

0.958

Down

5
6

120.0816/3.47
162.1136/0.98

1.39191
1.37428

C8H9N
C7H15NO3

7

308.0936/1.38

1.32748

C10H17N3O6S

[M+H]

8

773.5015/12.74

1.25213

-

+

9

421.3214/12.74

1.24548

C28H40N2O

[M+H]

10

522.6024/16.92

1.15417

-

-

-

-

-

0.823

Down

11

494.5707/16.52

1.10268

-

-

-

-

-

0.618

Down

12

398.2455/12.74

1.03696

C23H31N3O3

[M+H]+

398.2440

0.50

-

0.039

Up

C = control group; M = model group.
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Figure 3-13 SUS plot for the comparison of the metabolic proﬁle induced by model
and the proﬁles induced either by O (A) or F (B) both sharing a common control group.
Potential biomarkers of a common effect to both M and treatment groups are located
along the green line. When some variables have an opposite regulation (but still
discriminative), they are along the purple line on the upper left region. This approach
allows in particular the discrimination between endogenous potential biomarkers and
herbal medicine metabolites, of which the latter are located in the upper region along
y-axis in the up regulated direction while that in down regulation direction are
endogenous potential biomarkers induced by different MOR processing products.
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Figure 3-14 SUS plot for the comparison of the metabolic proﬁle induced by model
and the proﬁles induced either by S (A) or G (B) both sharing a common control group.
Potential biomarkers of a common effect to both M and treatment groups are located
along the green line. When some variables have an opposite regulation (but still
discriminative), they are along the purple line on the upper left region. This approach
allows in particular the discrimination between endogenous potential biomarkers and
herbal medicine metabolites, of which the latter are located in the upper region along
y-axis in the up regulated direction while that in down regulation direction are
endogenous potential biomarkers induced by different MOR processing products.
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Variables that regulated in the same way, i.e. along the green diagonal line, were
common in M and treatment groups. Among all the variables selected by these SUS
plots, 13 out of 30 variables were commonly up-regulated while 10 out of 30 variables
were commonly down-regulated between M and O (Figure 3-13A). 13 out of 31
variables between M and F were commonly up-regulated and 11 out of those were
commonly down-regulated (Figure 3-13B). Variables commonly up-regulated and
down-regulated for M and S were 12 and 14 out of 35 respectively (Figure 3-14A).
While 9 and 10 out of 31 variables were respectively up-regulated and down-regulated
between M and G (Figure 3-14B). These variables did not only indicated the
underlying metabolic pathway(s) altered from C to M, but also showed the related
metabolic pathway(s) that is/are not affected by MOR processing products. For some
variables having an opposite regulation in M and treatment groups (but still
discriminative), they were positioned along the purple line on the upper left region.
These variables were also common in both M and treatment groups but evolve in
opposition regulations. In Table 3-10, L-tyrosine (182.0822/1.70) for O and
530.3529/15.72 for both F and G were found as variables having an opposite regulation
in M and treatment groups. As referred to Table 3-9, 530.3529/15.72 is a significant
variable between C and M and it showed down regulation in M. Both F and G showed
opposite regulation (up regulation) of this variable, which could be indicating the
possible effects of F and G in reverting the metabolic changes of this variable caused
by high glucose microenvironment in HEK 293 cells.
Variables altered only by M were along the x-axis (red boxes) while variables
altered only due to MOR processing products were located along the y-axis (blue
boxes). For variables having up regulation directions in the positive region of red or
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blue boxes, they could be the exogenous metabolites derived from glucose or different
MOR processing products. While for those variables showing down regulation are
corresponding to endogenous potential biomarkers specific to M or different MOR
processing products. Selections of exogenous or endogenous variables depend on
p(corr) value. It is the loadings scaled as a correlation coefficient, thereby ranging from
-1.0 to 1.0. Although there is no consensus on what p(corr) value cutoff represents
significance of variables, absolute p(corr) value greater than 0.4 to 0.5 is a common
practice
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. In order to understand the effect of metabolic influences of different

processing products, the p(corr) values of each variable in blue boxes of the SUS plots
were shown in Table 3-10. Possible identification of these variables, especially
endogenous variables, were performed using a web-based tool called MyCompoundID
(http://www.mycompoundid.org/mycompoundid_IsoMS/index.jsp) 176. Four variables
of the drug metabolites were found in O treatment group, namely oleoylcarnitine
(426.3613/14.13),

494.5705/16.52,

lysoPC(16:0)

(496.3440/14.64)

and

522.6021/16.94. While three drug metabolites of F was found, including pantothenic
acid (220.1197/4.40), 426.3618/14.13 and lysoPC(16:0) (496.3445/14.64). Similar
drug

metabolites

such

as

oleoylcarnitine

(426.3618/14.13),

phenylalanine

(166.0875/3.48) and pantothenic acid (220.1195/4.40) were found for both S and G.
Glutathione (308.0933/1.38) and 508.5859/16.85 was also found in S while 2Phenylacetamide

(136.0765/1.70),

LysoPC(16:0)

(496.3438/14.64)

and

522.3593/14.68 were found in G. Among them, 494.5707/16.52, 522.6021/16.94 and
glutathione (308.0933/1.38) were the variables derived from glucose while the others
were derived from MOR processing products and these three variables were present in
O, S and G. This suggested O, S and G could not effectively prevent the changes of
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these variables made from high glucose microenvironment. Variables featuring high
p(corr) values in the treatment groups and low p(corr) values for M, represented
putative biomarkers important in the metabolic influence of different processing
products independent of M. As seen in Table 3-10, variables of phenylalanine
(166.0872/3.47) for O and 393.2897/12.74 for both S and G were the possible
endogenous biomarkers different from M induced by these processing products. The
above had revealed cell metabolic changes caused by different MOR processing
products on high glucose induced DN in HEK 293 cells. The underlying metabolic
pathway influenced by different processing products need further identification and
data processing.
Table 3-10 p(corr) values of variables in blue boxes and upper region of purple line in
SUS plots of Figure 3-13 and Figure 3-14.
Variable ID
Variables in SUS plot of Figure 3-13A
166.0872/3.47*
426.3613/14.13#
494.5705/16.52#
496.3440/14.64#
522.6021/16.94#
182.0822/1.70^
Variables in SUS plot of Figure 3-13B
220.1197/4.40#
426.3618/14.13#
496.3445/14.64#
530.3529/15.72^
Variables in SUS plot of Figure 3-14A
393.2897/12.74*
426.3618/14.13#
166.0875/3.48#
220.1195/4.40#
308.0933/1.38#
508.5859/16.85#
Variables in SUS plot of Figure 3-14B
393.2894/12.74*
426.3614/14.13#
136.0765/1.70#
166.0872/3.48#

p(corr)
[C vs M]
[C vs O]
-0.3108
0.7856
0.1249
-0.8955
0.1004
-0.5413
-0.2817
-0.7692
0.2187
-0.5995
-0.5997
0.7702
[C vs M]
[C vs F]
-0.3767
-0.7219
0.1170
-0.7917
-0.2825
-0.5035
-0.8658
0.8829
[C vs M]
[C vs S]
-0.1572
0.9411
0.1555
0.7379
-0.2920
-0.8535
-0.3455
-0.8737
-0.4900
-0.8494
-0.1214
-0.5855
[C vs M]
[C vs G]
-0.1766
0.9203
0.0808
0.7291
0.4203
-0.6939
-0.3071
-0.5359
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Possible identification
Phenylalanine
Oleoylcarnitine
LysoPC(16:0)
Tyrosine
Pantothenic acid
Oleoylcarnitine
LysoPC(16:0)
Oleoylcarnitine
Phenylalanine
Pantothenic acid
Glutathione
Oleoylcarnitine
2-Phenylacetamide
Phenylalanine

