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1 | INTRODUCTION

Plants are one of the most important components of biological
communities, accounting for about 82.5% of the total biomass on the

earth (Bar-On et al., 2018). They have a wide variety of species, large

Abstract

Anthraquinones are polycyclic compounds with an unsaturated diketone structure
(quinoid moiety). As important secondary metabolites of plants, anthraquinones play
an important role in the response of many biological processes and environmental
factors. Anthraquinones are common in the human diet and have a variety of
biological activities including anticancer, antibacterial, and antioxidant activities that
reduce disease risk. The biological activity of anthraquinones depends on the
substitution pattern of their hydroxyl groups on the anthraquinone ring structure.
However, there is still a lack of systematic summary on the distribution,
classification, and biosynthesis of plant anthraquinones. Therefore, this paper
systematically reviews the research progress of the distribution, classification,
biosynthesis, and regulation of plant anthraquinones. Additionally, we discuss future
opportunities in anthraguinone research, including biotechnology, therapeutic

products, and dietary anthraquinones.
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differences in species and wide distribution ranges, and have a great
development and application value. Various small molecular com-
pounds produced by the secondary metabolism of plants play a very
important role in life processes such as growth and development and

could also be widely used in medicine, fragrance, cosmetics, dyes, and
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other fields. Secondary metabolites are generally divided into seven
categories: phenylpropanoids, quinones, flavonoids, tannins, ter-
penes, steroids and their glycosides, and alkaloids. However,
anthraquinones are the most important class of compounds among
various natural quinones.

Anthraquinones are a class of polycyclic compounds with a
quinoid structure which are widely found in bacteria, fungi, algae,
insects, and plants (Malik & Muiller, 2016). Natural anthraquinones
have the most common structure of 9,10-anthraquinone (Figure 1)
and are mainly present in plants in the form of free and bound
mononuclear anthraquinones. In addition, anthraquinone compounds
can also be synthesized or semisynthesized by artificial methods,
including anthraquinone derivatives, redox compounds of varying
degrees (anthraquinol, anthrone), glycosides, and polymers. Since the
discovery in the 1970s of the remarkable anticancer activity of the
anthraquinone antibiotics doxorubicin and daunorubicin, discovering
or synthesizing anthraquinones with novel structures and better
biological activity is the focus of many scientists.

Anthraquinones as natural biologically active substances have
abundant ecological functions. For example, anthraquinones in plants
may help to protect plants from herbivores, pathogens, competitors,
and external abiotic factors such as high light intensity (Izhaki, 2002).
The treatment of crop seeds with anthraquinone compounds before
sowing can effectively reduce bird foraging and the rate of sprout
loss (Avery et al., 1997, 1998; DelLiberto & Werner, 2016). In
addition, anthraquinones have biological functions such as antic-
ancer, antidiabetic, antibacterial, antifungal, antiviral, antimalarial,
antioxidative, antiosteoporosis, anti-inflammatory, and antiinjury
activities, as well as nerve and liver protection (Adnan et al., 2021;
Chien et al., 2015; Duval et al., 2016; Li & Jiang, 2018; Malik
et al, 2021; Mohammed et al., 2020). For example, the main
anticancer mechanisms of anthraquinones such as emodin, physcion,
and aloe-emodin are by inducing tumor cell apoptosis, inhibiting
tumor cell proliferation and cell cycle, inhibiting tumor cell metastasis,
inhibiting tumor cell metabolism, reversing drug resistance of tumor
cells, killing or mutating tumor cells, regulating multiple cell signaling
pathways, and acting on microRNAs and key target proteins (kinase,
tyrosinase, topoisomerase, telomerase, matrix metalloproteinases,
and G-quadruplex) to effectively kill tumor cells (Adnan et al., 2021;
Duval et al., 2016; Li & Jiang, 2018; Malik et al., 2021). The
mechanisms of natural anthraquinones such as emodin, rhein, and
chrysophanol in the treatment of diabetes mainly include upregula-
tion of insulin receptor substrate 1, phosphoinositide 3-kinase and
Akt-serd473 expression, increase of glucagon peptide 1, and activation
of peroxides. Enzyme proliferators activate receptor y and inhibit
a-glucosidase activity and the MAPKK/MAPK pathway (Chien
et al., 2015; Duval et al., 2016; Mohammed et al., 2020). Anthraqui-
nones such as emodin, aloe-emodin, rhein, and alizarin inhibit
bacterial respiratory metabolism, inhibit protein synthesis, destroy
bacterial cell membranes and cell walls, affect genetic material,
interfere with bacterial (fungal) biofilm formation and resist endocy-
tosis, toxins, and other aspects to resist pathogenic microorganisms
(Deng et al., 2016). Since emodin was identified as a high-affinity

FIKK kinase inhibitor, this family of anthraquinones is considered for
the development of antimalarial drugs targeting FIKK kinase (Lin
et al., 2017). Anthraquinones can also scavenge free radicals, inhibit
excess free radicals in the body, and prevent tissue oxidative damage,
thereby preventing the occurrence of related diseases and maintain-
ing human health (Li & Jiang, 2018). In addition, many anthraquinone
compounds also have a wide range of applications in the textile
industry, coatings, imaging photocleavable protective groups, devices
and biochips, foods, and cosmetics (Malik et al., 2021).

Numerous studies reported on the biological activities of
anthraquinones, but an overview of the classification, distribution,
biosynthesis, and regulation of anthraquinones is lacking. Therefore,
this paper uses the literature search methods such as reverse search
method, cyclic method and tracking method, and uses “plant,”
“anthraquinone,” “biosynthesis,” and “regulation” as keywords to
search the Web of Science, PubMed, Elsevier Science Direct, Springer
Link, Scopus, Google Scholar, Chemical Abstracts Service, CNKI, and
other databases to access literature related to anthraquinone in the
years 2000-2023. As shown in Figure 2, the number of papers
related to anthraquinones in plants has increased more than fivefold
during the past two decades. Therefore, this literature is summarized,
and the research progress of the classification, distribution, synthesis
pathway, and regulation of anthraquinones in plants is mainly
summarized. This paper provides important guidance for the

development and utilization of anthraguinones in plants.

2 | CLASSIFICATION AND DISTRIBUTION
OF ANTHRAQUINONES

2.1 | Classification of anthraquinones

Anthraquinones are usually present in the vacuoles of plant cells in
free form. In terms of chemical structure, anthraquinone compounds
use 9,10-anthraquinone with three rings of A, B, and C as the basic
skeleton, and the side groups can be converted by chemical
interconversion to make them replaced by hydroxyl, methoxy, methyl
radicals, hydroxymethyl, and glycosides. Because the basic skeleton

contains numerous of chromophore groups and auxochrome groups,

Rg O R,
R; Ry

R¢ R3
Rs O R,

FIGURE 1 Structure of the parent nucleus of anthraquinones. R1,
R2, R3, R4, R5, R6, R7, and R8, respectively represent substituent
groups.
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FIGURE 2 Number of papers indexed 450
annually in the Web of Science (https://www. 400-
webofscience.com/) on the topic “anthraquinones
plant.” The number of papers indexed in 2023 is 350+
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anthraquinone compounds exhibit darker colors and have fluorescent
characteristics. According to the difference in structure, anthraqui-
none compounds are mainly divided into two categories: emodin

anthraquinones and alizarin anthraquinones.

2.1.1 | Emodin anthraquinones

Emodin anthraquinones are an important class of anthraquinone
compounds, which are mainly synthesized by the polyketone path-
way. As shown in Figure 3, hydroxyl substituents are distributed on
both sides of the benzene ring of the emodin anthraquinones parent
ring, and the hydroxyl groups in the side chain are mostly combined
with glucose to form glycosides, which can increase the water
solubility. The emodin anthraquinones found in the current study are

shown in Table 1.

2.1.2 | Rubiadin anthraquinones

Rubiadin anthraquinones is another important class of anthraquinone
compounds, mainly synthesized through the shikimic acid (SA)
pathway. The structure of rubiadin anthraquinones are shown in
Figure 4. The rubiadin anthraquinones mainly exist in the roots and
stems of the Rubiaceae plants, and mainly includes rubiadin,
damnacanthal, and digiferruginol. At present, the known rubiadin
anthraquinones and its glycosides are shown in Table 2. The side
chain of the rubiadin anthraquinones nuclear parent is substituted
with a hydroxyl group, which is distributed on the benzene ring on

one side of the anthraquinone.

2.2 | Distribution of anthraquinones

Anthraquinones play a very important role in the life process of many
plants. They are involved in plant growth, development, and
senescence. Plants utilize anthraquinones to resist various biotic

20234

20134
20144
2015
20164
20174
20184
20194
20204
20214
2022

Ry R,
O

FIGURE 3 The chemical structure of emodin anthraquinones. R1
and R2, respectively represent substituent groups.

and abiotic stresses. Anthraquinones prevent damage to plants by
viruses, fungi, bacteria, and herbivores. More than 400 anthraqui-
none compounds have been found in 26 families, 50 genera, and 135
species of higher plants (Table 3 and Supporting Information: S1).
These compounds mainly exist in two forms: free anthraquinone with
less polarity and bound anthraquinone with increased polarity after
combining with sugar to form glycosides. If the parent nucleus of
anthraquinone is substituted with hydroxyl, hydroxymethyl, methyl,
methoxyl, and carboxy groups, free anthraquinone can be formed,
and the free anthraquinone is combined with glucoside, gentiobio-

side, and primeveroside to form glycosides of conjugated anthraqui-

nones. Anthraquinones are widely found in plants, such as
Polygonaceae, Rubiaceae, Fabaceae, Rhamnaceae, and so on
(Table 3).

2.2.1 | Polygonaceae

Anthraquinone compounds have been found in five genera and 18
species of Polygonaceae, including R. emodi (Arvindekar et al., 2015;
Pandith et al., 2014; Singh et al., 2005; Ye et al., 2007),
R. franzenbachii (Ye et al., 2007), R. hotaoense (Ye et al., 2007),
R. officinale (Aichner & Ganzera, 2015; Dong et al., 2016; Wang, Xu,
et al.,, 2013; Ye et al., 2007), R. palmatum (Aichner & Ganzera, 2015;
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TABLE 1

Number

1

10

11

12

13

14

WANG ET AL

The compound of emodin anthraquinones.

Name

1,6,8-trihydroxyl-3-hydroxymethyl-

anthraquinone

Aloe-emodin

Aloe-emodin-1-0-glucoside

Aloe-emodin-1-O-primeveroside

Aloe-emodin-6-hydroxyl

Aloe-emodin-6-hydroxyl-8-O-glucoside

Aloe-emodin-6-0-glucoside

Aloe-emodin-8-0O-diglucoside

Aloe-emodin-8-0-glucoside

Chrysophanol

Chrysophanol-1-O-gentiobiose

Chrysophanol-1-O-glucoside

Chrysophanol-8-O-glucoside

Emodin acid

Molecular
formula

C15H1006

C15H1005

C21H20010

C26H28014

C15H1006

C21H20011

C21H20011

C27H30015

C21H20010

C15H1004

C27H30014

C2 1 H 2009

C2 1 H 2009

C15H807

Structure
OH [0) OH

O‘O OH
HO

o
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TABLE 1 (Continued)

Molecular
Number Name formula Structure
15 Emodin CysH100s oH O OH
S,
(6]
16 Emodin-1-O-diglucoside CarHa1015 on o o™
SI,
o0
17 Emodin-1-O-gentiobiose Cy7H30015 o o o™
S,
)
18 Emodin-1-O-glucoside Ca1H20010 o o o
S,
(8]
19 Emodin-1-O-primeveroside CaeH28014 o o oMM
S,
(¢}
20 Emodin-6-acetyl Cy7H1206 on o om
i, IO
Ihc'/lko CH
[0)
21 Emodin-6-geranyl CagH2504 . . on o on
POSINIS SN
22 Emodin-6-geranyloxy CasH260s . . /il L/L]\I
PSSO S W
23 Emodin-6-hydroxyl-8-O-diglucoside C2gH32015 a0 o on
e I
o CH;
o
24 Emodin-6-O-glucoside C21H20010 OH O OH
wese
Y CHy
(6]
25 Emodin-6-O-rhamnoside Ca1H2005 oH o o
m S
18} CH.
(8]
26 Emodin-8-0O-gentiobiose Ca7H30015 " o on
AL,
(¢
27 Emodin-8-O-glucoside C21H20010 N0 o on
AL,
O
28 Madagascin Ca0H1805 oH o OH
L
e NN cH,
)
29 Physcion C14H1,05 OH O OH

o CHy
[0)

(Continues)
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TABLE 1 (Continued)

Number Name

30 Physcion-1-O-glucoside

31 Physcion-8-0-gentiobiose
32 Physcion-8-0-glucoside

33 Physcion-8-O-primeveroside
34 Physcion-8-O-rutinoside

35 Rhein

36 Rhein-1-O-glucoside

37 Rhein-6-hydroxyl

38 Rhein-8-0O-glucoside

O OH

‘O )
Ry

0O R

FIGURE 4 The chemical structure of alizarin anthraquinones. R1,
R2, and R3, respectively represent substituent groups.

Dong et al., 2016; Shang et al., 2019; Wang, Ma, et al., 2013; Wang,
Hu, et al, 2016; Wu et al, 2018; Ye et al., 2007; Zhang, Li,
et al., 2010), R. ribes (Gecibesler et al., 2021), and R. tanguticum of the
genus Rheum (Dong et al, 2016; Wang, Xu, et al, 2013; Ye

Molecular
formula Structure
_gle
C22H22010 oH O o
e, LI
So CH,
0
gent_
CugH3,015 o 0 OH
e LI
o CH;
[
gle
C22H22010 0 o OH
e LI
o CHy
0
prim
C27H30014 o [0} OH
e LI
o CHy
0
ut_
C28H32014 0 o} OH
e LI
o CH,
[
OH O OH
C15H806
(o} (o}
_gle
C21H18011 OH O o
I
0 [¢)
OH O OH
Ci5HgO7
U
HO'
0 [}
gle
C21H18011 o o OH

O‘O OH

[¢] 0

et al., 2007; Zhang & Chi, 2020; Zhou et al., 2021); R. abyssinicus
(Tala et al., 2018), R. dentatus (Jan et al., 2016), and R. nepalensis of
the genus Rumex (Farooq et al, 2013; Gautam et al., 2011);
Fagopyrum tataricum of the genus Fagopyrum (Bao et al., 2003; Huda
et al,, 2021; Li et al., 2022; Peng et al., 2013; Wu et al., 2015; Yang
et al., 2020; Zhu, 2016); P. cillinerve (Wu et al., 2017), Polygonum
cuspidatum (Fu et al., 2015; Glavnik & Vovk, 2020; Jug et al., 2021;
Kimura et al., 1983; Liang et al., 2022; Liu et al, 2003; Sun &
Wang, 2015; Zhang et al, 2012; Zhang, Liu, et al., 2020),
P. multiflorum (Feng et al., 2016; Yuan et al., 2020), and P. reynoutria
of the genus Polygonum (Feng et al., 2016; Glavnik & Vovk, 2020; Jug
et al., 2021); R. bohemica (Nawrot-Hadzik et al., 2018), R. japonica
(Glavnik & Vovk, 2020; Hwangbo et al, 2012; Jug et al., 2021;
Nawrot-Hadzik et al., 2018), and R. sachdlinensis of the genus
Reynoutria (Nawrot-Hadzik et al., 2018). Therefore, most anthraqui-
nones in Polygonaceae are present in the roots, stems, leaves, and
seeds of medicinal plants, while anthraquinones are not found in the

roots of Fagopyrum. The anthraquinone compounds accumulated in
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TABLE 2 The compound of alizarin anthraquinones.