220.1192/4.40#
496.3438/14.64#
522.3593/14.68#
530.3529/15.72^

-0.3552
-0.2828
-0.1724
-0.8702

-0.9008
-0.7707
-0.6357
0.6538

Pantothenic acid
LysoPC(16:0)
-

* = potential endogenous biomarkers induced by different MOR processing products
# = exogenous metabolites from different MOR processing products
^ = endogenous metabolites altered in opposite direction between M and treatment
groups

3.4 Concluding remarks
By integrating metabolomics and glycomics, we had shown chemical variation and
different metabolic influences of MOR and its processing products on high glucose
induced diabetic nephropathy in HEK 293 cells. Secondary metabolome of O and other
processing products was found qualitatively different by PLD-DA and OPLS-DA.
Quantitative study showed increase in the six selected secondary metabolites to
different extent. Especially for S, the highest content of deasperulosidic acid in it was
accounted for one of the reasons of quality discrimination. Glycome analysis showed
totally different classification between O and other processing products. A general
decrease in content was found in quantitative study, whereas monosaccharides, namely
fructose and mannose, and sucrose were found to have relatively steady increase in
content. Content of oligosaccahrides and polysaccharides were found decreased
significantly, of which indicated glycome with larger molecular weight was more
readily to be degraded during processing, and thus give rise in content of
monosaccharides and sucrose. These differences were believed to contribute to the
bioactivity difference of these MOR materials.
In cell metabolomics study, the PLS-DA results showed F might be useful in
preventing DN development under high glucose microenvironment for HEK 293 cells.
SUS plots were successfully applied to discriminate endogenous putative biomarkers
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and exogenous metabolites from glucose or MOR processing products. By studying
p(corr) values of different variables, the possible effects of different MOR processing
products were showed. Both F and G could up regulate 530.3529/15.72, of which
showed down regulation in M. While O, S and G could not prevent changes of
494.5707/16.52, 522.6021/16.94 and glutathione derived from glucose in M condition.
Phenylalanine (166.0872/3.47) for O and 393.2897/12.74 for both S and G were the
possible endogenous biomarkers different from M induced by these processing
products. These had shown how different processing products of MOR exerted their
effects on high glucose induced DN in HEK 293 cells. However, further study on
metabolite identification and metabolic pathway was needed in order to have a more
comprehensive understanding of MOR on DN.
This study was the first to provide scientific evidences for the justification of MOR
and its processing products, as well as their metabolic effects on high glucose induced
DN in HEK 293 cells.
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CHAPTER 4

POLYSACCHARIDES EXTRACTION

4.1 Introduction
Polysaccharides have been becoming progressively appreciated as some of the
most important kinds of chemical ingredients in herbal medicines due to their various
medicinal values, such as anticancer 177, immune regulation

178

, hyperglycemic

179,180

and prebiotic-like effects 181. Intensive research interests have been therefore focused
on

polysaccharides

in

herbal

medicines.

Nevertheless,

nowadays

natural

polysaccharide research still suffers from multidisciplinary methodological bottlenecks:
structural elucidation 182, quality control 183, in vivo detection 184 and in vivo molecular
target exploration 185–187. However, as the first step to tackle these challenges, sample
extraction is equally important and still needs more consideration 188.
As studied in the extraction method optimization for polysaccharides in MOR, we
found that the polysaccharides obtained from boiling water extraction (BWE) and
ultrasound-assisted extraction (UAE) were obviously different (Figure 4-1). For
thousands of years, herbal medicines were generally prepared by repeated water boiling.
For example, in traditional Chinese medicine (TCM), decoctions (boiled water extracts)
are the most commonly used medication form for disease treatment

189,190

. That is to

say, in long-term clinical practice, polysaccharides obtained by BWE are the effective
substances (taken forms) of the whole polysaccharides originally occurring in the
herbal medicines. However, recently UAE using bath or probe-based systems has often
been employed instead of BWE for extracting polysaccharides from herbal medicines
for further chemical or pharmacological testing in relevant laboratory research

102–109

.

The principle of UAE could be briefly summarized as follows: ultrasound induces
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formation, expansion and implosive collapse of thousands of microbubbles, known as
“acoustic cavitation”, when propagates through liquid medium. The violent collapse of
these bubbles generates very high temperature (2,000-10,000 K) and pressure (1001000 MPa) that then facilitate solvent penetration into material cells and mass transfer
into the solvent. Other chemical or physical forces produced by cavitation, such as •OH
and •H radicals, microjets, shear forces and shock waves, also potentially contribute to
the mass dissolving and diffusion

191

. Multifaceted advantages of UAE over

conventional BWE for natural product/food extraction have been reported, in which
stronger extraction ability and efficiency are typically highlighted 192,193. However, it
has been demonstrated that UAE could degrade certain natural polysaccharides with
different structural properties, namely pectin, carrageenan, chitosan and starch, thereby
changing their chemical, physical and biological properties, and multiple UAE
parameters (e.g., ultrasonic power, extraction time and temperature) could substantially
affect such degradation 194–196.
2944 kDa

1 kDa

Figure 4-1 HPGPC chromatogram of MOR polysaccharides obtained from BWE and
UAE.
Herein we pose the question, from a holistic perspective, of whether and how UAE
impacts the various polysaccharides in herbal medicines, and thereby extracts
quantitatively and qualitatively different total polysaccharides compared to
conventional BWE. The issues above are significant to evaluate whether the UAErelated research is instructive for the actual usage of herbal polysaccharides. Although
certain differences between total polysaccharides from same herbal medicine by UAE
and BWE have been indeed found in several cases 107,197–200, these studies focused on
only individual samples, from which overall findings and conclusions were difficult to
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obtain. Furthermore, most of them did not adequately consider the UAE parameters as
well as the structural properties of herbal polysaccharides, both of which could be
decisive for the extraction outcomes. For example, some reports have employed UAE
without optimizing the conditions

197,198

, while others only compared the extraction

yields 199,200.
Thus, a more systemic and further investigation was performed in this study. Three
other frequently-used herbal medicines, namely Ginseng Radix et Rhizome (GR) (the
root and rhizome of Panax ginseng), Astragali Radix (AR) (the root of Astragalus
membranaceus), and Dendrobii Officinalis Caulis (DO) (the stem of Dendrobium
officinale) were selected as study models considering their dominant polysaccharide
components

201–203

. We chemically investigated and compared the polysaccharides

obtained by UAE and BWE from the three herbal medicines by phenol-sulphuric acid
analysis and high performance gel permeation chromatography coupled with charged
aerosol detector (HPGPC-CAD) analysis. To achieve the optimal extraction conditions,
UAE was examined by response surface methodology (RSM), for which was also
examined to see how UAE conditions impact the herbal polysaccharides obtained;
while BWE was optimized by repeated boiling. Afterwards, two series of natural
product-derived standard glucans, namely dextran and pullulan, with different
structural features in polymerization degrees, types of sugar chain and glucosidic
linkage were extracted by the optimized UAE and BWE conditions to further
investigate how the structural properties of polysaccharides affected their recovery.
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4.2 Experimental
4.2.1 Chemical and materials
Ammonium acetate (purity ≥ 98%, chromatographic grade) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Deionized water was prepared by Millipore
Milli Q-Plus system (Bedford, MA, USA). Sulfuric acid (98%) from RCI Labscan
(Bangkok, Thailand), ethanol (analytical grade) from Merck (Darmstadt, Germany),
and phenol from Sigma-Aldrich were used. The dextran and pullulan reference
substances (Figure 4-2) with known molecular sizes (1–670 kDa for dextrans, 6–805
kDa for pullulans), and D-glucose were purchased from Sigma-Aldrich and Shodex
(Tokyo, Japan). The herbal materials of GR, AR and DO were purchased from their
geo-authentic product areas, i.e., Jilin, Inner Mongilia and Anhui Province of PRC,
respectively, and authenticated by Prof. Hu-Biao Chen. Voucher specimens of these
samples were deposited at the School of Chinese Medicine, Hong Kong Baptist
University, Kowloon Tong, Hong Kong.
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Figure 4-2 Chemical structures of standard glucans, branched dextran (A) and
unbranched pullulan (B).
4.2.2 Sample preparation
4.2.2.1 UAE
Box-Behnken Design and Statistical Analysis
The UAE conditions were examined by RSM with a Box-Behnken design (BBD).
Based on the results of single-factor tests of each herbal medicine (Figure 4-3), the
level ranges of extraction temperature (X1), extraction time (X2) and ultrasonic power
(X3) for extraction of GR, AR and DO were determined.
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Figure 4-3 Effect of different temperature (A), extraction time (B) and ultrasonic
power (C) on the polysaccharide yield in the herbal samples by single-factor test.* p <
0.05, compared with the previous one.
With the three selected independent variables, polysaccharide yield (Y) was taken
as the dependent response of the designed experiments. The coded levels and actual
values of the independent variables were shown in Table 4-1, for which the actual
levels of the coded variables were determined according to Equation (1).
𝒙𝒊 =

𝑿𝒊 − 𝑿𝟎
∆𝑿

(1)

In Equation (1), 𝑥𝑖 refers to the coded level while 𝑋𝑖 is the actual value of the
variable, 𝑋0 represents the actual value of the variable at centre point and ∆𝑋 is the step
change value. 15 experimental runs in triplicate, with three center points, were
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randomized to minimize the effects of unexpected variables in the observed responses.
The software Design-Expert 8.0 (Stat-Ease, Inc., Minneapolis, MN, USA) was applied
for generating experimental design, regression model (Equation (2)) and statistical
analysis.
𝟑

𝒀 = 𝜷𝟎 +

𝟑

𝟑

∑ 𝜷𝒊 𝑿𝒊 + ∑ 𝜷𝒊𝒊 𝑿𝟐𝒊
𝒊=𝟏

𝟑

(2)

+ ∑ ∑ 𝜷𝒊𝒋 𝑿𝒊 𝑿𝒋

𝒊=𝟏

𝒊=𝟏 𝒋=𝒊+𝟏

In Equation (2), Y refers to the dependent variable, which is the extraction yield of
crude polysaccharides in herbal medicines. β0 is a constant while βi, βii and βij are
regression coefficients estimated by the model for linearity, square and interaction. Xi
and Xj are the different levels of independent variables. With the regression model
deduced, three additional confirmation experiments were conducted to verify the
validity of the regression model.
Table 4-1 Coded levels and actual values of independent factors for BBD experiments.
Natural
Samples
GR
AR
DO

Independent Variables

−1
70
48
160
65
24
160
60
40
160

Temperature (X1) (°C)
Extraction time (X2) (min)
Ultrasonic power (X3) (W)
Temperature (X1) (°C)
Extraction time (X2) (min)
Ultrasonic power (X3) (W)
Temperature (X1) (°C)
Extraction time (X2) (min)
Ultrasonic power (X3) (W)

Level
0
80
72
230
75
48
230
70
50
230

+1
90
96
300
85
72
300
80
60
300

Extraction procedure
Herbal material was oven-dried and powdered by a RT-04 grinder (Rong Tsong
Precision Technology Co., Taichung, Taiwan) to pass through 80-mesh sieve. 10 mL
deionized water was added to 0.05 g of GR and AR powder and 0.1 g of DO powder
in a flat-bottomed 20-mL sample vial with 20 mm diameter. The extraction was
performed with a CP2600D ultrasonic machine (Crest, Trenton, NJ, USA) under water
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bath working at a frequency of 45 kHz with a usable capacity of 26 L. The sample vials
was placed in the middle of the water bath with 11 cm above the transducer and the
water level was kept at approximately 2.5 cm from the top. The extraction temperature,
time and ultrasonic power were set according to the corresponding experimental design
(Table 4-2). The extract of each run in triplicate was centrifuged and the supernatants
were then obtained for further analysis.
Table 4-2 Experimental designs of BBD for polysaccharide yields.
Run

X1

X2

Level of Temperature

Level of Extraction Time

1
0
0
−1
0
0
0
1
−1
−1
1
−1
0
0
1

0
0
1
0
0
1
0
1
1
0
−1
−1
−1
−1
0

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

X3
Level of Ultrasonic
Power
−1
0
−1
1
0
1
0
0
0
−1
0
0
−1
1
1

4.2.2.2 BWE
For each sample, 0.1 g of powder was extracted with deionized water at 100 °C
(10 mL × 1 h × 2 times). The extracted solutions were combined and then centrifuged
at 4000 rpm for 10 min. The supernatants were transferred for subsequent analysis.
4.2.2.3 Preparation of Crude Polysaccharide
The extracts obtained by UAE and BWE for each sample were adjusted to same
ratio of material (g) to solution (mL) (1:200 for GR and AR, 1:100 for DO). 2 mL of the
supernatants from UAE and BWE were then precipitated respectively with the addition
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of absolute ethanol to a final concentration of 90% (v/v) and incubated for 12 h in a
4 °C refrigerator. After centrifugation (4000 rpm for 10 min), the precipitates were
collected, washed with ethanol, air-dried (water bath, 60 °C) to remove any residual
ethanol, and then was completely re-dissolved in hot water (60 °C) (16 mL for GR and
DO, 4 mL for AR). Finally, the resulting solution was subjected to phenol-sulphuric
acid analysis for quantitative determination of polysaccharides. For qualitative
investigation, each solution was filtered through a 0.22 μm CA syringe filter (Agilent
Technologies, Waltham, MA, USA) for HPGPC-CAD analysis.
4.2.3