Number

1

10

11

12

13

14

Name

1,2,3-trihydroxyl-anthraquinone

1,2,4-trihydroxyl-anthraquinone

1,2-dihydroxyl-3-methyl-anthraquinone

1,2-dihydroxyl-anthraquinone

1,3-dihydroxyl-2-carbaldehyde-anthraquinone

1,3-dihydroxyl-2-carboethoxy-anthraquinone

1,3-dihydroxyl-2-carboxy-anthraquinone

1,3-dihydroxyl-2-hydroxymethyl-

anthraquinone

1,3-dihydroxyl-2-methoxyl-anthraquinone

1,3-dihydroxyl-2-methoxymethyl-

anthraquinone

1,3-dihydroxyl-2-w-butoxymethyl-
anthraquinone

1,3-dihydroxyl-anthraquinone

1,4-dihydroxyl-2,3-dimethoxyl-anthraquinone

1,4-dihydroxyl-2-hydroxymethyl-
anthraquinone

Molecular
formula

C14HgOs

C14HgOs

C15H 1004

C14HgO4

ClSHSOS

C17H12oé

C15H806

C15H1005

C15H 1005

C16H12OS

C19H18OS

C14HgO4

C16H1206

C15H1005
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Structure
[¢] OH

] I l OH

OH

O‘O ()/\u )

[0} OH O

O‘O h
O‘O "

P
2

CH
OH
] l . OH
0
0.
CHj
g

o OH

o OH

‘O h

(] OH

(Continues)
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TABLE 2

Number

15

16

17

18

19

20

21

22

23

24

25

26

27

WANG ET AL

(Continued)

Name

1,4-dihydroxyl-2-methyl-anthraquinone

1,4-dihydroxyl-anthraquinone

1-hydroxyl-anthraquinone

1-hydroxyl-2-ethoxy-anthraquinone

1-hydroxyl-2-carbaldehyde-anthraquinone

2-O-primeveroside-1-hydroxyl-anthraquinone

3-O-diglucoside-1-hydroxyl-2-carbomethoxy-
anthraquinone

3-O-diglucoside-1-hydroxyl-2-hydroxymethyl-
anthraquinone

3-O-diglucoside-1-hydroxyl-2-methyl-
anthraquinone

3-0O-gentiobiose-1-hydroxyl-2-methyl-
anthraquinone

3-0-glucoside-1-hydroxyl-2-methoxymethyl-
anthraquinone

3-0-glucoside-I-hydroxyl-2-hydroxymethyl-
anthraquinone

3-0-primeveroside-1,3-dihydroxyl-2-
methoxymethyl-anthraquinone

Molecular
formula

C15H1004

C14Hg04

C14HgO3

C16H1204

C15HgO4

C25H26013

C2gH30016

C27H30015

C27H30014

C27H30014

C22H22010

C21H20010

C27H30014

[0} OH

l I l 0. __CHy
O

(o) OH O

O OH

prim

- .

CH;
O‘O o
gle—gle
o7
gle—gle
0~
CH;
O‘O gle—gle
o~
CHy
“O gent
o~

O‘O e
gle
o~

CHj3
Y

prim
o~
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TABLE 2 (Continued)

Number Name

28 3-O-primeveroside-I-hydroxyl-2-
hydroxymethyl-anthraquinone

29 Digiferruginol

30 Digiferruginol-2-w-gentiobiose

31 Digiferruginol-2-w-primeveroside

32 I-hydroxyl-3-methoxyl-2-hydroxymethyl-

anthraquinone

33 Munjistin-carboethoxy

34 Rubiadin

35 Rubiadin-3-methoxyl

36 Rubiadin-3-methoxyl-1-O-glucoside
37 Rubiadin-3-0O-glucoside

38 Rubiadin-3-O-primeveroside

Polygonaceae are mainly emodin, aloe-emodin, physcion, rhein,

chrysophanol, and so forth, and their glycosides.

2.2.2 | Rubiaceae

Anthraquinones have been found in 14 genera and 22 species of
Rubiaceae. They are C. robusta of the genus Cinchona (Schripsema
et al., 1999); Morinda citrifolia (Ee et al., 2009; Kamiya et al., 2009;
Takashima et al., 2007; Wang, Qin, et al., 2016; Wang et al., 2019), M.
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Molecular
formula Structure
(0] OH
C26H28014
e
rim
O/P
(6]
(o] OH
Ci5H1004
SO0
(6]
o] OH
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O
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2628014 _prim
SO0 h
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C16H1205
C18H1208
o e
(6]
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C15H1004 CH
| | | OH
(6]
o OH
C16H1204

gl
C22H2209 N

C21H2009

O OH
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elliptica (Ismail et al., 1997), M. officinalis (Li, Gao, et al., 2011; Li
et al, 2010; Li, Wang, et al, 2011; Luo et al, 2021; Wang
et al.,, 2011, 2019; Wu et al, 2009; Yang et al., 1992, 2019;
Yoshikawa et al., 1995; Zhang, Zhang, et al., 2010; Zhao et al., 2018),
M. parvifolia (Chang & Lee, 1985; Su et al., 2018), and M. umbellata of
the genus Morinda (Chiou et al, 2014); H. caudatifolia (Jing
et al., 2019), H. dichotoma (Hamzah et al., 1997), H. diffusa (Huang
et al., 2008), and H. hedyotidea of the genus Hedyotis (Hu et al., 2011);
P. connata of the genus Prismatomeris (Feng et al., 2011; Hao
et al., 2011; Wang, Zhao, et al., 2016); Plocama pendula of the genus
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TABLE 3 Distribution of anthraquinones in plants.
Family Genus Species Compound References
Polygonaceae Rheum Rheum emodi Aloe-emodin; Arvindekar
Chrysophanol; et al. (2015)
Chrysophanol-1-O-glucoside; Pandith
Chrysophanol-8-0-glucoside; et al. (2014)

Rheum franzenbachii

Rheum hotaoense

Rheum officinale

Rheum palmatum

Rheum ribes

Rheum tanguticum

Emodin;
Emodin-1-0O-glucoside;
Emodin-8-0-glucoside;
Physcion;

Rhein;

Chrysophanol;
Chrysophanol-1-O-glucoside;
Chrysophanol-8-O-glucoside;
Emodin;
Emodin-1-0O-glucoside;
Emodin-8-0-glucoside;

Chrysophanol;
Chrysophanol-1-O-glucoside;
Chrysophanol-8-0-glucoside;
Emodin;
Emodin-1-O-glucoside;
Emodin-8-0-glucoside;

Aloe-emodin;
Aloe-emodin-8-0-glucoside;
Chrysophanol;
Chrysophanol-1-O-glucoside;
Chrysophanol-8-0-glucoside;
Emodin;
Emodin-1-O-glucoside;
Emodin-8-0-glucoside;
Physcion;
Physcion-8-O-glucoside;
Rhein;

Rhein-8-0-glucoside;

1,2-dihydroxyl-anthraquinone;
1-hydroxyl-anthraquinone;
Aloe-emodin;
Aloe-emodin-8-0-glucoside;
Anthrarufin;

Chrysophanol;
Chrysophanol-1-0O-glucoside;
Chrysophanol-8-0-glucoside;
Emodin;
Emodin-1-0O-glucoside;
Emodin-8-0O-glucoside;
Physcion;
Physcion-8-O-glucoside;
Rhein;

Rhein-1-O-glucoside;
Rhein-8-O-glucoside;

Aloe-emodin;
Emodin;
1,2,8-trihydroxyl-3-methyl-6-

hydroxymethyl-anthraquinone;

Aloe-emodin;
Aloe-emodin-8-0-glucoside;
Chrysophanol;
Chrysophanol-1-O-glucoside;

Singh et al. (2005)
Ye et al. (2007)

Ye et al. (2007)

Ye et al. (2007)

Dong et al. (2016)
Aichner and

Ganzera (2015)
Wang, Ma,

et al. (2013)
Wang, Ma,

et al. (2013)
Ye et al. (2007)

Shang et al. (2019)
Wau et al. (2018)
Wang, Qin,

et al. (2016)
Dong et al. (2016)
Aichner and

Ganzera (2015)
Wang, Ma,

et al. (2013)
Zhang, Li,

et al. (2010)
Ye et al. (2007)

Gecibesler
et al. (2021)

Zhou et al. (2021)
Zhang and

Chi (2020)
Dong et al. (2016)
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WANG ET AL.

TABLE 3 (Continued)

Family Genus

Rumex

Fagopyrum

Polygonum

Species

Rumex abyssinicus

Rumex dentatus

Rumex nepalensis

Fagopyrum tataricum

Polygonum cillinerve

Polygonum
cuspidatum

Compound

Chrysophanol-8-O-glucoside;
Emodin;
Emodin-1-O-glucoside;
Emodin-8-0-glucoside;
Physcion;
Physcion-8-O-glucoside;
Rhein;

Rhein-1-O-glucoside;
Rhein-8-0-glucoside;

Emodin acid;

Emodin;
Emodin-1-0O-glucoside;
Physcion;
Physcion-8-O-glucoside;

Chrysophanol;
Chrysophanol-1-0O-glucoside;
Emodin;
Emodin-1-O-glucoside;
Endocrocin;

Physcion;
Physcion-1-O-glucoside;

Chrysophanol;
Chrysophanol-8-0-glucoside;
Emodin;
Emodin-8-O-glucoside;
Physcion;

1,2,3,6-tetrahydroxyl-
anthraquinone;
1,6-dihydroxyl-8-methoxyl-3-

hydroxymethyl-anthraquinone;

Aloe-emodin;
Aloe-emodin-6-hydroxyl;
Aurantio-obtusin;
Chrysophanol;

Emodin;
Emodin-8-O-glucoside;
Physcion;

Rhein;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

1,8-dihydroxyl-6-methoxyl-3-

hydroxymethyl-anthraquinone;

Aloe-emodin;
Aloe-emodin-1-0O-glucoside;
Aloe-emodin-2-hydroxyl;
Aloe-emodin-2-hydroxyl-8-O-
glucoside;
Aloe-emodin-4-hydroxyl;
Aloe-emodin-4-hydroxyl-8-O-
glucoside;
Aloe-emodin-5-hydroxyl;
Aloe-emodin-5-hydroxyl-8-O-
glucoside;
Aloe-emodin-6-hydroxyl;

Journalof: 11
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References

Wang, Ma,
et al. (2013)
Ye et al. (2007)

Tala et al. (2018)

Jan et al. (2016)

Farooq et al. (2013)
Gautam
et al. (2011)

Li et al. (2022)
Huda et al. (2021)
Yang et al. (2020)
Zhu (2016); Wu
et al. (2015)
Peng et al. (2013)
Bao et al. (2003)

Wau et al. (2017)

Liang et al. (2022)
Jug et al. (2021)
Glavnik and

Vovk (2020)
Zhang and

Chi (2020)
Zhang et al. (2015)
Sun and

Wang (2015)
Zhang et al. (2012)
Liu et al. (2003)
Kimura et al. (1983)

(Continues)
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TABLE 3

Family

Rubiaceae

(Continued)

Genus

Reynoutria

Cinchona

WANG ET AL.

Species

Polygonum
multiflorum

Polygonum
reynoutria

Reynoutria bohemica

Reynoutria japonica

Reynoutria
sachalinensis

Cinchona robusta

Compound

Aloe-emodin-6-hydroxyl-8-O-
glucoside;
Aloe-emodin-6-0-glucoside;
Aloe-emodin-7-hydroxyl;
Aloe-emodin-7-hydroxyl-8-O-
glucoside;
Aloe-emodin-8-0-glucoside;
Chrysophanol;
Emodin;
Emodin-1-acetyl;
Emodin-1-acetyl-8-O-glucoside;
Emodin-1-methoxyl;
Emodin-1-O-glucoside;
Emodin-1-O-sulfonyl-glucoside;
Emodin-6-acetyl;
Emodin-6-O-glucoside;
Emodin-8-acetyl;
Emodin-8-acetyl-1-O-glucoside;
Emodin-8-methoxyl;
Emodin-8-O-glucoside;
Emodin-8-0-sulfonyl-glucoside;
Isorhodoptilometrin;
Physcion;
Physcion-8-O-glucoside;
Rhein;
Rhein-6-hydroxyl;
Xanthorin;

Aloe-emodin;
Chrysophanol;

Emodin;
Emodin-8-O-glucoside;
Physcion;
Physcion-8-0-glucoside;
Rhein;

Emodin;
Emodin-8-O-glucoside;
Physcion;
Physcion-8-O-glucoside;

Emodin;
Emodin-8-methoxyl;
Emodin-8-O-glucoside;
Physcion;

1,8-dihydroxyl-6-methoxyl-3-
hydroxymethyl-anthraquinone;

Emodin;

Emodin-8-methoxyl;

Emodin-8-O-glucoside;

Physcion;

Emodin;
Emodin-8-methoxyl;
Emodin-8-O-glucoside;
Physcion;

1,4,6,8-tetrahydroxyl-7-methoxyl-
anthraquinone;

1,4,7-trihydroxyl-6,8-dimethoxyl-2-
methyl-anthraquinone;

References

Yuan et al. (2020)
Feng et al. (2016)

Jug et al. (2021)

Glavnik and
Vovk (2020)

Feng et al. (2016)

Nawrot-Hadzik
et al. (2018)

Jug et al. (2021)
Glavnik and
Vovk (2020)
Nawrot-Hadzik
et al. (2018)
Hwangbo
et al. (2012)

Nawrot-Hadzik
et al. (2018)

Schripsema
et al. (1999)
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WANG ET AL.

TABLE 3

Family

(Continued)

Genus

Morinda

Species

Morinda citrifolia

Journalof: 13
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Compound References

1,4,7-trihydroxyl-6,8-dimethoxyl-
anthraquinone;
1,4,8-trihydroxyl-5,6,7-trimethoxyl-
3-methyl-anthraquinone;
1,4-dihydroxyl-7,8-dimethoxyl-2-
methyl-5,6-methylenedioxy-
anthraquinone;
1,5,7-trihydroxyl-6,8-dimethoxyl-
anthraquinone;
1,5,7-trihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
1,6,7,8-tetrahydroxyl-2-methyl-
anthraquinone;
1,6,7-trihydroxyl-2-methyl-
anthraquinone;
1,6,8-trihydroxyl-7-methoxyl-2-
methyl-anthraquinone;
1,6,8-trihydroxyl-7-methoxyl-
anthraquinone;
1,7,8-trihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
1,7-dihydroxyl-5,6,8-trimethoxyl-
anthraquinone;
1,7-dihydroxyl-6,8-dimethoxyl-2-
methyl-anthraquinone;
1,7-dihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
1-hydroxyl-5,6,7,8-tetramethoxyl-
anthraquinone;
1-hydroxyl-6,7-dimethoxyl-2-
methyl-anthraquinone;
2,8-dihydroxyl-1,3-dimethoxyl-
anthraquinone;

1,3-dihydroxyl-2-carbaldehyde- Wang et al. (2019)
anthraquinone; Wang, Qin,
1,3-dihydroxyl-2-methoxyl- et al. (2016)

anthraquinone; Kamiya et al. (2009)
1,3-dihydroxyl-5-methoxyl-2,6- Ee et al. (2009)
dismethoxymethyl- Takashima
anthraquinone; et al. (2007)
1,3-dihydroxyl-5-methoxyl-2-
methyl-6-methoxymethyl-
anthraquinone;
1,3-dimethoxyl-2-hydroxymethyl-
anthraquinone;
1,4-dimethoxyl-2-hydroxyl-
anthraquinone;
1,5,15-trimethylmorindol;
1-hydroxyl-2-carbaldehyde-
anthraquinone;
1-hydroxyl-2-ethoxy-
anthraquinone;
1-hydroxyl-2-hydroxymethyl-
anthraquinone
1-hydroxyl-2-methyl-
anthraquinone;
1-hydroxyl-5-methoxyl-
anthraquinone;

(Continues)
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TABLE 3

Family

(Continued)

Genus

WANG ET AL.