Phenol-Sulphuric Acid Analysis

The amount of polysaccharide in the crude polysaccharide solutions was
determined using phenol-sulphuric acid analysis by V-350 UV/VIS spectrophotometer
from Jasco (Tokyo, Japan). 0.4 mL of each solution was mixed with 0.4 mL of 5% phenol
and 2 mL concentrated sulphuric acid (98%). Using D-glucose as a reference standard
to construct a standard curve under the same analytical conditions, the extraction yield
of crude polysaccharide was calculated as follows:
Polysaccharide yield (%) =

weight of determined polysaccharide (g)
× 100%
weight of sample (g)

(3)

4.2.4 HPGPC-CAD analysis
The crude polysaccharide extracts of samples were qualitatively analyzed using
HPGPC performed on a Dionex UltiMate 3000 series ultra-high performance liquid
chromatography and diode array detector (UHPLC-DAD) system coupled with Dionex
Corona Veo CAD from Thermo Scientific (Waltham, MA, USA). Two tandem TSK
GMPWXL columns (300 × 7.8 mm i.d., 10 μm) were employed for analysis.
Ammonium acetate aqueous solution (20 mM) was used as mobile phase at a flow rate
168

of 0.6 mL/min. The column temperature was constantly kept at 40 °C. The parameters
of CAD were set as follows: data collection rate at 2 Hz, filter at 10 s, gain at 100 pA,
nebulizer heater at 60 °C and gas regulator mode at analytical. UV detection
wavelengths were set at 260 and 280 nm. An aliquot of 20 μL solution was injected for
analysis.
Aqueous stock solutions of dextrans (2 mg/mL) with different molecular weights
(1, 5, 12, 25, 50, 80, 150, 270, 410, and 670 kDa) and pullulans (2 mg/mL) (Figure 42) with different molecular weights (6, 10, 21.7, 48.8, 113, 210, 366 and 805 kDa) were
injected into the HPGPC-CAD using the abovementioned conditions for the
construction of the molecular weight-retention time calibration curve by plotting
logarithm of the molecular weight versus retention time of each analyte.
4.2.5 Spiked Recovery Testing on Standard Glucans
The ten dextrans and eight pullulans mentioned above were accurately weighed
(about 1 mg each) and then were respectively spiked into the blank powder of AR,
which was prepared by repeated extraction until no sugar was detected by both phenolsulphuric acid analysis and HPGPC-CAD analysis. The spiked samples were extracted
in triplicate by the optimized UAE and BWE methods for AR, respectively.
Subsequently the supernatant of each extract after centrifugation (4000 rpm, 10 min)
was directly injected into HPGPC-CAD for qualitative and quantitative analysis.
Aqueous stock solutions of the standard glucans were diluted to appropriate
concentrations to construct standard curves for the quantitative determination of
recovered dextrans and pullulans. Five concentrations of each standard solution were
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analyzed by HPGPC-CAD, and then the calibration curves were established by plotting
the logarithm of peak areas versus the logarithm of concentrations of each analyte.

4.3 Results and discussion
4.3.1 Optimization of Sample Preparation
In order to equally compare the UAE- and BWE-obtained polysaccharides under
the maximum extraction ability (polysaccharide yields) of the two methods, the
conditional parameters for UAE and BWE were optimized by RSM with BBD and
repeated boiling, respectively.
4.3.1.1 UAE
RSM with BBD is an effective statistical technique for optimizing complex
extraction processes involving multiple conditional parameters

204

. By a sequence of

designed experiments, it generates a quadratic model to explore the relationships
between several explanatory variables and one or more response variables, which are
difficult to be elucidated by conventional optimization method, e.g., single factor
analysis. RSM with BBD has been widely adopted to optimize the UAE conditions for
natural polysaccharides

103,105–109,200

. Therefore, it was employed here to acquire the

optimal conditions for UAE of GR, AR and DO polysaccharides, and the procedure
was carried out as follows.
Statistical Analysis and Model Fitting
The corresponding extraction yields of 15 runs using BBD design for the three
natural samples were presented in Table 4-3.
Table 4-3 Response values for polysaccharide yields of GR, AR and DO by BBD (n =
3).
Run

Y
Polysaccharide Yield (%)
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GR
28.60
46.26
43.56
31.67
44.28
42.05
48.84
29.89
37.17
33.77
31.42
35.89
38.47
45.22
27.04

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

AR
4.51
3.89
4.04
0.72
3.93
4.80
4.27
5.33
0.90
0.61
3.75
0.53
3.40
3.86
4.24

DO
38.83
41.03
36.93
36.61
44.21
38.75
38.76
35.63
30.55
24.63
36.64
31.41
37.97
42.69
35.45

The complete quadratic equation describing the relationship between the
independent variables and response variable of each herbal medicine was given by the
following equations:
GR:

𝑌 = 46.64 − 2.69𝑋1 + 0.21𝑋2 + 0.20𝑋3 − 0.70𝑋1 𝑋2 + 0.14𝑋1 𝑋3 −
2.06𝑋2 𝑋3 − 12.46𝑋1 2 − 0.41𝑋2 2 − 3.73𝑋3 2

(4)

AR:

𝑌 = 4.03 + 1.88𝑋1 + 0.44𝑋2 + 0.13𝑋3 + 0.30𝑋1 𝑋2 − 0.095𝑋1 𝑋3 +
0.075𝑋2 𝑋3 − 1.46𝑋1 2 + 0.05𝑋2 2 − 0.057𝑋3 2

(5)

DO:

𝑌 = 41.34 + 2.92𝑋1 − 0.86𝑋2 + 1.89𝑋3 − 0.038𝑋1 𝑋2 − 3.84𝑋1 𝑋3 −
0.72𝑋2 𝑋3 − 6.49𝑋1 2 − 1.29𝑋2 2 − 0.96𝑋3 2

(6)

The analysis of variance (ANOVA) of the regression model of each sample
analyzed by Design-Expert 8.0 is presented in Table 4-4. The large model F-value and
small p-value (p < 0.05) indicated that the coefficients were statistically significant.
The determination coefficients were 0.9696 for GR, 0.9912 for AR and 0.9480 for DO,
which suggested that 96.96%, 99.12% and 94.80% of the total variations of each model
could be accounted for by the model. The adjusted determination coefficient was also
in reasonable agreement with the predicted determination coefficient of each sample
as the difference between the two coefficients was within 0.2, which suggested the
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predicted and observed values of the three models were in high correlation. A relatively
low

coefficient

variation

value

in

the

three

regression

models

(C.V. = 5.50% for GR; C.V. = 8.03% for AR; C.V. = 5.13% for DO) revealed a good
precision and reliability of the model to predict experimental results. The significance
of the regression model was also determined by the lack of fit test. As the lack of fit
test of the three herbal samples resulted in a large p-value (p = 0.6330 for GR; p =
0.3538 for AR; p = 0.9407 for DO), this implied that the lack of fit was not significant
relative to the pure error, which confirmed the goodness-of-fit and suitability of the
model for prediction of the response values under any combination of the independent
variables.
Table 4-4 Analysis of variance for the fitted quadratic polynomial models of
polysaccharide yields.
Source
Model
X1
X2
X3
X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of
Fit
Pure Error
Cor Total

Sum of
Squares
681.96
58.02
0.34
0.32
1.98
0.074
17.05
573.59
0.61
51.31
21.37

Degree of
Freedom
GR
9
1
1
1
1
1
1
1
1
1
5

Mean Square

F-Value

p-Value

75.77
58.02
0.34
0.32
1.98
0.074
17.05
573.59
0.61
51.31
4.27

17.73
13.58
0.081
0.074
0.46
0.017
3.99
134.21
0.14
12.01

0.0028
0.0142
0.7879
0.7960
0.5266
0.9002
0.1023
<0.0001
0.7202
0.0179

0.70

0.6330

10.95

3

3.65

10.41
703.32

2
14

5.21

R2 = 0.9696

Adj R2 = 0.9149

Model

38.47

X1
X2
X3
X1X2

Pred R2 =
0.7175

C.V. =
5.50%

9

4.27

62.77

28.42

1

28.42

417.28

1.56
0.14
0.37

1
1
1

1.56
0.14
0.37

22.92
2.08
5.42

AR
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0.0001
<
0.0001
0.0049
0.2084
0.0673

X1X3
X2X3
X12
X22
X32
Residual
Lack of
Fit
Pure Error
Cor Total

0.036
0.022
7.82
9.275 × 10−3
0.012
0.34

1
1
1
1
1
5

0.036
0.022
7.82
9.275 × 10−3
0.012
0.068

0.53
0.33
114.81
0.14
0.18

0.5004
0.5913
0.0001
0.7272
0.6911

0.25

3

0.085

1.97

0.3538

0.086
38.81

2
14

0.043

R2 = 0.9912

Adj R2 = 0.9754

Model
X1
X2
X3

322.24
68.17
5.85
28.64

X1X2
X1X3
X2X3
X12
X22
X32
Residual
Lack of
Fit
Pure Error
Cor Total

Pred R2 =
0.8901

C.V. =
8.03%

9
1
1
1

35.80
68.17
5.85
28.64

0.0101
0.0071
0.2545
0.0360

5.658 × 10−3

1

5.658 × 10−3

58.94
2.10
155.59
6.13
3.44
17.67

1
1
1
1
1
5

58.94
2.10
155.59
6.13
3.44
3.53

10.13
19.29
1.66
8.10
1.601 ×
10−3
16.68
0.59
44.02
1.73
0.97

2.69

3

0.90

0.12

0.9407

14.99
339.91

2
14

7.49

R2 = 0.9480

Adj R2 = 0.8544

DO

Pred R2 =
0.7743

0.9696
0.0095
0.4761
0.0012
0.2451
0.3694

C.V. =
5.13%

Verification of Predictive Model
From the statistical analysis, the predicted optimal extraction conditions for each
herbal medicine is summarized in Table 4-5. To verify the suitability of the model
equation for prediction, triplicate confirmatory experiments under the optimal
condition with slight modification were carried out. The average yields of
polysaccharide of the three herbal samples were very close to the predicted values,
which suggested the model was suitable for the optimization of extraction condition. The
extraction efficiency by UAE was indeed improved by using a lower temperature and
shortened extraction time as compared with BWE. The polysaccharides from different
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sources required different optimal extraction conditions, and interestingly that lower
polysaccharide yield did not seem to warrant easier extraction. For example, the
polysaccharide yield of AR (5.43%) was far less than that of DO (42.78%), but the
UAE conditions was much harsher for the polysaccharide preparation of AR than DO,
i.e., higher temperature (82.19 °C for AR; 69.31 °C for DO) and longer extraction time
(72 min for AR; 44 min for DO). This phenomenon reflects well the diversity of
polysaccharides from herbal medicines.
Table 4-5 Verification results of the predicted optimal extraction condition for
polysaccharides (n = 3).
Natural
Samples
GR
AR
DO

Condition
Predicted
Modified
Predicted
Modified
Predicted
Modified

Temperature
(°C)
78.62
80
82.19
80
69.31
70

Extraction
Time (min)
95.99
96
72
72
43.89
44

Ultrasonic
Power (W)
212.26
230
300
300
300
300

Polysaccharide
Yield (%)
46.73
47.95 ± 0.30
5.43
5.24 ± 0.06
42.78
42.37 ± 0.83

4.3.1.2 BWE
In order to simulate the traditional clinical practice of Chinese medicines, the
sample powder of each herbal medicine was refluxed repeatedly at 100 °C (1 h each
time) until no sugar was detected in the subsequent extraction by phenol-sulphuric acid
analysis. With two extractions, the polysaccharides in GR, AR and DO could be
completely extracted.
4.3.2 Quantitative Comparison of Polysaccharides in Herbal Medicines by UAE
and BWE
To reveal the differences between UAE and BWE, we first quantitatively
compared the polysaccharides extracted from GR, AR and DO by these two methods
under their respective optimal conditions using phenol-sulphuric acid analysis. As
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shown in Figure 4-4, the extraction yields of polysaccharides by UAE and BWE were
significantly different for each sample (p < 0.05 for GR and AR; or p < 0.01 for DO).
To be specific, UAE extracted more polysaccharides from GR and DO but less from
AR compared with BWE (GR: 47.95% by UAE and 42.99% by BWE; DO: 42.37% by
UAE and 35.86% by BWE; AR: 5.24% by UAE and 7.88% by BWE). Previous studies
always asserted higher yields by UAE than BWE for polysaccharide extraction from
herbal medicines

199,200

. However, our study demonstrated that UAE can potentially

produce lower polysaccharide yield than BWE, just as in the case of AR.