Species

Morinda elliptica

Compound

1-O-gentiobiose-2-hydroxymethyl-
anthraquinone;
1-O-gentiobiose-3-hydroxyl-2-
methyl-anthraquinone;
1-O-primeveroside-2-
hydroxymethyl-anthraquinone;
1-O-primeveroside-3,6,8-
trihydroxyl-2-methyl-
anthraquinone;
1-O-primeveroside-3,8-dihydroxyl-
2-ethoxymethyl-anthraquinone;
1-O-primeveroside-3,8-dihydroxyl-
2-methyl-anthraquinone;
1-O-primeveroside-3,8-dimethoxyl-
2-methyl-anthraquinone;
1-O-primeveroside-3-hydroxyl-8-
methoxyl-2-hydroxymethyl-
anthraquinone;
1-O-primeveroside-8-hydroxyl-3-
methoxyl-2-hydroxymethyl-
anthraquinone;
2,3-dihydroxyl-1-methoxyl-
anthraquinone;
3-O-gentiobiose-1-hydroxyl-2-
methyl-anthraquinone;
3-O-primeveroside-1,6,8-
trihydroxyl-2-methyl-
anthraquinone;
7-0O-primeveroside-1-hydroxyl-5,6-
dimethoxyl-2-methyl-
anthraquinone;
Aloe-emodin;
Aloe-emodin-1-O-primeveroside;
Aloe-emodin-8-methoxyl-1-O-
gentiobiose;
Damnacanthal;
Damnacanthol;
Damnacanthol-2-
primeverosyloxymethyl;
Digiferruginol;
Digiferruginol-1-methoxyl-2-w-
gentiobiose;
Digiferruginol-2-w-primeveroside;
Emodin;
Emodin-1-O-gentiobiose;
Emodin-1-O-glucoside;
Emodin-1-O-primeveroside;
Emodin-8-methoxyl-1-O-glucoside;
Emodin-8-0O-gentiobiose;
Fridamycin E;
I-hydroxyl-3-methoxyl-2-
hydroxymethyl-anthraquinone;
Morindone-6-methoxyl;
Rubiadin;
Rubiadin-1-methoxyl;
Rubiadin-1-O-primeveroside;
Rubiadin-3-methoxyl-1-O-glucoside;

1,3-dihydroxyl-2-carbaldehyde-
anthraquinone;

References

Ismail et al. (1997)
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TABLE 3

Family

(Continued)

Genus

Species

Morinda officinalis

Compound

1,3-dihydroxyl-2-methoxymethyl-
anthraquinone;
1,6-dihydroxyl-5-methoxyl-2-
methyl-anthraquinone;
1-hydroxyl-2-carbaldehyde-
anthraquinone;
1-hydroxyl-2-methyl-
anthraquinone;
Alizarin-1-methoxyl;
Damnacanthal;
Rubiadin;
Rubiadin-1-methoxyl;
Soranjidiol;

1,2-dihydroxyl-3-methyl-
anthraquinone;
1,2-dihydroxyl-anthraquinone;
1,3,8-trihydroxyl-2-methoxyl-
anthraquinone;
1,3-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,3-dihydroxyl-2-methoxyl-
anthraquinone;
1,3-dihydroxyl-2-methoxymethyl-
anthraquinone;
1,4-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,5,8-trihydroxyl-2-methoxyl-
anthraquinone;
1,5-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,6-dihydroxyl-2,4-dimethoxyl-
anthraquinone;
1,6-dihydroxyl-2-methoxyl-
anthraquinone;
1,6-dihydroxyl-2-methoxymethyl-
anthraquinone;
1,8-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1-hydroxyl-2,3-dimethyl-
anthraquinone;
1-hydroxyl-2-hydroxymethyl-
anthraquinone;
1-hydroxyl-2-methoxyl-
anthraquinone;
1-hydroxyl-2-methyl-
anthraquinone;
1-hydroxyl-3-hydroxymethyl-
anthraquinone;
1-hydroxyl-6-hydroxymethyl-
anthraquinone;
1-hydroxyl-7-hydroxymethyl-
anthraquinone;
1-hydroxyl-anthraquinone;
1-O-gentiobiose-2-hydroxymethyl-
anthraquinone;
1-O-gentiobiose-3-hydroxyl-2-
methyl-anthraquinone;
1-O-primeveroside-2-hydroxyl-3,4-
dimethoxyl-anthraquinone;

Journalof: 15
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References

Luo et al. (2021)
Wang et al. (2019)
Yang et al. (2019)
Zhao et al. (2018)
Wang et al. (2011)
Li, Gao, et al. (2011)
Li, Wang,

et al. (2011)
Zhang, Li,

et al. (2010)
Li et al. (2010)
Wau et al. (2009)
Yoshikawa

et al. (1995)
Yang et al. (1992)

(Continues)
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TABLE 3

Family

(Continued)

Genus

WANG ET AL.

Species

Compound

1-O-primeveroside-3,8-dihydroxyl-
2-methyl-anthraquinone;
1-O-primeveroside-3-hydroxyl-8-
methoxyl-2-methyl-
anthraquinone;
1-O-primeveroside-8-hydroxyl-3-
methoxyl-2-hydroxymethyl-
anthraquinone;
2,5,8-trihydroxyl-1-methoxyl-
anthraquinone;
2-aldehyde-anthraquinone;
2-carbomethoxy-anthraquinone;
2-carboxy-anthraquinone;
2-dimethoxymethyl-anthraquinone;
2-hydroxyl-1,3-dimethoxyl-
anthraquinone;
2-hydroxyl-1-methoxyl-
anthraquinone;
2-hydroxyl-3-methyl-
anthraquinone;
2-hydroxymethyl-anthraquinone;
2-methoxyformyl-anthraquinone;
2-methyl-anthraquinone;
3,8-dihydroxyl-1,2-dimethoxyl-
anthraquinone;
3-hydroxyl-1,2-dimethoxyl-
anthraquinone;
3-hydroxyl-1,2-dimethyl-
anthraquinone;
3-hydroxyl-1-methoxyl-2-
ethoxymethyl-anthraquinone;
3-hydroxyl-1-methoxyl-2-
hydroxymethyl-anthraquinone;
3-hydroxyl-2-hydroxymethyl-
anthraquinone;
3-hydroxyl-2-methyl-
anthraquinone;
3-0-gentiobiose-1-hydroxyl-2-
methyl-anthraquinone;
3-0O-primeveroside-1,8-dihydroxyl-
2-methyl-anthraquinone;
3-O-primeveroside-8-methoxyl-1-
hydroxyl-2-methyl-
anthraquinone;
8-0-primeveroside-1,3-dihydroxyl-
2-methyl-anthraquinone;
8-O-primeveroside-1-methoxyl-3-
hydroxyl-2-methyl-
anthraquinone;
Aloe-emodin-1-O-primeveroside;
Digiferruginol;
Emodin;
Emodin-1-O-gentiobiose;
Emodin-1-O-primeveroside;
Emodin-8-0O-gentiobiose;
Fridamycin E;
Obtusifolin;
Physcion;
Rubiadin;
Rubiadin-1-methoxyl;

References
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WANG ET AL.

TABLE 3

Family

(Continued)

Genus

Hedyotis

Species

Morinda parvifolia

Morinda umbellata

Hedyotis caudatifolia

Hedyotis dichotoma

Hedyotis diffusa

Journalof: 17
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Compound References

Rubiadin-1-O-primeveroside;
Rubiadin-3-methoxyl;

1-hydroxyl-2-methyl- Su et al. (2018)
anthraquinone; Chang and
1-hydroxyl-anthraquinone; Lee (1985)

2-O-primeveroside-1-methoxyl-
anthraquinone
3-0O-primeveroside-I-hydroxyl-2-
hydroxymethyl-anthraquinone;
Damnacanthol-3-O-primeveroside;
Rubiadin-3-O-primeveroside;

1,6-dihydroxyl-2-methoxymethyl- Chiou et al. (2014)
anthraquinone;
1,7-dihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
2-hydroxyl-3-methoxyl-7-methyl-
anthraquinone;
2-hydroxyl-6-methoxyl-
anthraquinone;
3,6-dihydroxyl-2-methyl-
anthraquinone;
3,6-dihydroxyl-7-methoxyl-2-
methyl-anthraquinone;
3-hydroxyl-2-hydroxymethyl-
anthraquinone;
3-hydroxyl-2-methoxyl-6-
hydroxymethyl-anthraquinone;
3-hydroxyl-2-methyl-
anthraquinone;
6-hydroxyl-2-methoxymethyl-
anthraquinone;
6-hydroxyl-2-methyl-
anthraquinone;
6-hydroxyl-7-methoxyl-2-
methoxymethyl-anthraquinone;
Alizarin-1-methoxyl;
Anthragallol-1,2-dimethoxyl;
Rubiadin;
Soranjidiol;

1,4,7-trihydroxyl-2-hydroxymethyl- Jing et al. (2019)
anthraquinone;
1,4-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,6-dihydroxyl-2,5-dimethoxyl-
anthraquinone;
1,6-dihydroxyl-2-methyl-
anthraquinone;
Digiferruginol;

1,4-dihydroxyl-2,3-dimethoxyl- Hamzah
anthraquinone; et al. (1997)
2-hydroxyl-1,3-dimethoxyl- Huang et al. (2008)

anthraquinone;
2-hydroxyl-3-methoxyl-6-methyl-

anthraquinone;
2-hydroxyl-3-methoxyl-7-

hydroxymethyl-anthraquinone;

(Continues)
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TABLE 3 (Continued)

Family Genus Species

Hedyotis hedyotidea

Prismatomeris Prismatomeris
connata
Pouchetia Plocama pendula

Compound

2-hydroxyl-3-methoxyl-7-methyl-
anthraquinone;

2-hydroxyl-6-methyl-
anthraquinone;

3-O-diglucoside-1,8-dimethoxyl-2-
hydroxymethyl-anthraquinone;
3-0O-diglucoside-1-hydroxyl-2-
carbomethoxy-anthraquinone;
3-O-diglucoside-1-hydroxyl-2-
hydroxymethyl-anthraquinone;
3-0O-diglucoside-1-hydroxyl-2-
methyl-anthraquinone;
3-0O-diglucoside-1-methoxyl-2-
hydroxymethyl-anthraquinone;
Rubiadin;

1,2,3-trimethoxyl-7-methyl-
anthraquinone;
1,3-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,3-dihydroxyl-2-methoxymethyl-
anthraquinone;
1,3-dihydroxyl-5,6-dimethoxyl-2-
methoxymethyl-anthraquinone;
1,3-dihydroxyl-5,6-dimethoxyl-2-
methyl-anthraquinone;
1-hydroxyl-2,3-dimethoxyl-7-
methyl-anthraquinone;
1-methoxyl-2-methyl-
anthraquinone;
2-hydroxyl-1-methoxyl-
anthraquinone;
2-methoxyl-anthraquinone;
2-methyl-anthraquinone;
3-hydroxyl-1,5,6-trimethoxyl-2-
methyl-anthraquinone;
3-hydroxyl-1-methoxyl-2-
ethoxymethyl-anthraquinone;
=|bericin;
3-O-primeveroside-1,3-dihydroxyl-
2-methoxymethyl-
anthraquinone;
3-0O-primeveroside-I-hydroxyl-2-
hydroxymethyl-anthraquinone;
4-hydroxyl-1,2,3-trimethoxyl-6-
methyl-anthraquinone;
4-hydroxyl-1,2,3-trimethoxyl-7-
hydroxymethyl-anthraquinone;
Damnacanthol-3-O-primeveroside;
Digiferruginol-2-w-gentiobiose;
Ibericin-6-methoxyl;
Rubiadin;
Rubiadin-1-methoxyl;
Rubiadin-1-methoxyl-3-O-
primeveroside;
Rubiadin-3-0O-primeveroside;

1,3,6-trihydroxyl-5,7-dimethoxyl-2-
methyl-anthraquinone;

References

Hu et al. (2011)

Wang, Qin,

et al. (2016)
Hao et al. (2011)
Feng et al. (2011)

Fraga et al. (2009)
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WANG ET AL.

TABLE 3

Family

(Continued)

Genus

Lasianthus

Species

Lasianthus
acuminatissimus

Compound

1,3,6-trihydroxyl-5-methoxyl-2-
methyl-anthraquinone;
1,3-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,3-dihydroxyl-2-methoxymethyl-
anthraquinone;
1,3-dimethoxy-2-(2-oxopropyl)-
anthraquinone;
1,3-dimethoxyl-2-hydroxymethyl-
anthraquinone;
1,5-dihydroxyl-2-methyl-
anthraquinone;
1,5-dihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
1,5-dimethoxyl-2-methyl-
anthraquinone;
1,6-dihydroxyl-3,5,7-trimethoxyl-2-
methyl-anthraquinone;
1,6-dihydroxyl-3,5-dimethoxyl-2-
methyl-anthraquinone;
1,6-dihydroxyl-5-methoxyl-2-
methyl-anthraquinone;
1-hydroxyl-2-methyl-
anthraquinone;
1-hydroxyl-3-methoxyl-2-(2-
oxopropyl)-anthraquinone;
1-hydroxyl-3-methoxyl-2-
hydroxymethyl-anthraquinone;
1-hydroxyl-5,6-dimethoxyl-2-
methyl-anthraquinone;
1-hydroxyl-5-methoxyl-2-methyl-
anthraquinone;
2-hydroxyl-1,3,7-trimethoxyl-6-
methyl-anthraquinone;
3-hydroxyl-1-methoxyl-2-carboxy-
anthraquinone;
3-hydroxyl-1-methoxyl-2-
ethoxymethyl-anthraquinone;
3-hydroxyl-2-hydroxymethyl-
anthraquinone;
Alizarin-1,2-dimethoxyl;
Alizarin-1-methoxyl;
Anthragallol-1,2-dimethoxyl;
Anthragallol-1,3-dimethoxyl;
Damnacanthol-2-methoxymethyl;
Damnacanthol-w-carboethoxy;
Digiferruginol;
Munjistin-carboethoxy;
Rubiadin;
Rubiadin-1,3-dimethoxyl;
Rubiadin-1-methoxyl;
Rubiadin-3-methoxyl;
Tectoquinone;
Xantopurpurin-1-methoxyl;

3,8-dihydroxyl-1-methoxyl-2-
hydroxymethyl-anthraquinone;

3-0-glucoside-1,8-dihydroxyl-2-
methoxymethyl-anthraquinone;
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References

Liu et al. (2021)
Huang et al. (2019)
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TABLE 3 (Continued)

Family Genus

Paederia

Knoxia

Pentas

Galium

Ophiorrhiza

Species

Paederia scandens

Knoxia valerianoides

Pentas schimperi

Galium verum

Ophiorrhiza pumila

Compound

3-0-glucoside-1-hydroxyl-2-
methoxymethyl-anthraquinone;

7-hydroxyl-2-methoxyl-1-methyl-
anthraquinone;

1,4-dimethoxyl-2-hydroxyl-
anthraquinone;
2,3-dihydroxyl-1-methoxyl-
anthraquinone;
2-carboxy-anthraquinone;
2-hydroxyl-1,3,4-trimethoxyl-
anthraquinone;
2-hydroxyl-3-methyl-
anthraquinone;
3-hydroxyl-1-methoxyl-2-
ethoxymethyl-anthraquinone;
3-hydroxyl-2,4-dimethoxyl-1-
methyl-anthraquinone;
3-hydroxyl-2-hydroxymethyl-
anthraquinone;
3-O-primeveroside-2-methyl-
anthraquinone;
Digiferruginol;
Rubiadin;

1,2,3,5,6-pentahydroxyl-
anthraquinone;
1,2,3,6-tetrahydroxyl-
anthraquinone;
1,2,3-trihydroxyl-anthraquinone;
1,3-dihydroxyl-2-carboxy-
anthraquinone;
1,5-dihydroxyl-6-methoxyl-2-
methyl-anthraquinone;
3,6-dihydroxyl-1-methoxyl-2-
hydroxymethyl-anthraquinone
3,6-dihydroxyl-2-methoxymethyl-
anthraquinone;

3-hydroxyl-2-hydroxymethyl-
anthraquinone;
Damnacanthal;
Damnacanthol;
Schimperiquinone-B;

2,5-dihydroxyl-1,3-dimethoxyl-
anthraquinone;

2-hydroxyl-1,3-dimethoxyl-
anthraquinone;

Physcion;

Rubiadin;

1,3-dihydroxyl-2-hydroxymethyl-
anthraquinone;;
1,3-dihydroxyl-2-methoxymethyl-
anthraquinone;
1-hydroxyl-2-hydroxymethyl-
anthraquinone;
1-hydroxyl-2-methyl-
anthraquinone;
2-methyl-anthraquinone;

References

Li et al. (2012);
Zhang
et al. (2018)

Zhao et al. (2015)
Fraga et al. (2009)

Kuete et al. (2015)

Zhao et al. (2006)

Kitajima
et al. (1998)
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TABLE 3

Family

Fabaceae

(Continued)

Genus Species

Rubia Rubia tinctorum

Damnacanthus Damnacanthus
indicus

Heterophyllaea Heterophyllaea
lycioides

Heterophyllaea
pustulata

Cassia Cassia absus

Cassia acutifolia

Compound

2-w-butoxymethyl-1,3-dihydroxyl-
anthraquinone;
3-hydroxyl-2-aldehyde-
anthraquinone;
3-hydroxyl-2-hydroxymethyl-
anthraquinone;
3-hydroxyl-2-methyl-
anthraquinone;
I-hydroxyl-3-methoxyl-2-
hydroxymethyl-anthraquinone;
Rubiadin;

1,2,4-trihydroxyl-anthraquinone;
1,2-dihydroxyl-anthraquinone;
1,3-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,3-dihydroxyl-anthraquinone;
1,4-dihydroxyl-anthraquinone;
2,6-dihydroxy-anthraquinone;
2-O-primeveroside-1-hydroxyl-
anthraquinone;
3-O-primeveroside-I-hydroxyl-2-
hydroxymethyl-anthraquinone;

1,3,5-trihydroxyl-2-carboethoxy-
anthraquinone;

1,3-dihydroxyl-2-carboethoxy-
anthraquinone;

1,5-dihydroxyl-2-methoxyl-
anthraquinone;

1,6-dihydroxyl-7-methoxyl-2-
methyl-anthraquinone;
2-hydroxyl-3-methoxyl-7-methyl-
anthraquinone;
1,6-dihydroxyl-2-methyl-
anthraquinone;
1,6-dihydroxyl-2-methyl-5-chloro-
anthraquinone;

1,6-dihydroxyl-2-methyl-
anthraquinone;

1,6-dihydroxyl-7-methoxyl-2-
methyl-anthraquinone;

2-hydroxyl-3-methoxyl-7-methyl-
anthraquinone;

2-hydroxyl-3-methyl-
anthraquinone;

6-hydroxyl-1-methoxyl-2-methyl-
anthraquinone;

Damnacanthal;

Damnacanthol;

Rubiadin;

Rubiadin-1-methoxyl;

Aloe-emodin;
Chrysophanol;

Aloe-emodin;
Chrysophanol;

Emodin;
Emodin-8-0-glucoside;

Journalof: 21
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References

Derksen
et al. (1998)

Lee et al. (1994)

Dimmer
et al. (2017)

Mugas et al. (2021)
Barrera-Vazquez

et al. (2020)
Vazquez

et al. (2015)
Comini et al. (2011)
Nuaiez-Montoya

et al. (2006)

Dave and
Ledwani (2012)
Rao et al. (1979)

Dave and
Ledwani (2012)
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WANG ET AL.
Species Compound References
Physcion;
Rhein;
Cassia alata 1,5,7-trihydroxyl-3-methyl- Dave and
anthraquinone; Ledwani (2012)
1,5-dihydroxyl-2-methyl- Fernand
anthraquinone; et al. (2008)
Aloe-emodin; Chatsiriwej
Chrysophanol; et al. (2008)
Emodin; Hofilena
Physcion; et al. (2000)
Rhein; Hemlata and
Kalidhar (1993)
Cassia angustifolia Aloe-emodin; Dave and
Aloe-emodin-8-0-glucoside; Ledwani (2012)
Chrysophanol; Kinjo et al. (1994)
Emodin; Friedrich and
Emodin-8-0O-sophoroside; Baier (1973)
Physcion;
Rhein;
Cassia auriculata Chrysophanol; Dave and
Emodin; Ledwani (2012)
Rubiadin;
Cassia artemisioides Chrysophanol-8-methoxyl; Zaman et al. (2011)
Emodin;
Emodin-8-methoxyl;
Physcion;
Cassia biflora Chrysophanol; Dave and
Physcion; Ledwani (2012)
Cassia didymobotrya Aloe-emodin; Dave and
Chrysophanol; Ledwani (2012)
Chrysophanol-8-methoxyl; Monache
Emodin; et al. (1991)

Cassia fistula

Cassia glauca

Emodin-1,6-dimethoxyl;
Emodin-6,8-dimethoxyl;
Emodin-8-methoxyl;
Physcion;

Rhein;

1,5,8-trihydroxyl-2,3-dimethoxyl-7-
methyl-6-carboxy-
anthraquinone;

Chrysophanol;

Emodin;

Emodin-7-hydroxy-6,8-dimethoxyl;

Fistulaguinones-A;

Fistulaguinones-B;

Fistulaquinones-C;

Isorhodoptilometrin-1-methoxyl;

Physcion;

Rhein;

Sennoside;

Sterequinone-A;

Chrysophanol;
Emodin;
Physcion;

El-Sayyad and
Ross (1983)

Zhou et al. (2017)
Dave and

Ledwani (2012)
Bahorun

et al. (2005)

Dave and
Ledwani (2012)
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WANG ET AL.

TABLE 3

Family

(Continued)

Genus

Species

Cassia grandis

Cassia italica

Cassia javanica

Cassia laevigata

Cassia lindheimeriana

Cassia marginata

Cassia mimosoides

Cassia nigricans

Cassia nomame

Compound

1,3,4-trihydroxyl-6,7,8-trimethoxyl-
2-methyl-anthraquinone;

3-O-glucoside-1,4-dihydroxyl-6,7,8-
trimethoxyl-2-methyl-

anthraquinone;
Aloe-emodin;
Chrysophanol;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

1,3,5,8-tetrahydroxyl-6-methoxyl-2-
methyl-anthraquinone;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

Chrysophanol;
Emodin;
Physcion;

1,2,6,7-tetrahydroxyl-8-methoxyl-3-
methyl-anthraquinone;

1-hydroxyl-2,6,7,8-tetramethoxyl-3-
methyl-anthraquinone;

Chrysophanol;

Chrysophanol-8-methoxyl;

Emodin;
Emodin-8-methoxyl;
Physcion;
Xanthorin;

1,3,5,8-tetrahydroxyl-2-methyl-

anthraquinone;

3-0-glucoside-1,5,8-trihydroxyl-2-
methyl-anthraquinone;

Chrysophanol;
Physcion;
Rhein;

1,8-dihydroxyl-6-methoxyl-2-
methyl-anthraquinone;

Chrysophanol;
Emodin;
Physcion;

Aloe-emodin-6-hydroxyl;

Emodin acid;
Emodin;

Chrysophanol;
Emodin;
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References

Dave and

Ledwani (2012)
Verma and

Sinha (1996)

Dave and
Ledwani (2012)

Dave and
Ledwani (2012)

Dave and

Ledwani (2012)
Alemayehu

et al. (1988)
Tiwari and

Singh (1979)

Barba et al. (1992)

Dave and

Ledwani (2012)
Singh and

Singh (1987)
Duggal and

Misra (1982)

Dave and
Ledwani (2012)

Dave and

Ledwani (2012)
Georges

et al. (2008)
Obodozie

et al. (2008)

Dave and
Ledwani (2012)
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TABLE 3 (Continued)

Family Genus Species

Cassia obtusa

Cassia obtusifolia

WANG ET AL.
Compound References
Physcion; Kitanaka and

1-hydroxyl-3,7-dialdehyde-
anthraquinone;

1,3-dihydroxyl-6-methoxyl-7-
methyl-anthraquinone;

1,2,3,7-tetrahydroxyl-8-methoxyl-6-
methyl-anthraquinone;
1,2,7-trihydroxyl-8-methoxyl-6-
methyl-anthraquinone;
1,2,8-trihydroxyl-6,7-dimethoxyl-
anthraquinone;
1,2-dihydroxyl-anthraquinone;
1,3-dihydroxyl-6-methoxyl-7-
methyl-anthraquinone;
1,4-dihydroxyl-anthraquinone;
1,8-dihydroxyl-anthraquinone;
1-hydroxyl-3,7-dialdehyde-
anthraquinone;
1-hydroxyl-7-methoxyl-3-methyl-
anthraquinone;
1-O-glucoside-2,6,8-trihydroxyl-3-
methyl-anthraquinone;
2-0O-glucoside-1,7,8-trimethoxyl-3-
methyl-anthraquinone;
2-0-glucoside-8-hydroxyl-1,7-
dimethoxyl-3-methyl-
anthraquinone;
6,8-dihydroxyl-1,2,7-trimethoxyl-3-
methyl-anthraquinone;
6-0-glucoside-1-hydroxyl-2,8-
dimethoxyl-3-methyl-
anthraquinone;
6-O-glucoside-8-hydroxyl-1,2,7-
trimethoxyl-3-methyl-
anthraquinone;
Aloe-emodin;
Aurantio-obtusin;
Aurantio-obtusin-1-hydroxyl;
Aurantio-obtusin-1-hydroxyl-2-O-
glucoside;
Aurantio-obtusin-6-O-glucoside;
Chryso-obtusin;
Chryso-obtusin-1-hydroxyl;
Chryso-obtusin-2-O-glucoside;
Chrysophanol;
Chrysophanol-1-methoxyl;
Chrysophanol-1-O-gentiobiose;
Chrysophanol-8-methoxyl;
Emodin;
Emodin-1-0O-gentiobiose;
Emodin-6-0O-glucoside;
Emodin-8-methoxyl;
Obtusifolin;
Obtusifolin-2-hydroxyl;
Obtusifolin-2-0O-glucoside;
Obtusin;
Obtusin-1-hydroxyl;
Obtusin-2-O-glucoside;

Takido (1985)

Dave and
Ledwani (2012)
Sekar et al. (1999)

Dave and

Ledwani (2012)
Shi et al. (2021)
Pang et al. (2018)
Guo et al. (2017)
Wang, Qin,

et al. (2016)
Xu et al. (2015)
Xu et al. (2012)
Zhang et al. (2009)
Tang et al. (2008)
Sob et al. (2008)
Sung et al. (2004)
Li et al. (2004)
Chen et al. (2003)
Guo et al. (1998)
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WANG ET AL.

TABLE 3

Family

(Continued)

Genus

Species

Cassia occidentalis

Cassia podocarpa

Cassia pudibunda

Cassia pumila

Cassia racemosa

Cassia renigera

Cassia reticulata

Cassia roxburghii

Cassia siamea

Cassia sophera

Compound

Obtusin-6-hydroxyl-2-methoxyl;

Obtusin-8-0-glucoside;
Physcion;
Physcion-8-O-gentiobiose;
Physcion-8-O-glucoside;
Rhein;

1,8-dihydroxyl-2-methyl-
anthraquinone;

Aloe-emodin;

Chrysophanol;

Emodin;

Physcion;

Rhein;

Chrysophanol;
Emodin;
Rhein;

Chrysophanol;
Chrysophanol-1,8-dimethoxyl;
Physcion;

Chrysophanol;
Emodin;
Physcion;

Chrysophanol;
Physcion;

1-hydroxyl-8-methoxyl-2-methyl-

anthraquinone;
Chrysophanol;
Physcion;
Rhein;

Aloe-emodin;
Emodin;
Rhein;

Aloe-emodin;
Aloe-emodin-8-O-diglucoside;
Aloe-emodin-8-0-glucoside;
Emodin;
Emodin-1-O-diglucoside;

1,4,8-trihydroxyl-3-methyl-
anthraquinone;

Chrysophanol;

Chrysophanol-1-O-glucoside;

Emodin;

Lupinacidin-A;

Madagascarin;

Physcion;

Rhein;

Siameaquinones-A;

Siameaquinones-B;

Chrysophanol;
Emodin;
Physcion;
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Dave and
Ledwani (2012)

Dave and

Ledwani (2012)
Messana

et al. (1991)

Dave and
Ledwani (2012)

Dave and
Ledwani (2012)

Dave and
Ledwani (2012)

Dave and
Ledwani (2012)

El-Toumy
et al. (2012)

Dave and

Ledwani (2012)
Ye et al. (2014)
Koyama

et al. (2002)
Koyama, Moriata,

Tagahara &

Adqil (2001)
Koyama, Moriata,

Tagahara, Ogat,

et al. (2001)
Singh et al. (1992)

Dave and
Ledwani (2012)
Dass et al. (1984)
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TABLE 3 (Continued)

Family Genus

Chamaecrista

WANG ET AL.

Species

Cassia spectabilis

Cassia tomentosa

Cassia tora

Cassia torosa

Chamaecrista greggii

Compound

1,2,6-trihydroxyl-7,8-dimethoxyl-3-
methyl-anthraquinone;
1,2,7-trihydroxyl-6,8-dimethoxyl-3-
methyl-anthraquinone;
1,3-dihydroxyl-5,7,8-trimethoxyl-2-
methyl-anthraquinone;
1,8-dihydroxyl-3,6-dimethoxyl-2-
methyl-7-vinyl-anthraquinone;

1,3,8-trihydroxyl-2-methyl-
anthraquinone;

Chrysophanol;

Physcion;

Emodin;

1,6,8-trihydroxyl-2,7-dimethoxyl-3-
methyl-anthraquinone;
2-carboxy-anthraquinone;
Alaternin;
Alaternin-2-O-glucoside;
Aloe-emodin;
Anthraquinone;
Aurantio-obtusin;
Chryso-obtusin;
Chryso-obtusin-2-0-glucoside;
Chrysophanol;
Chrysophanol-1-O-gentiobiose;
Emodin;
Emodin-8-methoxyl;
Obtusifolin;
Obtusifolin-2-hydroxyl;
Obtusifolin-2-O-glucoside;
Obtusifolin-2-0-glucoside;
Obtusin;
Obtusin-3-hydroxyl-7-methoxyl;
Physcion;
Rhein;
Sennoside;

Chrysophanol;

Emodin;
Emodin-6-hydroxyl-8-O-diglucoside;
Physcion;
Physcion-8-O-gentiobiose;

1,4,6,7,8-pentamethoxyl-3-methyl-
anthraquinone;
1,4,6-trihydroxyl-7,8-dimethoxyl-3-
methyl-anthraquinone;
1,4-dihydroxyl-6,7,8-trimethoxyl-3-
methyl-anthraquinone;
1,6-dihydroxyl-4,7,8-trimethoxyl-3-
hydroxymethyl-anthraquinone;
1,6-dihydroxyl-4,7,8-trimethoxyl-3-
methyl-anthraquinone;
1,7-dihydroxyl-4,6,8-trimethoxyl-3-
hydroxymethyl-anthraquinone;

References

Malhotra and
Misra (1982)

Dave and
Ledwani (2012)

Dave and
Ledwani (2012)

Kang, Pandey,

et al. (2020)
Mbatchou

et al. (2018)
Hyun et al. (2009)
Dave and

Ledwani (2012)
Naeem et al. (2009)
Cherng et al. (2008)
Jang et al. (2007)
Kim et al. (2004)
Chen et al. (2003)
Choi et al. (2000)
Choi et al. (1996)

Dave and

Ledwani (2012)
Kitanaka and

Takido (1984)
Takahashi

et al. (1977)
Takahashi

et al. (1976)

Barba et al. (1994)
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TABLE 3 (Continued)
Family Genus Species Compound References
1,7-dihydroxyl-4,6,8-trimethoxyl-3-
methyl-anthraquinone;
1,7-dihydroxyl-6,8-dimethoxyl-3-
methyl-anthraquinone;
1,8-dihydroxyl-4,6,7-trimethoxyl-3-
methyl-anthraquinone;
1-hydroxyl-4,6,7,8-tetramethoxyl-3-
hydroxymethyl-anthraquinone;
1-hydroxyl-4,6,7,8-tetramethoxyl-3-
methyl-anthraquinone;
1-hydroxyl-6,7,8-trimethoxyl-3-
methyl-anthraquinone;
4,6,8-trihydroxyl-1,7-dimethoxyl-3-
methyl-anthraquinone;
4,8-dihydroxyl-1,7,8-trimethoxyl-3-
methyl-anthraquinone;
6,8-dihydroxyl-1,4,7-trimethoxyl-3-
hydroxymethyl-anthraquinone;
7,8-dihydroxyl-1,4,6-trimethoxyl-3-
methyl-anthraquinone;
7,8-dihydroxyl-1,6-dimethoxyl-3-
methyl-anthraquinone;
8-hydroxyl-1,4,6,7-tetramethoxyl-3-
methyl-anthraquinone;
Chrysophanol;
Physcion;
Rhamnaceae Rhamnus Rhamnus alaternus 1-O-glucoside-4,6-di-rhamnoside-8- Ammar et al. (2018)
hydroxyl-3-methyl- Kosalec
anthraquinone; et al. (2013)
Alaternosides-B; Genovese
Alaternosides-C; et al. (2012)
Chrysophanol;
Emodin-6-geranyloxy;
Emodin-6-O-rhamnoside;
Madagascin;
Physcion;
Physcion-8-O-rutinoside;
Rhein;
Rhamnus alpinus Chrysophanol; Genovese
Emodin; et al. (2012)
Emodin-6-geranyloxy; Locatelli
Madagascin; et al. (2009)
Physcion;
Rhein;
Rhamnus cathartica Chrysophanol; Epifano
Emodin; et al. (2012)
Madagascin; Genovese
Physcion; et al. (2012)
Locatelli
et al. (2011)
Rhamnus fallax Aloe-emodin; Kosalec
Chrysophanol; et al. (2013)
Emodin; Epifano
Madagascin; et al. (2012)
Physcion; Genovese
et al. (2012)
Rhamnus formosana Chrysophanol; Kalidhar (1992)

(Continues)
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TABLE 3

Family

(Continued)

Genus

WANG ET AL.
Species Compound References
Emodin; Lin et al. (1991)
Emodin-6-0-rhamnoside; Lin et al. (1990)
Physcion;
Rhamnus frangula Chrysophanol; Gongalves
Emodin; et al. (2018)
Physcion;
Rhamnus intermedia Chrysophanol; Kosalec
Emodin; et al. (2013)
Madagascin; Epifano
Physcion; et al. (2012)
Rhein; Genovese
et al. (2012)
Rhamnus libanotica Emodin; CoSkun et al. (1990)

Rhamnus longipes.