Figure 4-4 Quantitative comparison of polysaccharides by UAE and BWE
* p < 0.05; ** p < 0.01.
4.3.3 Qualitative Comparison of Polysaccharides in Herbal Medicines by UAE
and BWE
The quantitative analysis preliminarily indicated that the herbal polysaccharides
extracted by UAE and BWE could be different. Therefore we further qualitatively
compared the polysaccharides from GR, AR and DO obtained by UAE and BWE using
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HPGPC-CAD. The HPGPC-CAD chromatograms of GR, AR and DO polysaccharides
by UAE and BWE were shown in Figure 4-5A to 4-5C. The peaks showed no obvious
absorbance under UV 260 nm and 280 nm (data not shown), suggesting the absence of
abundant free and conjugated nucleic acids or proteins and therefore no significant
interference with polysaccharide analysis under the conditions used. It was obviously seen
that the polysaccharide profiles from GR, AR and DO by conventional BWE differed
completely in both molecular weight distribution and peak patterns. Calculated by the
established molecular weight-retention time calibration curve (y = −0.2982x + 9.8266
with R2 = 0.9873), BWE-obtained polysaccharides from GR and AR possessed similar
molecular weight distributions of 1.37 kDa to 7805.85 kDa and 1.55 kDa to 8134.15
kDa, respectively, while those from DO exhibited a wider range from 1.27 kDa to
11232.23 kDa. In addition, the chromatograms of GR, AR and DO polysaccharides by
BWE gave dominant peaks at different retention times with distinct molecular weights:
peak a (23.55 min, 635.47 kDa) for GR; peaks b (21.49 min, 2612.70 kDa), c (25.28
min, 193.74 kDa), d (29.25 min, 12.73 kDa) for AR, peaks e (23.33 min, 742.65 kDa)
and f (30.51 min, 5.37 kDa) for DO. The chromatograms further demonstrated the
variability of herbal medicinal polysaccharides. With respect to UAE, we were amazed
to find that the UAE-obtained polysaccharides (Figure 4-5A to 4-5C) showed
significantly different qualitative characteristics compared to the BWE-obtained
polysaccharides. For example, UAE narrowed the molecular weight distributions of
GR (1.37 kDa to 7237.99 kDa) and AR (1.55 kDa to 6665.52 kDa) polysaccharides
compared with BWE. Moreover, peak a in GR moved rearward by UAE, producing a
higher peak g (23.55 min to 24.30 min, 635.47 kDa to 379.70 kDa); peaks b and c in
AR disappeared, instead peak h occurred in the same area. These phenomena suggested
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that UAE likely resulted in the degradation of certain polysaccharides in GR and AR.
Conversely, the maximum molecular weight of BWE-obtained DO polysaccharides
was greatly increased from 11232.23 kDa to 23257.23 kDa by UAE. Accordingly, the
dominant peak e shifted forward compared with peak i (23.33 min to 22.95 min, 742.65
kDa to 963.40 kDa). The broadened molecular weight range for DO polysaccharides
by UAE might be owing to the stronger extraction ability of UAE over BWE. Besides,
we also noticed that the effects of UAE on polysaccharides from herbal medicines
varied with molecular weights, for which polysaccharides with higher molecular weights
appeared to be more susceptible. As shown in Figure 4-5A to 4-5C, the molecular
weight distribution and peak pattern of polysaccharides larger than 20 kDa in the samples
were drastically changed by UAE, whereas the sub-20 kDa peaks (d and f) kept relatively
constant between UAE and BWE. Previous studies revealed that natural polysaccharides,
e.g., pectin
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and chitosan
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, with higher molecular weight could be more easily

depolymerized. Here the similar rule was also observed in herbal medicines. Moreover,
the degradation might mainly occur at the center rather than the terminal of sugar chains
194

, leading to the great changes in the up-20 kDa area (e.g., peak shift) but the minor

changes in the sub-20 kDa area. Various characteristic heteropolysaccharides with
molecular weights more than 20 kDa have been found in GR 207, AR 208, DO 209. UAE
might degrade these polysaccharides and thereby change their bioactivities, which
deserves further investigation. In a word, the powerful energy input of ultrasonic-driven
extraction and polysaccharide degradation might collectively contribute to the
differences between UAE-obtained polysaccharides and those obtained by BWE.
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Figure 4-5 HPGPC-CAD chromatograms of polysaccharides by UAE and BWE (A–
C, ––UAE; ––BWE) and dynamically-extracted polysaccharides by UAE (D–F) from
GR (A,D), AR (B,E) and DO (C,F).
4.3.4 Effects of Extraction Conditions on Polysaccharide Recovery by UAE
To further elucidate how the optimal UAE conditions affected the extraction
ability and polysaccharide degradation during the whole extraction process, the extract
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of each sample by UAE was dynamically monitored by HPGPC-CAD for every 10
minutes until the optimal extraction time was reached. The chromatograms are
summarized in Figure 4-5D to 4-5F. We discovered that sub-20 kDa polysaccharides
(e.g., peaks d and f) in the three samples were easily extracted even by the first 10 min
extraction and were not significantly changed by the subsequent extraction, whereas
polysaccharides above 20 kDa required longer duration extraction and underwent
irregular variation with the full-time extractions. In the dynamic extraction of GR
polysaccharides (Figure 4-5D), the molecular weight distribution of extracted
polysaccharides was gradually narrowed from a range of 1.37–13992.33 kDa to 1.37–
7237.99 kDa along with the increase of extraction time, indicating that the ultrasonicinduced degradation of polysaccharides continually occurred during the whole
extraction. Specifically, the first 10 min extraction generated two peaks (j and k) above
20 kDa. The increased extraction yield thereafter merged the two peaks into the
dominant peak g after 40 min extraction. However, the peak g was not persistently
increased by the following extraction, but remarkably decreased twice at 50 min and 80
min, almost resulting in the re-emergence of the peaks j and k. This suggested that
substantial degradation of polysaccharides by UAE happened at or before these two time
points. The peak g accordingly shifted backward from 23.26 min (778.15 kDa) by 40 min
extraction to 24.30 min (379.70 kDa) by 96 min extraction. The dynamic extraction of
AR polysaccharides exhibited a similar tendency as that of GR polysaccharides, i.e., the
narrowing down of the molecular weight distribution (from the range of 1.55–7913.78
kDa to 1.55–6665.52 kDa), the retrograding of dominant peak h (from 23.30 min, 754.48
kDa to 23.34 min, 736.56 kDa) as well as the substantial decrease of the dominant peak
h (at or before 40 min and 72 min, respectively, Figure 4-5E). Nevertheless, UAE
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widened the molecular weight distribution of DO polysaccharides from 1.27–17916.04
kDa at 10 min to 1.27–23257.23 kDa at 44 min with the constantly heightened
dominant peak e. This suggested that the UAE ability for DO polysaccharide extraction
was elevated in pace with the increased extraction time. Even so UAE still possibly
broke down the DO polysaccharides, evidenced by the slightly rearward peak e (from
22.81 min, 1056.97 kDa to 22.95 min, 963.40 kDa) (Figure 4-5F). The above facts
demonstrated that the effects of the optimal UAE conditions on extraction ability and
polysaccharide gradation could gradually or suddenly occurred, varying in different
samples, collectively resulting in the final extraction recovery. Besides, it also confirmed
our previous speculations that polysaccharides in herbal medicines with higher
molecular weight were more susceptible to UAE-induced degradation.
The RSM with BBD actually not only generates optimal UAE conditions, but also
comprehensively indicates how the UAE conditions differently affected the
polysaccharide recovery. The effects of multiple UAE conditions, i.e., extraction
temperature (X1), extraction time (X2) and ultrasonic power (X3), on the polysaccharide
yields from GR, AR and DO were summarized in Figures 4-6 to 4-8 and Table 4-4.
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Figure 4-6 Response surface plot (A–C) and contour plots (D–F) showing the effects
of temperature (X1), extraction time (X2) and ultrasonic power (X3) on the
polysaccharide yield (Y) of GR.
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Figure 4-7 Response surface plot (A–C) and contour plots (D–F) showing the effects
of temperature (X1), extraction time (X2) and ultrasonic power (X3) on the
polysaccharide yield (Y) of AR.
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Figure 4-8 Response surface plot (A–C) and contour plots (D–F) showing the effects
of temperature (X1), extraction time (X2) and ultrasonic power (X3) on the
polysaccharide yield (Y) of DO.
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Three coefficients, namely the linear coefficient, cross product coefficient and
quadratic term coefficient differently correlated the variables (UAE conditions) with the
polysaccharide yields. To be specific, the linear coefficient and cross product coefficient
indicated the linear effects (i.e., linear increase) of single variable (i.e., X1, X2 or X3) and
effects of interaction of double variables (e.g., X1X2) on the polysaccharides yields,
respectively, while the quadratic term coefficient represented that the single variable
exhibited quadratic effects on the polysaccharides yields. Their p-values expressed the
effects significantly (p < 0.05) or insignificantly (p > 0.05). As listed in Table 4-4, the
single variables that significantly affected the polysaccharide yields from GR, AR and
DO were different, i.e., extraction temperature (X1) for GR (p = 0.0142); extraction
temperature (X1) (p < 0.0001) and time (X2) (p = 0.0049) for AR; extraction temperature
(X1) for DO (p = 0.0071) were the significant coefficients. Besides, the interaction
between extraction temperature (X1) and ultrasonic power (X3) for DO (Figure 4-8E) was
significant to the polysaccharide yield (pX1X3 = 0.0095). The p-value of quadratic term
coefficient X12 for three models (p < 0.0001 for GR; p = 0.0001 for AR; p = 0.0012 for DO)
and ultrasonic power X32 (p = 0.0179) for GR model were small, which suggested that
extraction temperature (X1) for the three models and ultrasonic power (X3) for GR
exhibited quadratic effects on the dependent response (Figures 4-6A, 4-6B; 4-7A, 47B and 4-8A, 4-8B). Taking GR as an example to illustrate the quadratic effects by
multiple variables, the polysaccharide yield increased with temperature from 70 to 80 °C
and decreased afterward when ultrasonic power was fixed. Similarly, the polysaccharide
yield increased with the increase in ultrasonic power from 160 W to 265 W and declined
with the continued promotion of ultrasonic power from 265 W to 300 W (Figure 4-