Rhamnus nakaharai

Rhamnus nepalensis

Rhamnus orbiculata

Rhamnus pallasu

Rhamnus prinoides

Rhamnus pubescens

Rhamnus pumila

Rhamnus rupestris

Rhamnus saxatilis

Emodin-6-O-rhamnoside;
Emodin-8-0-glucoside;
Physcion-8-O-rutinoside;

Chrysophanol;
Emodin;
Physcion;

1-O-glucoside-2,6,8-trihydroxyl-3-
methyl-anthraquinone;

Alaternin;

Chrysophanol;

Emodin;

Emodin-8-0-glucoside;

Physcion;

Physcion-8-O-rutinoside;

1,6,8-trihydroxyl-3-hydroxymethyl-
anthraquinone; =Citreosein;

Chrysophanol;

Emodin;

Physcion;

Chrysophanol;
Emodin;
Madagascin;
Physcion;

Physcion;
Physcion-8-O-primeveroside;

Emodin;
Physcion;

Emodin;

Chrysophanol;
Emodin;
Emodin-6-geranyloxy;
Madagascin;
Physcion;

Aloe-emodin;
Chrysophanol;
Emodin;
Madagascin;
Physcion;

Chrysophanol;
Emodin;

Su (1988)

Lu and Ko (2016)
Lin and Wei (1993)
Wei et al. (1992)

Mai et al. (2001)
Dong (1980)

Genovese

et al. (2012)
Locatelli

et al. (2011)

Coskun et al. (1984)

Abegaz and
Peter (1995)

Sharp et al. (2001)

Kosalec

et al. (2013)
Genovese

et al. (2012)

Epifano

et al. (2012)
Genovese

et al. (2012)

Genovese
et al. (2012)
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TABLE 3 (Continued)

Family Genus

Berchemia

Ventilago

Liliaceae Kniphofia

Polygonatum

Aloe

Species

Rhamnus thymifolius

Rhamnus virgata

Rhamnus virgatus

Berchemia floribunda

Ventilago
harmandiana

Kniphofia insignis

Kniphofia foliosa

Kniphofia ensifolia

Polygonatum
odoratum

Aloe arborescens

Aloe vera

Aloe megalacantha

Compound

Emodin-6-geranyloxy;
Madagascin;
Physcion;

Rhein;

Emodin;
Emodin-8-O-glucoside;

Anthraquinone;
Physcion;
Physcion-8-O-primeveroside;

Chrysophanol;
Physcion;

1,5,8-trihydroxyl-3-methyl-
anthraquinone;

Aloe-emodin;

Chrysophanol;

Physcion;

Physcion-2-acetyl;

Xanthorin;

1,3,6-trihydroxyl-8-methyl-
anthraquinone;

1,6-dihydroxyl-7,8-dimethoxyl-3-
methyl-anthraquinone;

1-hydroxyl-6,7,8-trimethoxyl-3-
methyl-anthraquinone;

2,6-dihydroxy-1,7,8-trimethoxy-3-
methyl-anthraquinone;

8-hydroxyl-1,2-dimethoxyl-3-
methyl-anthraquinone;

Aurantio-obtusin;

Chrysophanol;

Obtusifolin;

Obtusifolin-6-hydroxyl;

1,5,8-trihydroxyl-3-methyl-
anthraquinone;

Knipholone;

Aloe-emodin;
Chrysophanol;

Emodin;
Physcion;

Aloe-emodin;

3,8-diacetoxy-aloesaponarin-I;

3,8-dihydroxyl-1-methyl-
anthraquinone;

3,8-dimethoxyl-aloesaponarin-I;

3-glucoside-aloesaponarin-I;

Aloe-emodin;

Aloesaponarin-I;

1,5,8-trihydroxyl-3-methyl-
anthraquinone;
3,8-dihydroxyl-1-methyl-
anthraquinone;
Aloe-emodin;
Aloesaponarin-I;

Journalof: 29
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References

Locatelli
et al. (2009)

Satake et al. (1993)

Kalidhar and
Sharma (1984)

Prasad et al. (2000)

Wei et al. (2008)
Wei et al. (2007)

Panthong
et al. (2020)

Tadesse
et al. (2021)

Feilcke et al. (2019)

Dai et al. (2014)
Pang et al. (2021)
Froldi et al. (2019)
Borges-Argaez

et al. (2019)

Sun et al. (2017)
Furkan et al. (2017)

Abdissa et al. (2017)

(Continues)
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TABLE 3 (Continued)

Family

Asphodelaceae

Iridaceae

Genus

Asphodeline

Gladiolus

WANG ET AL.

Species

Asphodeline

damascena

Asphodeline tenuior

Asphodeline
prismatocarpa

Asphodeline taurica

Asphodeline tenuior

Asphodeline turcica

Gladiolus segetum

Gladiolus gandavensis

Compound

Aloesaponarin-Ill;
Chrysophanol;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

Aloe-emodin;
Chrysophanol;
Physcion;
Rhein;

Aloe-emodin;
Aloe-emodin-8-O-glucoside;
Chrysophanol;
Chrysophanol-8-methoxyl;
Chrysophanol-8-O-glucoside;
Emodin;

Rhein;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

Aloe-emodin;
Chrysophanol;
Emodin;
Physcion;
Rhein;

3-0-glucoside-8-hydroxyl-4,7-
dimethoxyl-1-methyl-2-
carbomethoxy-anthraquinone;

8-0-glucoside-3-dimethoxyl-1-
methyl-2-carbomethoxy-
anthraquinone;

1,6,7-trihydroxyl-3-methoxyl-
anthraquinone;

1,7-dihydroxyl-3,6-dimethoxyl-
anthraquinone;

2,3,8-trihydroxyl-6-methoxyl-1-

methoxymethyl-anthraquinone;

3,6,8-trihydroxyl-1-methyl-2-
carbomethoxy-anthraquinone;
3,6,8-trihydroxyl-1-methyl-2-
carboxy-anthraquinone;
3,6,8-trihydroxyl-7-methoxyl-1-
methyl-2-carbomethoxy-
anthraquinone;
3,7,8-trihydroxyl-1-methyl-2-
carbomethoxy-anthraquinone;

References

Locatelli
et al. (2016)

Locatelli
et al. (2016)

Locatelli
et al. (2016)

Lazarova
et al. (2019)

Locatelli
et al. (2016)

Locatelli
et al. (2016)

Abdessemed
et al. (2011)

Chen et al. (2005)
Wang et al. (2003)
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TABLE 3 (Continued)

Family Genus

Rutaceae Murraya
Aegle

Verbenaceae Tectona

Species

Murraya tetramera

Aegle marmelos

Tectona grandis

Journalof: 31
Cellular Physiology Wi LEY—‘—

Compound References

3,8-dihydroxyl-1-methyl-6,7-
methylenedioxy-2-
carbomethoxy-anthraquinone;
3,8-dihydroxyl-6-methoxyl-1-
methyl-2-carbomethoxy-
anthraquinone;
3,8-dihydroxyl-6-methoxyl-1-
methyl-anthraquinone;
6,8-dihydroxyl-3-methoxyl-1-
methyl-2-carboxy-
anthraquinone;
8-hydroxyl-3,6-dimethoxyl-1-
methyl-2-carboxy-
anthraquinone;

Emodin; Zhou et al. (2014)
Emodin-8-0-glucoside;
Physcion;
1-methyl-2-(3’-methyl-but-2'-
enyloxy)-anthraquinone;

Mishra et al. (2010)

Vyas et al. (2019)
Kopa et al. (2014)
Shukla et al. (2010)

1,3-dihydroxyl-2-carboxy-
anthraquinone;
1,4-dihydroxyl-2-methyl-
anthraquinone;
1,4-dihydroxyl-anthraquinone;
1,5-dihydroxyl-2-methyl-
anthraquinone;
1,8-dihydroxyl-2-methyl-
anthraquinone;
1-hydroxyl-2-methyl-
anthraquinone;
1-hydroxyl-3-methyl-
anthraquinone;
1-hydroxyl-5-methoxyl-2-methyl-
anthraquinone;
2-acetoxymethyl-anthraquinone;
2-carbaldehyde-anthraquinone;
2-carboxy-anthraquinone;
2-hydroxymethyl-anthraquinone;
2-methyl-anthraquinone;
3,8-dihydroxyl-2-methyl-
anthraquinone;
3,8-dihydroxyl-4-methyl-
anthraquinone;
3-hydroxyl-2-methyl-
anthraquinone;
3-hydroxyl-5-methyl-
anthraquinone;
4,8-dihydroxyl-3-methyl-
anthraquinone;
5,8-dihydroxyl-2-methyl-
anthraquinone;
5-hydroxyl-2-methyl-
anthraquinone;
8-hydroxyl-2-methyl-3-
carbomethoxy-anthraquinone;
Digitolutein-5-hydroxyl;
Obtusifolin;
Rubiadin;

(Continues)
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TABLE 3 (Continued)

Family

Gesneriaceae

Cucurbitaceae

Acanthaceae

Lauraceae

Araliaceae

Amaranthaceae

Euphorbiaceae

Genus

Rhynchotechum

Luffa

Eremomastax

Lindera

Oplopanax

Alternanthera

Acalypha

Species

Rhynchotechum
vestitum

Luffa acutangula

Eremomastax
speciosa

Lindera nacusua

Oplopanax elatus

Alternanthera
philoxeroides

Acalypha australis

Compound

3-hydroxyl-1-methoxyl-2-carboxy-
anthraquinone;
3-0-glucoside-I-hydroxyl-2-
hydroxymethyl-anthraquinone;
3-0O-primeveroside-I-hydroxyl-2-
hydroxymethyl-anthraquinone;
Damnacanthol-11-O-glucoside;
Rubiadin-1-methoxyl-3-O-
primeveroside;
Rubiadin-3-O-glucoside;
Rubiadin-3-O-primeveroside;

1,8-dihydroxyl-4-methyl-
anthraquinone;

1,8-dihydroxyl-3-methyl-
anthraquinone;

Aloe-emodin;

Emodin;

Emodin-8-O-glucoside;

Physcion;

1,3,6-trihydroxyl-7-methyl-
anthraquinone;
Emodin-6-0-glucoside;

1,8-dihydroxyl-3-methyl-
anthraquinone;

Aloe-emodin;

Emodin;

Physcion;

Rhein;

2-hydroxyl-3-methyl-
anthraquinone;

Rubiadin;

Rubiadin-1-methoxyl;

1,2,3,5,6-pentahydroxyl-
anthraquinone;
1,2,3,6-tetrahydroxyl-
anthraquinone;
1,2,3-trihydroxyl-anthraquinone;
1,3,6-trihydroxyl-8-methyl-
anthraquinone;
1,4-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,4-dihydroxyl-2-methyl-
anthraquinone;
1,6,7-trihydroxyl-3-methoxyl-8-
methoxymethyl-anthraquinone;
1,6,7-trihydroxyl-3-methoxyl-
anthraquinone;
1,6-dihydroxyl-2-methoxyl-
anthraquinone;
1,7-dihydroxyl-2-hydroxymethyl-
anthraquinone;
1,7-dihydroxyl-3,6-dimethoxyl-
anthraquinone;
1-hydroxyl-2-hydroxymethyl-
anthraquinone;
1-hydroxyl-2-methoxyl-
anthraquinone;

References

Lu et al. (1998)
Lu et al. (1997)

Shendge and
Belemkar (2018)

Djouatsa
et al. (2021)

Lei et al. (2016)

Han et al. (2019)
Huang et al. (2014)

Collett and
Taylor (2019)

Ma et al. (2017)
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TABLE 3 (Continued)

Family

Clusiaceae

Myrtaceae

Labiatae

Asparagaceae

Actinidiaceae

Fagaceae

Theaceae

Juglandaceae

Solanaceae

Osmundaceae

Genus

Hypericum

Garcinia

Melaleuca

Coptosapelta

Anemarrhena

Actinidia

Castanea

Camellia

Juglans

Lycium

Osmunda

Species

Hypericum
perforatum

Garcinia
schomburgkiana

Melaleuca cajuputi

Coptosapelta
flavescens

Anemarrhena
asphodeloides

Actinidia chinensis

Castanea mollissima

Camellia sinensis

Juglans mandshurica

Lycium chinense

Osmunda japonica

Compound

1-hydroxyl-7-methoxyl-2-
hydroxymethyl-anthraquinone;

1,5,6,8-tetrahydroxyl-3-
hydroxymethyl-anthraquinone;
6-0-glucoside-1,5,8-trihydroxyl-3-
methyl-anthraquinone;
Emodin;

Emodin-6-geranyl;
Vismiaquinone-A;

Physcion;

1-hydroxyl-2-hydroxymethyl-
anthraquinone;

Chrysophanol;
Emodin;

Chrysophanol;
Emodin;
Physcion;
Rhein;

Emodin;
Rhein;

1,4-dihydroxyl-anthraquinone;
1-hydroxyl-anthraquinone;
Anthraquinone;

1,3-dihydroxyl-anthraquinone;
1,5-dihydroxyl-2-carbomethoxy-
anthraquinone;
1,5-dihydroxyl-2-carboxy-
anthraquinone;
1,5-dihydroxyl-3-carboxy-
anthraquinone;
1,8-dihydroxyl-anthraquinone;
1-hydroxyl-2-methyl-4-methoxyl-
anthraquinone;

1-hydroxyl-5-pentyl-anthraquinone;

1-hydroxyl-8-carboxy-
anthraquinone;
1-hydroxyl-anthraquinone;
2-hydroxyl-3-methyl-
anthraquinone;
3,8-dihydroxyl-6-methoxyl-1-
methyl-anthraquinone;
Rubiadin;

Emodin;
Physcion;
Rubiadin-6-hydroxyl;

1,3-dihydroxyl-anthraquinone;
1-hydroxyl-6,8-dimethoxyl-3-
methyl-anthraquinone;
Physcion;
Rubiadin-6-hydroxyl;

Journalof: 33
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References

Kimakova
et al. (2018)

Kaennakam
et al. (2018)

Rattanaburi
et al. (2013)

Hounkong
et al. (2015)
Wang et al. (2014)

Yang et al. (2014)

Zhang et al. (2016)

Yang et al. (2022)

Luan et al. (2021)
Jin et al. (2016)
Lin et al. (2011)

Qian et al. (2017)

Li et al. (2018)
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Pouchetia (Fraga et al., 2009); L. acuminatissimus of the genus
Lasianthus (Huang et al., 2019; Liu et al., 2021); P. scandens of the
genus Paederia (Li et al., 2012; Zhang et al., 2018); K. valerianoides of
the genus Knoxia (Fraga et al., 2009; Zhao et al., 2015); P. schimpi of
the genus Pentas (Kuete et al., 2015); G. verum of the genus Galium
(Zhao et al., 2006); O. pumila of the genus Ophiorrhiza (Kitajima
et al., 1998); Rubia tinctorum of the genus Rubia (Derksen et al., 1998);
D. indicus of the genus Damnacanthus (Lee et al., 1994); H. lycioides
and H. pustulata of the genus Heterophyllaea (Dimmer et al., 2017).
Therefore, the anthraquinones in Rubiaceae plants are all present in
medicinal plants. The anthraquinone compounds accumulated in
Rubiaceae are mainly rubiadin, damnacanthal, emodin and chryso-
phanol, and so forth, but there are more glycosides in Rubiaceae

plants.

2.2.3 | Fabaceae

Anthraquinones have been found in two genera and 36 species of
Fabaceae. They are C. absua (Dave & Ledwani, 2012; Krishna
et al., 1979), C. acutifolia (Dave & Ledwani, 2012), C. alata
(Chatsiriwej et al., 2008; Dave & Ledwani, 2012; Fernand et al., 2008;
Hemlata & Kalidhar, 1993; Hofilena et al., 2000), C. angustifolia (Dave
& Ledwani, 2012; Friedrich & Baier, 1973; Kinjo et al., 1994), C.
auriculata (Dave & Ledwani, 2012), C. artemisioides (Zaman
et al.,, 2011), C. biflora (Dave & Ledwani, 2012), C. didymobotrya
(Dave & Ledwani, 2012; El-Sayyad & Ross, 1983; Monache
et al,, 1991), C. fistula (Bahorun et al., 2005; Dave & Ledwani, 2012;
Zhou et al., 2017), C. glauca (Dave & Ledwani, 2012), C. grandis (Dave
& Ledwani, 2012; Verma & Sinha, 1996), C. italica (Dave &
Ledwani, 2012), C. javanica (Dave & Ledwani, 2012), C. laevigata
(Alemayehu et al., 1988; Dave & Ledwani, 2012; Tiwari &
Singh, 1979), C. lindheimeriana (Barba et al., 1992), C. marginata
(Dave & Ledwani, 2012; Duggal & Misra, 1982; Singh & Singh, 1987),
C. mimosoides (Dave & Ledwani, 2012), C. nigricans (Dave &
Ledwani, 2012; Georges et al., 2008; Obodozieet al., 2008), C.
nomame (Dave & Ledwani, 2012; Kitanaka & Takido, 1985), C. obtusa
(Dave & Ledwani, 2012; Sekar et al., 1999), C. obtusifolia (Chen
et al.,, 2003; Dave & Ledwani, 2012; Guo et al., 1998, 2017; Li
et al., 2004; Pang et al., 2018; Shi et al., 2021; Sob et al., 2008; Sung
et al, 2004; Tang et al., 2008; Wang, Su, et al, 2016; Xu
et al., 2012, 2015; Zhang et al., 2009), C. occidentalis (Chukwujekwu
et al., 2006; Dave & Ledwani, 2012; Yadav et al., 2010), C. podocarpa
(Dave & Ledwani, 2012), C. pudibunda (Dave & Ledwani, 2012;
Messana et al., 1991), C. racemosa (Dave & Ledwani, 2012), C.
renigera (Dave & Ledwani, 2012), C. reticulata (Dave &
Ledwani, 2012), C. roxburghii (EI-Toumy et al., 2012), C. siamea (Dave
& Ledwani, 2012; Koyama et al., 2002, Koyama, Morita, Tagahara, &
Aqil, 2001; Koyama, Morita, Tagahara, Ogata, et al., 2001; Singh
et al, 1992; Ye et al.,, 2014), C. sophera (Dass et al., 1984; Dave &
Ledwani, 2012; Malhotra & Misra, 1982), C. spectabilis (Dave &
Ledwani, 2012), C. tomentosa (Dave & Ledwani, 2012), C. tora (Chen
et al.,, 2003; Cherng et al., 2008; Choi et al., 2000, 1996; Dave &

Ledwani, 2012; Hyun et al., 2009; Jang et al., 2007; Kang, Pandey,
et al.,, 2020; Kim et al., 2004; Mbatchou et al., 2018; Naeem
etal., 2009), and C. torosa of the genus Cassia (Dave & Ledwani, 2012;
Kitanaka & Takido, 1984; Takahashi et al., 1977, 1976); and C. greggii
of the genus Chamaecrista (Barba et al., 1992). Therefore, most
anthraquinones in Fabaceae are found in the medicinal genus Cassia,
but the soybean and peanut of the Fabaceae are the main edible oil
crops, and there is no report on the anthraquinones. The anthraqui-
none compounds accumulated in the Fabaceae are mainly obtusin,

chryso-obtusin, aurantio-obtusin, obtusifolin, and emodin.

2.24 | Rhamnaceae

Anthraquinones have been found in three genera and 23 species
of rhamnosaceae. They are R. alaternus (Ammar et al., 2018;
Genovese et al., 2012; Kosalec et al., 2013), R. alpinus (Genovese
et al.,, 2012; Locatelli et al., 2009), R. cathartica (Epifano
et al.,, 2012; Genovese et al.,, 2012; Locatelli et al., 2011), R.
fallax (Epifano et al., 2012; Genovese et al., 2012; Kosalec
et al., 2013), R. formosana (Kalidhar, 1992; Lin et al., 1991, 1990),
R. frangula (Gongalves et al.,, 2018), R. intermedia (Epifano
et al, 2012; Genovese et al., 2012; Kosalec et al., 2013), R.
libanotica (Coskun et al., 1990), R. longipes (Su, 1988), R. nakaharai
(Lin & Wei, 1993; Lu & Ko, 2016; Wei et al., 1992), R. nepalensis
(Dong, 1980; Mai et al., 2001), R. orbiculata (Genovese et al., 2012;
Locatelli et al., 2011), R. pallasu (Coskun et al., 1984), R. prinoides
(Abegaz & Peter, 1995), R. pubescens (Sharp et al., 2001), R. pumila
(Genovese et al., 2012; Kosalec et al., 2013), R. rupestris (Epifano
et al.,, 2012; Genovese et al., 2012), R. saxatilis (Genovese
et al, 2012; Locatelli et al, 2009), R. thymifolius (Satake
et al., 1993), R. virgata (Kalidhar & Sharma, 1984), and R. virgatus
of the genus Rhamnus (Prasad et al., 2000); B. floribunda of the
genus Berchemia (Wei et al., 2007, 2008); and V. harmandiana of
the genus Ventilago (Panthong et al., 2020). Therefore, the
anthraquinones in the Rhamnaceae plants are mainly reported
in the Rhamnus, but the fruit of the Rhamnaceae Ziziphus is
favored by consumers, and anthraquinones in the jujube fruit
have not been reported yet. The anthraquinone compounds
accumulated in the Rhamnaceae are mainly emodin, chrysopha-
nol, and rhein.

2.2.5 | Others

In addition, different anthraquinone compounds have been found in
other different families and species. Figure 5 shows that the collected
species are analyzed by the evolutionary tree of life, and rubidin is
mainly distributed in Rubiaceae, Verbenaceae, and Juglandaceae, and
other species are mainly composed of emodin and chrysophanol. This
may be due to the fact that most of the synthesis of anthraquinone
compounds in plants is related to the participation of the polyketone
pathway, and the synthesis is mainly emodin anthraquinones.
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However, the synthesis of anthraguinone compounds in a few plants
is related to the participation of the SA pathway, and the synthesis is

mainly rubiadin anthraquinones.

3 | BIOSYNTHESIS OF
ANTHRAQUINONES

3.1 | Polyketone pathway of anthraquinones
biosynthesis

The polyketone pathway plays a very important role in the
synthesis of anthraquinones in plants, which mainly synthesize
emodin anthraquinones. However, the process of synthesizing
anthraquinones through polyketone pathway is very complicated.
As shown in Figure 6, first, using acetyl-CoA and malonyl-CoA as
substrate, a series of condensation reactions are carried out under
the action of the chalcone synthase (CHS) and the extend the
carbon chain, and finally form a octa-ketide compound. The octa-
ketide compound undergoes a series of multiple cyclization,
reduction, aldolisation, dehydration, enolization, decarboxylation,
oxidation, methylation, glycosylation, and radical coupling. The
reaction step can generate anthraquinone compounds such as
emodin, physcion, aurantio-obtusin, obtusin, chryso-obtusin, chry-
sophanol, aloe-emodin, obtusifolin, and rhein (Bringmann
et al., 2006; Liu et al., 2020).

3.2 | SA pathway of anthraquinones biosynthesis

In plants, the synthesis of anthraquinones via the SA pathway
requires the multiple metabolic routes of the tricarboxylic acid (TCA)
pathway, the mevalonate (MVA) pathway, and the methyl erythritol
phosphate (MEP) pathway, and so forth (Kang, Lee, et al., 2020; Kang
et al., 2022; Kang, Pandey, et al., 2020; Liu et al., 2014). The pathway
is mainly divided into the following three modules (Figure 6).

The first module is generation of 1,4-dihydroxy-2-naphthoic
acid (DHNA). In the shikimate pathway, DHNA is generated through
multiple consecutive enzymatic reactions (Santos-Sanchez
et al.,, 2019; Tzin & Galili, 2010). First, using phosphoenol pyruvate
(PEP) and erythrose-4-phosphate (E4P) as raw materials, in
3-deoxy-7-phosphoheptulonate synthase (DAHPS) catalyzed aldol
condensation to generate 3-deoxy-D-arabino-hetulosonate-7-
phosphate (DAHP). DAHP is dephosphorylated and cyclized by
3-dehydroquinate synthase (DHQS) to generate 3-dehydroquinate
(DHQ), and this step is the TCA cycle speed limit steps. DHQ is
dehydrated under the action of 3-dehydroquinate dehydratase
(DHQD) to generate 3-dehydroshikimic acid (DHS). The generated
DHS can be used as a branch point of the shikimate pathway to
further generate protocatechuic acid and gallic acid. SA and
nicotinamide purine dinucleotide phosphate (NADP*) are generated
under the action of shikimate dehydrogenase (SDH). SA consumes
adenosine triphosphate (ATP) under the action of shikimate

kinase to generate shikimic acid-3-Phosphate (S3P). S3P and PEP
catalyzed condensation under the action of 3-phosphoshikimate
(EPSPS) to
enolpyruvylshikimate-3-phosphate (EPSP). EPSP is dephosphoryl-

1-carboxyvinyltransferase generate 5-
ated by chorismate synthase (CS) to form chorismic acid (CHA). As
another branch point of the shikimate pathway, the generated CHA
can further generate flavonoids and alkaloids. CHA is catalyzed by
isochorismate synthase (ICS) to generate IC, which is the rate-
limiting step of the shikimate pathway (Dempsey et al., 2011;
Wildermuth et al., 2001). Using the IC generated in the previous
step and a-ketoglutarate from the TCA cycle as a substrate, under
the action of O-succinyl benzoate synthase (OSBS), it can react with
thiamine diphosphate (TPP) generates O-succinyl benzoate (OSB)
and releases CO, and PEP (Heide et al., 1982; Lu et al., 2012).
Under the action of O-succinyl benzoate-CoA ligase (MenE), the
succinyl side chain of OBS is activated to form O-succinyl benzoyl-
CoA (OSB-CoA). OSB-CoA is then cyclized to 1,4-dihydroxy-2-
naphthoyl-CoA (DHNA-CoA) by the action of 1,4-dihydroxy-2-
naphthoyl-CoA synthase (MenB). DHNA-CoA finally generates
DHNA under the action of 1,4-dihydroxy-2-naphthoyl-CoA
thioesterase (DHNAT), which serves as the A and B rings of
the anthraquinone nucleus (Gaid et al., 2012; Sieweke &
Leistner, 1992).

The second module is generation of 3,3-dimethylallyl
diphosphate (DMAPP). DMAPP can be produced through isoprenyl
diphosphate (IPP) in the MVA pathway, as well as 4-hydroxy-3-
methyl-butenyl-1-diphosphate (HMBPP) in the MEP pathway. As
important precursors for the biosynthesis of anthraquinones, DMAPP
is mainly formed in the MVA pathway located in the cytoplasm and
the MEP pathway located in the plastid (Lv et al., 2016; Zebec
et al.,, 2016). Therefore, the two synthetic pathways are discussed
separately.

The MVA pathway, first discovered in animals and yeast in
1958, is also an important pathway for terpenoid biosynthesis
(Bach, 1995). In the MVA pathway, two molecules of acetyl-CoA
are first condensed under the catalysis of acetyl-CoA carboxylase
(ACCA) to generate acetoacetyl-CoA (Lynen et al, 1952).
Acetoacetyl-CoA and acetyl-CoA are further condensed under
the action of hydroxy-methylglutaryl-CoA synthase (HMGS) to
generate 3-hydroxyl-3-methylglutaryl-CoA (HMG-CoA) (Engels
et al, 2008). HMG-CoA generates MVA under the action of
(HMGR) (Durr &
Rudney, 1960). MVA consumes one molecule of ATP under the

hydroxymethylglutaryl-CoA  reductase
catalysis of mevalonate kinase (MVK) to generate mevalonate-5-
phosphate (MVA-P), which is then converted by phosphomevalo-
nate kinase (PMK) and catalyzes the consumption of 1 molecule
ATP to generate mevalonate-5-diphosphate (MVADP) (Durbecq,
2001). MVADP is catalyzed by mevalonate disphosphate
decarboxylase to generate IPP. IPP cannot be directly cyclized
with DHNA to form an anthraquinone core structure. It needs to
be catalyzed by isopentenyl-diphosphate delta-isomerase (IDI) to
generate DMAPP, and then cyclized with DHNA. Its MVK and
HMGR are key enzymes regulating the MVA pathway (Anthony
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3.3.10); ICS, isochorismate synthase (EC 5.4.4.2); IDI, isopentenyl-diphosphate delta-isomerase (EC 5.3.3.2); MCS, 2-C-methyl-d-erythritol 2,4-
cyclodiphosphate synthase (EC 4.6.1.12); MenB, 1,4-dihydroxy-2-naphthoyl-CoA synthase (EC 4.1.3.36); MenE, O-succinyl benzoate-CoA ligase (EC
6.2.1.26); MEP, methyl-d-erythritol-4-phosphate; MPD, mevalonate disphosphate decarboxylase (EC 3.1.8.1); MVA, mevalonic acid; MVK, mevalonate
kinase (EC 2.7.1.36); OSBS, O-succinyl benzoate synthase (EC 4.2.1.113); PAL, phenylalanine ammonia-lyase (EC 4.3.1.24); PMK, phosphomevalonate
kinase (EC 2.7.4.2); SDH, shikimate dehydrogenase (EC 1.1.1.25); SK, shikimate kinase (EC 2.7.1.71).

et al., 2009; Narita & Gruissem, 1989). For example, Anthony et al.
(2009) found that increasing the expression of MVK can increase
the content of isoprenes. Narita and Gruissem (1989) found that
inhibiting HMGR would significantly inhibit the normal growth of
tomato fruit, but, the plants recovered after adding MVA,
indicating that HMGR plays an important role in the MVA pathway.

Since the discovery of the MEP pathway in 1993, the research on
this pathway has made remarkable progress (Rodriguez-Concepciéon &
Boronat, 2002). In the MEP pathway, pyruvate and D-glyceraldehyde-3-
phosphate are first converted into 1-deoxy-D-xylulose-5-phosphate
(DXP) under the action of 1-deoxy-D-xylulose-5-phosphate synthase
(DXS) (Xiang et al., 2007). DXP consumes NADPH under the reduction
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TABLE 4 Genes related to anthraquinone biosynthesis.
Gene Origin Transformation Function Reference
dxs Catharanthus roseus  Morinda citrifolia The content of anthraquinones in the transgenic cell line was Quevedo
increased by 24%. et al. (2010)

CtUGT73AE1 Carthamus tinctorius —

Glycosylated emodin produces emodin-8-O-glucoside.