184

6B). In short, the multiple UAE conditions could significantly affect the polysaccharide
yields, and that optimum conditions for different polysaccharides were different.
4.3.5 Effects of Structural Properties on Polysaccharide Recovery by UAE
To further clearly observe how structural properties of polysaccharides contribute
differently to their extraction recovery by UAE and BWE, we selected two standard
glucans, namely dextrans and pullulans, for spike recovery testing. Dextrans are a type of
branched glucans, consisting of straight chain linked by α-1,6-glycosidic bonds and
branched by α-1,3 linkages, while pullulans are unbranched glucans composed by
linear maltotriose units(α-1,4-glycosidic bonds linked trisaccharide) that are connected
with α-1,6 linkages (Figure 4-2). Obviously, the series of dextrans and pullulans
possessed different structural properties in terms of degree of polymerization as well as
the types of sugar chain and glucosidic linkage. The AR material was employed as the
spiked sample, in which the original AR carbohydrates were removed by BWE to
exclude detection interference. The optimal UAE and BWE conditions for AR
polysaccharides were used for the extraction of spiked samples. Then the recovered
dextrans and pullulans were analyzed by HPGPC-CAD, and the quantitation was
performed by the established standard curves (Table 4-6).
Table 4-6 Calibration curves of glucan standards for quantitation in spike recovery
testing.
Glucan standard

Dextran

Molecular Weight (kDa)
1
5
12
25
50
80
150
270
410
670
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Equation
y = 0.8386x − 1.4103
y = 0.7752x − 1.1793
y = 0.8546x − 1.3745
y = 0.8748x − 1.4518
y = 0.8496x − 1.4220
y = 0.8648x − 1.4031
y = 0.8727x − 1.3954
y = 0.8829x − 1.6447
y = 0.9081x − 1.6390
y = 0.8660x − 1.4596

R2
0.9993
0.9994
0.9995
0.9997
0.9990
0.9999
0.9998
0.9992
0.9997
0.9990

Pullulan

6
10
21.7
48.8
113
210
366
805

y = 0.7573x − 1.2547
y = 0.8543x − 1.4567
y = 0.8066x − 1.4053
y = 0.9954x − 1.9075
y = 0.9061x − 1.7526
y = 0.9544x − 1.6836
y = 0.8757x − 1.5806
y = 0.7647x − 1.5348

0.9998
0.9990
0.9994
0.9994
0.9994
0.9991
0.9991
0.9991

The peak symmetry and width of the recovered glucans were regarded as
measurements to determine whether the glucans could be quantified or not due to the
substantial qualitative change caused by the extraction, the glucans whose peak
symmetry factor or width varied over 5% by UAE were not quantified. The spike
recovery results of dextrans and pullulans are displayed in Figure 4-9, and typical
chromatograms are shown in Figure 4-10.

Figure 4-9 Quantitation results of recovered standard glucans by UAE and BWE
* p < 0.05; ** p < 0.01.
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Figure 4-10 HPGPC-CAD chromatograms of typical recovered standard glucans by
UAE and BWE
–– untreated; –– UAE; –– BWE.
As seen in the figures, the glucans responded differently to the extractions. Most
obviously, three pullulans with higher molecular weights (210 kDa, 366 kDa, 805 kDa)
were severely degraded by UAE, as evidenced by significantly tailed peaks (noted by
red arrows, Figure 4-10), i.e., elevated symmetry factor (210 kDa: from 1.16 to 1.63;
366 kDa: from 1.07 to 1.88; 805 kDa: from 1.08 to 1.97) and broadened peak width
(210 kDa: from 1.35 to 1.58; 366 kDa: from 1.34 to 1.74; 805 kDa: from 1.46 to 2.09).
Moreover, the degradation appeared to largely happen at the center of the chains, given
the narrow molecular weight variation, but a new peak a with molecular weight less
than 1 kDa was found in the recovered products of the three pullulans. Considering its
low molecular weight, we speculated that the peak a should be derived from minor
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terminal degradation. Differently, 91.12 %–104.74% of all spiked dextrans and
pullulans were recovered by BWE, while UAE also retrieved 91.75 %–104.83% all
dextrans and the remaining pullulans with lower molecular weights (6 kDa–113 kDa)
(Figure 4-9). The high recovery rates advised that the impacts of UAE and BWE on
these glucans were mild, regardless of their structural differences. The new peak a was
also detected in the chromatograms of these recovered glucans (Figure 4-10). This
suggests formation of terminal-degraded products from the glucans induced by
ultrasonic or thermal treatment 210. Besides, significantly deceased (p < 0.05 or p < 0.01)
rates of recovery by UAE were also determined on several glucans (25 kDa and 150
kDa dextrans, 6 kDa pullulan) (Figure 4-9), suggesting additional degradations by
UAE over BWE. To sum up, the spike recovery testing on pullulan further evidenced
that polysaccharides with higher molecular weight are indeed easier to be degraded by
UAE. In addition, unbranched polysaccharides should be more susceptible by UAE
than branched polysaccharides given the less recovered pullulans. Furthermore, α-1,4glycosidic bonds might be more fragile than α-1,6-glycosidic bonds in the pullulans
since the latter in the straight chains of dextrans were quite resistant to UAE, but this
requires further experimental verification.