Xie et al. (2014)

AtCPK1 Arabidopsis thaliana  Rubia cordifolia The gene expression levels of ICS, OSBS, OSBL, and IPPI in the Shkryl
transgenic cell lines were significantly increased, while the content et al. (2016)
of anthraquinones was significantly increased.

RpUGT1 Rheum palmatum — Glycosylated emodin produces emodin-6-O-glucoside. Yamada

et al. (2020)

FtUGT73BE5  Fagopyrum -
tataricum

Overexpression of FtUGT73BES5 gene in tartary buckwheat hairy
roots increased the content of emodin-6-O-glucoside by 17.36- to

Yin et al. (2020)

22.73-fold through glycosylation of emodin.

PcOKS Polygonum
cuspidatum

Arabidopsis thaliana No emodin was detected in wild Arabidopsis roots, but emodin was
detected in transgenic Arabidopsis roots, suggesting that PcOKS is

Guo et al. (2021)

a key gene for anthraquinones synthesis.

isomerization of  1-deoxy-D-xylulose-5-phosphate-reductoisomerase
(DXR) to produce MEP and NADP* (Hoeffler et al., 2002). MEP and
cytidine 5'-triphosphate (CTP) catalyze the production of methylerythritol
cytidyl diphosphate (CDP-ME) by 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase (CMS). CDP-ME is catalyzed by 4-diphosphocytidyl-
2-C-methyl-D-erythritol kinase (CMK) to form 4-diphosphocytidyl-2-C-
methyl-D-erythritol-2-phosphate (CDP-MEP). CDP-MEP is catalyzed by
2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase (MCS) cyclization
produces 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (ME-cPP). (Gra-
wert et al, 2011). ME-cPP undergoes ring opening and dehydration
under the action of 4-hydroxy-3-methylbut-2-enyl-diphosphate synthase
(HDS) to form HMBPP (Hecht et al, 2001). HMBPP is catalyzed by
4-hydroxy-3-methylbut-2-enyl diphosphate reductase (HDR) to generate
IPP and DMAPP (Rohdich et al., 2002; Wolff et al., 2003). Its DXS is a key
rate-limiting enzyme in the MEP pathway. Estévez et al. (2001) and
Quevedo et al. (2010) demonstrated the important role of DXS in
regulating the MEP pathway. Meanwhile, DXR and HDR have limiting
roles in the synthesis of IPP and DMAPP, but their effects on the MEP
pathway remain to be further studied (Cordoba et al., 2009).

The third module is condensing steps. This module is to use
DHNA generated by the SA pathway and DMAPP generated in the
MVA and MEP pathways to combine and cyclize to form a C ring
(Widhalm & Rhodes, 2016), and finally form the parent core skeleton
of anthraquinone compounds. After methoxylation, hydroxylation
and glycosylation, a series of anthraquinone compounds are
generated. The rubiadin anthraquinones are a major class of

anthraquinones biosynthesized by this pathway.

3.3 | Key genes of anthraquinones biosynthesis

The biosynthesis of anthraquinones is affected by key enzymes or
enzyme genes such as CHS, DXS, DXR, HMGR, MVK, IDI, ICS, and
PLA. As shown in Table 4 (Guo et al., 2021; Quevedo et al., 2010;
Shkryl et al.,, 2016; Xie et al, 2014; Yamada et al., 2020; Yin

et al., 2020), Quevedo et al. (2010) increased the content of
anthraquinone by about 24% by cultivating the M. citrifolia cell line
overexpressing the dxs gene; Xie et al. (2014) found that the
CtUGT73AE1 gene in Carthamus tinctorius could glycosylate emodin
to generate emodin-8-O-glucoside; Shkryl et al. (2016) used the
AtCPK1 gene in Arabidopsis thaliana to significantly increase the
expression of ICS, OSBS, OSBL, and IPPI in transgenic Rubia cordifolia
cell lines, as well as the content of anthraquinone; Yamada et al.
(2020) found that the RpUGT1 gene in Rheum palmatum could
glycosylate emodin to generate emodin-6-O-glucoside; Yin et al.
(2020) found that the FtUGT73BE5 gene in F. tataricum was
overexpressed in the hairy roots of tartary buckwheat, and the
content of emodin-6-0O-glucoside was increased by 17.36 to 22.73
times through glycosylation of emodin; Guo et al. (2021) used the
PcOKS gene from P. cuspidatum to express in A. thaliana and found
that emodin was detected in the roots of transgenic Arabidopsis (not
detected in wild Arabidopsis), indicating that PcOKS is an anthraqui-
none synthesis key genes. In addition, adding 0.25 mM Proline or
100 M aminoindan-2-phosphonic acid in R. tinctorum suspension cells
could increase the content of anthraquinone by about 50%
(Perassolo et al., 2007). However, studies on revealing key enzyme
genes in the anthraquinone biosynthesis pathway are still lacking, and
direct and strong evidence is lacking. Therefore, researchers should
combine structural biology, bioinformatics, and gene editing technol-
ogy to fully analyze the key enzymes and genes in the process of
anthraquinone biosynthesis, so as to lay a theoretical foundation for

improving the synthesis of anthraquinone compounds in plants.

4 | TRANSCRIPTION FACTORS REGULATE
ANTHRAQUINONES BIOSYNTHESIS

Transcription factors are key factors regulating plant growth,
development, and natural secondary metabolites. At present, the
biosynthesis of anthraquinones is generally revealed based on
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transcriptome analysis, and transcription factors are analyzed using
bioinformatics. For example, Deng et al. (2018), Kang, Lee, et al.
(2020), Kang et al. (2022), Kang, Pandey, et al. (2020), Rama-Reddy
et al. (2015), and used the transcriptome to analyze the anthraqui-
none biosynthesis pathway in roots, stems, leaves, flowers, and seeds
of Cassia L. and predicted related transcription factors. Choudhri et al.
(2018) used the transcriptome to analyze the anthraquinone
biosynthesis pathway in the roots and leaves of Aloe vera, and
predicted related transcription factors. Wang et al. (2021) and Zheng
et al. (2021) used the transcriptome to analyze the anthraquinone
synthesis pathways in the roots, stems, leaves, flowers, and seeds of
P. cuspidatum, and predicted related transcription factors. These
transcription factors mainly include NAC, MYB, bHLH, Zinc finger,
ARF, WRKY, Homeobox, NF, MADS, LEA, YABBY, LOL, GATA,
Trihelix, HB29, and MED25.

5 | CONCLUSION AND PERSPECTIVES

This paper systematically reviews the classification, distribution,
biosynthesis, and regulation of anthraquinones in plants. Anthraqui-
none compounds are the basic structure composed of three-
membered rings, and their classification and properties depend on
the substitution and arrangement of different functional groups such
as hydroxyl, methoxyl, and glycosides on the side of the basic
skeleton. Anthraquinones are generally divided into two categories:
emodin anthraquinones and rubiadin anthraquinones. Anthraqui-
nones are natural phenolic compounds that are ubiquitous in plants
and play a crucial role in biological processes such as plant growth
and development, resistance to biotic and abiotic stresses, and
interactions with other organisms. There are certain differences in
the content and types of anthraquinones in different plants, and this
difference may be regulated by transcription factors. Although the
biosynthesis of these anthraquinones depends on the influence of
plant species and environmental conditions, with the rapid develop-
ment of biotechnology (such as gene editing technology), the use of
specific anthraquinone-rich plant or yeast cells for related anthra-
quinones. The biosynthesis of quinones offers good opportunities.
Therefore, it provides a good opportunity for the development and
utilization of higher activity anthraquinone compounds.
Anthraquinones are widely distributed in plants. Currently,
anthraquinones are found in about 130 species, which are mainly
distributed in four families of Polygonaceae, Rubiaceae, Fabaceae,
and Rhamnaceae. There are two pathways for the synthesis of
anthraquinones, one is mainly the SA pathway, which also involves
the TCA cycle pathway, MVA pathway, or MEP pathway, and the
other is the anthraquinone synthesis pathway of the polyketone
pathway. The study found that the anthraquinone synthesis pathway
dominated by the SA pathway mainly existed in Rubiaceae, while the
biological process of most plants synthesizing anthraquinone in vivo
is the polyketone pathway. The polyketone pathway mainly exists in
plants such as Fabaceae, Polygonaceae, and Rhamnaceae. At present,

there are a lot of reports on the biosynthetic pathway of
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anthraquinones, but the specific synthetic mechanism needs further
study.

The positive effects of anthraquinones on human health are
mainly determined by their powerful biological activities. A large
number of in vitro and in vivo experimental studies have shown that
anthraquinones have anticancer, antioxidant, antiaging, antibacterial,
antiviral, antimalarial, antidiabetic, nerve and liver protection, and
other effects. The side effects of anthraquinones in the treatment of
diseases are far less than chemically synthesized drugs, and they are
an excellent natural product and a new type of anticancer drug.
However, the dosage, efficacy, and bioavailability of anthraquinones
also require further study. In addition, after consuming foods and
beverages containing multiple anthraquinones, the synergistic effect
of multiple anthraquinones may be the focus of attention in the
future. At present, the biological activities of some anthraquinones
have been confirmed by many studies, but the research on the
synergistic effect of various anthraquinones has not been reported.
Although it is difficult to determine the pharmacological mechanism
of action of various anthraquinones, clinical trials can be conducted
with efficacy as the main research goal to develop effective new
treatments for chronic and autoimmune diseases. Since anthraqui-
nones have remarkable effects on preventing chronic diseases, it is
recommended to consume anthraquinones daily by consuming foods
or supplements rich in anthraquinones to prevent the occurrence of
some chronic diseases. Therefore, further research is needed to
support dietary anthraquinones as safe use agents to improve human
health.

Now, with the rapid development of science and technology, the
market demand for anthraquinones is also increasing day by day.
Searching for more plants rich in anthraquinones, discovering new
anthraquinones with stronger biological activity, and improving the
biosynthesis efficiency of anthraquinones are all scientific problems
to be solved urgently. However, there is still a lack of research on the
distribution and biosynthesis of anthraquinones. At the same time,
there are few studies on the regulation network of the synthesis of
anthraquinones, the isolation, cloning and expression of key enzymes
and genes in the biosynthesis process, and the regulation of
transcription factors. Subsequent research should focus on develop-
ing new anthraquinone plants, discovering new anthraquinones, and
clarifying the regulatory factors of anthraquinone biosynthesis
pathways so as to provide theoretical basis and scientific guidance
for the development and utilization of anthraquinones.

AUTHOR CONTRIBUTIONS

Peng Wang: Organizing data; writing the first draft and revising
subsequent articles. Jia Wei: Writing an English manuscrpt. Xin Hua:
Putting forward reasonable revision opinions and modifing the
structure of the article. Ganggiang Dong: Conducted the search
and screening of articles. Krzysztof Dziedzic: Putting forward
reference opinions. Atia-tul-Wahab: Putting forward reference
opinions. Thomas Efferth: Corrected and edited the manuscript.
Wei Sun: Modifing the article. Pengda Ma: Assign work reasonably,
grasping the direction of the article and the progress of writing.

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T



WANG ET AL

40 Journalof:
—LWI | DA & Collular Physiology

ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program of China
[grant number 2021YFE0100900, 2019YFE0108700]; and the
Scientific and technological innovation project of China Academy
of Chinese Medical Sciences [grant number CI2021A04902,
CI2021A03710].

CONFLICT OF INTEREST STATEMENT

The authors declare no conflict of interest.

ORCID
Jia Wei & https://orcid.org/0009-0003-4574-6260
REFERENCES

Abdessemed, D., Fontanay, S., Duval, R. E., Mattar, D. L., & Dibi, A. (2011).
Two new anthraquinone glycosides from Gladiolus segetum. Arabian
Journal for Science and Engineering, 36(1), 57-62. https://doi.org/10.
1007/s13369-010-0015-7

Abdissa, N., Gohlke, S., Frese, M., & Sewald, N. (2017). Cytotoxic
compounds from Aloe megalacantha. Molecules, 22(7), 1136.
https://doi.org/10.3390/molecules22071136

Abegaz, B. M., & Peter, M. G. (1995). Emodin and emodinanthrone
rhamnoside acetates from fruits of Rhamnus prinoides.
Phytochemistry, 39(6), 1411-1414. https://doi.org/10.1016/0031-
9422(95)00093-M

Adnan, M., Rasul, A, Hussain, G., Shah, M. A,, Sarfraz, |., Nageen, B., Riaz, A.,
Khalid, R., Asrar, M., Selamoglu, Z., Adem, S., & Sarker, S. D. (2021).
Physcion and physcion 8-O-B-D-glucopyranoside: Natural anthraqui-
nones with potential anti-cancer activities. Current Drug Targets, 22(5),
488-504. https://doi.org/10.2174/1389450121999201013154542

Aichner, D., & Ganzera, M. (2015). Analysis of anthraquinones in rhubarb
(Rheum palmatum and Rheum officinale) by supercritical fluid
chromatography. Talanta, 144, 1239-1244. https://doi.org/10.
1016/j.talanta.2015.08.011

Alemayehu, G., Abegaz, B., Snatzke, G. & Duddeck, H. (1988).
Bianthraquinones and a spermidine alkaloid from Cassia floribunda.
Phytochemistry, 27(10), 3255-3258. https://doi.org/10.1016/0031-
9422(88)80037-2

Ammar, B. R., Miyamoto, T., Chekir-Ghedira, L., Ghedira, K., & Lacaille-
Dubois, M. A. (2018). Isolation and identification of new anthraqui-
nones from Rhamnus alaternus L and evaluation of their free radical
scavenging activity. Natural Product Research, 33(2), 280-286.
https://doi.org/10.1080/14786419.2018.1446135

Anthony, J. R., Anthony, L. C., Nowroozi, F., Kwon, G., Newman, J. D., &
Keasling, J. D. (2009). Optimization of the mevalonate-based
isoprenoid biosynthetic pathway in Escherichia coli for production
of the anti-malarial drug precursor amorpha-4,11-diene. Metabolic
Engineering, 11(1), 13-19. https://doi.org/10.1016/j.ymben.2008.
07.007

Arvindekar, A. U,, Pereira, G. R, & Laddha, K. S. (2015). Assessment of
conventional and novel extraction techniques on extraction effi-
ciency of five anthraquinones from Rheum emodi. Journal of Food
Science and Technology, 52(10), 6574-6582. https://doi.org/10.
1007/s13197-015-1814-3

Avery, M. L., Humphrey, J. S., & Decker, D. G. (1997). Feeding deterrence
of anthraquinone, anthracene, and anthrone to rice-eating birds. The
Journal of Wildlife Management, 61(4), 1359-1365. https://doi.org/
10.2307/3802138

Avery, M. L., Humphrey, J. S., Primus, T. M, Decker, D. G, &
McGrane, A. P. (1998). Anthraquinone protects rice seed from

birds. Crop Protection, 17(3), 225-230. https://doi.org/10.1016/
S50261-2194(98)00002-7

Bach, T. J. (1995). Some new aspects of isoprenoid biosynthesis in plants—
A review. Lipids, 30(3), 191-202. https://doi.org/10.1007/
BF02537822

Bahorun, T., Neergheen, V. S., & Aruoma, O. (2005). Phytochemical
constituents of Cassia fistula. African Journal of Biotechnology, 4(13),
1530-1540. https://doi.org/10.4314/ajfand.v4i13.71772

Bao, T. N., Zhou, Z. Z., Zhang, F., Peng, S. L., & Li, B. G. (2003). Chemical
constituents of buckwheat hulls. Natural Product Research and
Development, 15(2), 116-117. https://doi.org/10.3969/j.issn.1001-
6880.2003.02.007

Barba, B., Diaz, J. G., & Herz, W. (1992). Anthraquinones and other
constituents of two Senna species. Phytochemistry, 31(12),
4374-4375. https://doi.org/10.1016/0031-9422(92)80483-U

Barba, B., Diaz, J. G., & Herz, W. (1994). Cassanes and anthraquinones
from Chamaecrista greggii. Phytochemistry, 37(3), 837-845. https://
doi.org/10.1016/50031-9422(00)90367-4

Bar-On, Y. M., Phillips, R., & Milo, R. (2018). The biomass distribution on
Earth. Proceedings of the National Academy of Sciences of the United
States of America, 115 (25), 6506-6511. https://doi.org/10.1073/
pnas.1711842115