4.4 Concluding remarks
In this study, using GR, AR and DO as illustrative samples, we experimentally
confirmed that polysaccharides from herbal medicines by UAE were quantitatively and
qualitatively different from those obtained by BWE. The powerful extraction ability
and polysaccharide degradation caused by ultrasound collectively contributed to the
differences. Furthermore, it was demonstrated that not only the UAE parameters

188

(extraction temperature, time and ultrasonic power) but also the structural properties of
the polysaccharides (polymerization degree, the types of sugar chain and glucosidic
linkage) could substantially and differently affect the extraction ability and
polysaccharide degradation, and thereby the extraction recovery of polysaccharides
from herbal medicines by UAE. Because UAE-obtained polysaccharides are
inconsistent with those obtained by the conventional preparation method (BWE) of
herbal medicines used in clinical practice, we highly recommended that quantitative
and qualitative effects of UAE on specific polysaccharides from herbal medicines,
which could be decisive to their bioactivities, should be considered before employing
it in any relevant chemical and pharmacological analysis.
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CHAPTER 5

SUMMARY AND FUTURE PROSPECTS

5.1 Summary
In this study, we have integrated metabolomics and glycomics to understand the
traditional usage of MOR. For the selection of growth year, the results suggested that
the 3rd to 4th years of growth are the key period for the development of the biochemical
signature of MOR. The constituents studied climaxed either at the 3rd (secondary
metabolites, monosaccharides, sucrose and polysaccharides) or 4th (inulin-type FOS
with DP6 to DP9) year of growth. These facts provide a chemical basis for the common
belief that MOR materials of 3-4 years of growth are of better quality. Such materials
do, in fact, have more abundant bioactive components. For the comparison of xylem
and cortex, the results demonstrated that the secondary metabolome and glycome of
the xylem and cortex of MOR were qualitatively and quantitatively different.
Furthermore, it was found that potentially toxic components, such as vernolic acid,
physcion and linoleic acid accumulated in xylem, while beneficial bioactive
components, such as rubiadin-1-methyl ether and inulin-type FOS (DP6-10), were
found in smaller amounts in that tissue. Such chemical differences should contribute to
the quality and bioactivity differences between the xylem and cortex of MOR, and they
provide scientific justification for the traditional practice of removing xylem from
MOR. The above was the first to provide scientific evidences for the common practices
of using 3-4-year-old roots and of removing the xylem of MOR for usage.
For the comparison of processing products of MOR, besides chemical
characterization with metabolomics and glycomics, cell metabolomics was applied to
investigate effects of MOR on DN. From the chemical characterization, the results
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showed that secondary metabolome of O and other processing products was found
qualitatively different, of which increase in the selected secondary metabolites to
different extent were observed in the processing products. Glycome analysis also
showed totally different classification between O and other processing products with a
decrease in general content was found while monosaccharides, namely fructose and
mannose, and sucrose were found to have relatively steady increase in content. These
chemical differences were believed to contribute to the bioactivity difference of these
MOR materials. In cell metabolomics study, the results showed that F might be useful
in preventing DN development under high glucose microenvironment for HEK 293
cells. The study of SUS-plot had shown metabolites affected and raised by different
processing products of MOR on high glucose induced DN in HEK 293 cells. However,
more study on metabolite identification and metabolic pathway was needed in order to
have a more comprehensive understanding of MOR on DN. This study was the first to
provide scientific evidences for the justification of MOR and its processing products,
as well as their metabolic effects on high glucose induced DN in HEK 293 cells.
Besides study of MOR, as the first step to tackle challenges of polysaccharides,
sample extraction of it was examined. It was demonstrated that not only the UAE
parameters (extraction temperature, time and ultrasonic power) but also the structural
properties of the polysaccharides (polymerization degree, the types of sugar chain and
glucosidic linkage) could substantially and differently affect the extraction ability and
polysaccharide degradation, and thereby the extraction recovery of polysaccharides
from herbal medicines by UAE. Because UAE-obtained polysaccharides are
inconsistent with those obtained by the conventional preparation method (BWE) of
herbal medicines used in clinical practice, we highly recommended that quantitative
191

and qualitative effects of UAE on specific polysaccharides from herbal medicines,
which could be decisive to their bioactivities, should be considered before employing
it in any relevant chemical and pharmacological analysis.

5.2 Future prospectus
In Chapter 2, MOR of 3-4 growth year was found to have the best quality in the
chemical characterization study. It is also worth studying to see the bioactivity
differences of these materials. Secondary metabolites were found the most abundant in
3rd year while saccharides were accumulated the most in 4th year. The further
bioactivity studies might include traditional usage of MOR, such as the antiosteoporosis effect and kidney tonifying effect. The results obtained could provide
more guidance on selection of MOR in clinical practices. Besides, xylem was found to
contain more potential toxic components than the cortex. Toxicology studies, i.e. acute
or chronic toxicity, between these two tissues could provide more information on the
necessary of removing xylem in clinical use. In Chapter 3, F was found to be effective
in preventing DN in cell metabolomics study. Although several metabolites were
identified from the study, this is not enough to reveal how are the MOR processing
product exerted its effects. To study the origin of those exogenous metabolite from F,
the exo-metabolome, i.e. metabolites in culture medium should also be studied. The
exometabolome is the result of an interchange of metabolites, i.e. uptake of substrates,
excretion of metabolic products between cells and the culture medium. While
endometabolome studied here provided insights of the metabolic behavior inside the
cells. Combining analysis of both endo- and exo-metabolome could give a more
comprehensive information on the cell metabolism. Therefore, cell metabolomics
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comprising both endo- and exo-metabolome could be a promising method in order to
understand the effects of F on cell metabolism; and the combined results could also
serve as discovery of potential drug from F being effective for DN. Besides in vitro
study, in vivo study should also be performed to confirm the effects of F on DN. In
Chapter 4, UAE-obtained polysaccharides were found to be different from BWEobtained polysaccharides. Structure elucidation and further bioactivity differences
between these two types of polysaccharides could provide more scientific basis on
selection of extraction method in laboratory practice of obtaining polysaccharides from
herbal medicines.
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