Barrera-Vazquez, M. F., Andreatta, A. E., Martini, R. E., NUfiez Montoya, S. C.,
Cabrera, J. L., & Comini, L. R. (2020). Optimization of pretreatment with
microwaves prior the pressurized hot water extraction of anthraqui-
nones from Heterophyllaea pustulata, using Doehlert experimental
design. Chemical Engineering and Processing - Process Intensification, 155,
108055. https://doi.org/10.1016/j.cep.2020.108055

Borges-Argéaez, R., Chan-Balan, R., Cetina-Montejo, L., Ayora-Talavera, G.,
Sansores-Peraza, P., Gémez-Carballo, J., & Caceres-Farfan, M.
(2019). In vitro evaluation of anthraquinones from Aloe vera (Aloe
barbadensis Miller) roots and several derivatives against strains of
influenza virus. Industrial Crops and Products, 132, 468-475. https://
doi.org/10.1016/j.indcrop.2019.02.056

Bringmann, G., Noll, T. F., Gulder, T. A. M., Griine, M., Dreyer, M,,
Wilde, C., Pankewitz, F., Hilker, M., Payne, G. D., Jones, A. L.,
Goodfellow, M., & Fiedler, H. P. (2006). Different polyketide folding
modes converge to an identical molecular architecture. Nature
Chemical Biology, 2(8), 429-433. https://doi.org/10.1038/
nchembio805

Chang, P., & Lee, K. H. (1985). Antitumor agents, 75. Synthesis of
cytotoxic anthraquinones digiferruginol and morindaparvin-B.
Journal of Natural Products, 48(6), 948-951. https://doi.org/10.
1021/np50042a011

Chatsiriwej, N., Wungsintaweekul, J., & Panichayupakaranant, P. (2008).
Anthraquinone production in Senna alata root cultures.
Pharmaceutical Biology, 44(6), 416-420. https://doi.org/10.1080/
13880200600794154

Chen, B, Wang, D. Y., Ye, Q, Li, B. G, & Zhang, G. L. (2005).
Anthraquinones from Gladiolus gandavensis. Journal of Asian
Natural Products Research, 7(3), 197-204. https://doi.org/10.1080/
10286020310001653336

Chen, Q. D., Xu, R,, Xu, Z. N., & Cen, P. L. (2003). Progress in studies of
active coustituents of anthraquinones and their biological activities
from Semen Cassiae. Chinese Journal of Modern Applied Pharmacy,
20(2), 120-124. https://doi.org/10.3969/j.issn.1007-7693.2003.
02.013

Cherng, J. M., Chiang, W., Wang, J. H,, Lin, C. M,, Lee, C. Y., Shih, C. M., &
Chiang, L. C. (2008). Anthraquinones of edible wild vegetable Cassia
tora stimulate proliferation of human CD4+T lymphocytes and
secretion of interferon-gamma or interleukin 10. Food Chemistry,
107(4), 1576-1580. https://doi.org/10.1016/j.foodchem.2007.
10.005

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://orcid.org/0009-0003-4574-6260
https://doi.org/10.1007/s13369-010-0015-7
https://doi.org/10.1007/s13369-010-0015-7
https://doi.org/10.3390/molecules22071136
https://doi.org/10.1016/0031-9422(95)00093-M
https://doi.org/10.1016/0031-9422(95)00093-M
https://doi.org/10.2174/1389450121999201013154542
https://doi.org/10.1016/j.talanta.2015.08.011
https://doi.org/10.1016/j.talanta.2015.08.011
https://doi.org/10.1016/0031-9422(88)80037-2
https://doi.org/10.1016/0031-9422(88)80037-2
https://doi.org/10.1080/14786419.2018.1446135
https://doi.org/10.1016/j.ymben.2008.07.007
https://doi.org/10.1016/j.ymben.2008.07.007
https://doi.org/10.1007/s13197-015-1814-3
https://doi.org/10.1007/s13197-015-1814-3
https://doi.org/10.2307/3802138
https://doi.org/10.2307/3802138
https://doi.org/10.1016/S0261-2194(98)00002-7
https://doi.org/10.1016/S0261-2194(98)00002-7
https://doi.org/10.1007/BF02537822
https://doi.org/10.1007/BF02537822
https://doi.org/10.4314/ajfand.v4i13.71772
https://doi.org/10.3969/j.issn.1001-6880.2003.02.007
https://doi.org/10.3969/j.issn.1001-6880.2003.02.007
https://doi.org/10.1016/0031-9422(92)80483-U
https://doi.org/10.1016/S0031-9422(00)90367-4
https://doi.org/10.1016/S0031-9422(00)90367-4
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1073/pnas.1711842115
https://doi.org/10.1016/j.cep.2020.108055
https://doi.org/10.1016/j.indcrop.2019.02.056
https://doi.org/10.1016/j.indcrop.2019.02.056
https://doi.org/10.1038/nchembio805
https://doi.org/10.1038/nchembio805
https://doi.org/10.1021/np50042a011
https://doi.org/10.1021/np50042a011
https://doi.org/10.1080/13880200600794154
https://doi.org/10.1080/13880200600794154
https://doi.org/10.1080/10286020310001653336
https://doi.org/10.1080/10286020310001653336
https://doi.org/10.3969/j.issn.1007-7693.2003.02.013
https://doi.org/10.3969/j.issn.1007-7693.2003.02.013
https://doi.org/10.1016/j.foodchem.2007.10.005
https://doi.org/10.1016/j.foodchem.2007.10.005

WANG ET AL.

Chien, S. C,, Wu, Y. C, Chen, Z. W., & Yang, W. C. (2015). Naturally
occurring anthraquinones: Chemistry and therapeutic potential in
autoimmune  diabetes.  Evidence-Based = Complementary  and
Alternative Medicine, 2015, 1-13. https://doi.org/10.1155/2015/
357357

Chiou, C. T., Hsu, R. Y., & Lin, L. C. (2014). Isolation and cytotoxic effect of
anthraquinones from Morinda umbellata. Planta Medica, 80(13),
1113-1117. https://doi.org/10.1055/5-0034-1382956

Choi, J. S, Chung, H. Y, Jung, H. A, Park, H. J, & Yokozawa, T.
(2000). Comparative evaluation of antioxidant potential of
alaternin (2-hydroxyemodin) and emodin. Journal of Agricultural and
Food Chemistry, 48, 6347-6351. https://doi.org/10.1021/jf000936r

Choi, J. S., Jung, J. H., Lee, H. J,, & Kang, S. S. (1996). The NMR
assignmentsof anthraquinonesfrom Cassia tora. Archives of
Pharmacal Research, 19(4), 302-306. https://doi.org/10.1007/
BF02976245

Choudhri, P., Rani, M., Sangwan, R. S., Kumar, R., Kumar, A, &
Chhokar, V. (2018). De novo sequencing, assembly and char-
acterisation of Aloe vera transcriptome and analysis of expression
profiles of genes related to saponin and anthraquinone metabo-
lism. BMC Genomics, 19(1), 427. https://doi.org/10.1186/
$12864-018-4819-2

Chukwujekwu, J. C., Coombes, P. H., Mulholland, D. A., & van Staden, J.
(2006). Emodin, an antibacterial anthraquinone from the roots of
Cassia occidentalis. South African Journal of Botany, 72(2), 295-297.
https://doi.org/10.1016/j.sajb.2005.08.003

Collett, M. G., & Taylor, S. M. (2019). Photosensitising toxins in alligator
weed (Alternanthera philoxeroides) likely to be anthraquinones.
Toxicon, 167, 172-173. https://doi.org/10.1016/j.toxicon.2019.
06.218

Comini, L. R., NUnez Montoya, S. C., Paez, P. L., Arguello, G. A, Albesa, I.,
& Cabrera, J. L. (2011). Antibacterial activity of anthraquinone
derivatives from Heterophyllaea pustulata (Rubiaceae). Journal of
Photochemistry and Photobiology, B: Biology, 102(2), 108-114.
https://doi.org/10.1016/j.jphotobiol.2010.09.009

Cordoba, E., Salmi, M., & Leon, P. (2009). Unravelling the regulatory
mechanisms that modulate the MEP pathway in higher plants.
Journal of Experimental Botany, 60(10), 2933-2943. https://doi.org/
10.1093/jxb/erp190

Coskun, M., Toshiko, S., Hori, K, Saiki, Y., & Tanker, M. (1990).
Anthraquinone glycosides from Rhamnus libanoticus. Phytochemistry,
29(6), 2018-2020. https://doi.org/10.1016/0031-9422(90)85060-S

Coskun, M., Tanker, N., Sakushima, A., Kitagawa, S., & Nishibe, S. (1984).
An anthraquinone glycoside from Rhamnus pallasii. Phytochemistry,
23(7), 1485-1487. https://doi.org/10.1016/50031-9422(00)
80491-4

Dai, Y., Harinantenaina, L., Bowman, J. D., Da Fonseca, |. O., Brodie, P. J.,
Goetz, M., Cassera, M. B., & Kingston, D. G. I. (2014). Isolation of
antiplasmodial anthraquinones from Kniphofia ensifolia, and synthe-
sis and structure-activity relationships of related compounds.
Bioorganic & Medicinal Chemistry, 22(1), 269-276. https://doi.org/
10.1016/j.bmc.2013.11.032

Dass, A., Joshi, T., & Shukla, S. (1984). Anthraquinones from Cassia sophera
root bark. Phytochemistry, 23(11), 2689-2691. https://doi.org/10.
1016/50031-9422(00)84134-5

Dave, H., & Ledwani, L. (2012). A review on anthraquinones isolated from
Cassia species and their applications. Indian Journal of Natural
Products and Resources, 3(3), 291-319.

Deliberto, S. T., & Werner, S. J. (2016). Review of anthraquinone
applications for pest management and agricultural crop protection.
Pest Management Science, 72(10), 1813-1825. https://doi.org/10.
1002/ps.4330

Dempsey, D. A, Vlot, A. C., Wildermuth, M. C., & Klessig, D. F. (2011).
Salicylic acid biosynthesis and metabolism. The Arabidopsis Book, 9,
e0156. https://doi.org/10.1199/tab.0156

Journalof: 41
Cellular Physiology Wi LEY—‘—

Deng, H. L., Xie, Z,, Mai, L. Y., Pang, T., Chen, Y., & Tang, Y. L. (2016).
Advances in studies on antibacterial activity and mechanism of
anthraquinone compounds. Chinese Journal of New Drugs, 25(21),
2450-2455.

Deng, Y., Zheng, H., Yan, Z., Liao, D., Li, C., Zhou, J., & Liao, H. (2018). Full-
length transcriptome survey and expression analysis of Cassia
obtusifolia to discover putative genes related to aurantio-obtusin
biosynthesis, seed formation and development, and stress response.
International Journal of Molecular Sciences, 19(9), 2476. https://doi.
org/10.3390/ijms19092476

Derksen, G. C. H., van Beek, T. A, de Groot, £&., & Capelle, A. (1998).
High-performance liquid chromatographic method for the analysis
of anthraquinone glycosides and aglycones in madder root (Rubia
tinctorum L.). Journal of Chromatography A, 816, 277-281. https://
doi.org/10.1016/50021-9673(98)00492-0

Dimmer, J. A., NUfez Montoya, S. C., Mendoza, C. S., & Cabrera, J. L.
(2017). Photosensitizing anthraquinones from Heterophyllaea ly-
cioides (Rubiaceae). Phytochemistry, 137, 94-100. https://doi.org/
10.1016/j.phytochem.2017.02.003

Djouatsa, Y. N. N., Tsopgni, W. D. T., Nguemfo, E. L., Kenou, L. B,
Fouokeng, Y., Mbeunkeu, A. B. D. Dongmo, A. B., &
Azebaze, A. G. B. (2021). Anthraquinones and other constituents
from the roots of Eremomastax speciosa (Hochst.) Cufod. Biochemical
Systematics and Ecology, 94, 104196. https://doi.org/10.1016/j.bse.
2020.104196

Dong, J. W., Cai, L., Fang, Y. S., Duan, W. H,, Li, Z. J., & Ding, Z. T. (2016).
Simultaneous, simple and rapid determination of five bioactive free
anthraquinones in Radixet Rhizoma Rhei by quantitativelH NMR.
Journal of the Brazilian Chemical Society, 27(11), 2120-2126. https://
doi.org/10.5935/0103-5053.20160103

Dong, X. Y. (1980). Chemical composition of Rhamnus nepalensis. Foreign
Medicine and Botanical Medicine, 1(38), 39.

Duggal, J., & Misra, K. (1982). Anthraquinones of Cassia marginata seeds.
Planta Medica, 45(5), 48-50. https://doi.org/10.1055/s-2007-
971241

Durbecq, V. (2001). Crystal structure of isopentenyl diphosphate:
Dimethylallyl diphosphate isomerase. The EMBO Journal, 20(7),
1530-1537. https://doi.org/10.1093/emboj/20.7.1530

Durr, I. F., & Rudney, H. (1960). The reduction of B-hydroxy-B-
methylglutaryl coenzyme A to mevalonic acid. Journal of Biological
Chemistry, 235(9), 2572-2578. https://doi.org/10.1016/50021-
9258(19)76915-4

Duval, J., Pecher, V., Poujol, M., & Lesellier, E. (2016). Research advances
for the extraction, analysis and uses of anthraquinones: A review.
Industrial Crops and Products, 94, 812-833. https://doi.org/10.
1016/j.indcrop.2016.09.056

Ee, G. C. L, Wen, Y. P., Sukari, M. A, Go, R, & Lee, H. L. (2009). A new
anthraquinone from Morinda citrifolia roots. Natural Product
Research, 23(14), 1322-1329. https://doi.org/10.1080/
14786410902753138

El-Sayyad, S. M., & Ross, S. A. (1983). A phytochemical study of some
Cassia species cultivated in Egypt. Journal of Natural Products, 46(3),
431-432.

El-Toumy, S. A., El Souda, S. S., Mohamed, T. K., Brouard, I., &
Bermejo, J. (2012). Anthraquinone glycosides from Cassia
roxburghii and evaluation of its free radical scavenging activity.
Carbohydrate Research, 360, 47-51. https://doi.org/10.1016/j.
carres.2012.07.020

Engels, B., Dahm, P., & Jennewein, S. (2008). Metabolic engineering of
taxadiene biosynthesis in yeast as a first step towards Taxol
(Paclitaxel) production. Metabolic Engineering, 10(3-4), 201-206.
https://doi.org/10.1016/j.ymben.2008.03.001

Epifano, F., Genovese, S., Kremer, D., Randic, M., Carlucci, G., & Locatelli, M.
(2012). Re-investigation of the anthraguinone pool of Rhamnus spp:
Madagascin from the fruits of Rhamnus cathartica and R. intermedia.

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1155/2015/357357
https://doi.org/10.1155/2015/357357
https://doi.org/10.1055/s-0034-1382956
https://doi.org/10.1021/jf000936r
https://doi.org/10.1007/BF02976245
https://doi.org/10.1007/BF02976245
https://doi.org/10.1186/S12864-018-4819-2
https://doi.org/10.1186/S12864-018-4819-2
https://doi.org/10.1016/j.sajb.2005.08.003
https://doi.org/10.1016/j.toxicon.2019.06.218
https://doi.org/10.1016/j.toxicon.2019.06.218
https://doi.org/10.1016/j.jphotobiol.2010.09.009
https://doi.org/10.1093/jxb/erp190
https://doi.org/10.1093/jxb/erp190
https://doi.org/10.1016/0031-9422(90)85060-S
https://doi.org/10.1016/S0031-9422(00)80491-4
https://doi.org/10.1016/S0031-9422(00)80491-4
https://doi.org/10.1016/j.bmc.2013.11.032
https://doi.org/10.1016/j.bmc.2013.11.032
https://doi.org/10.1016/S0031-9422(00)84134-5
https://doi.org/10.1016/S0031-9422(00)84134-5
https://doi.org/10.1002/ps.4330
https://doi.org/10.1002/ps.4330
https://doi.org/10.1199/tab.0156
https://doi.org/10.3390/ijms19092476
https://doi.org/10.3390/ijms19092476
https://doi.org/10.1016/S0021-9673(98)00492-0
https://doi.org/10.1016/S0021-9673(98)00492-0
https://doi.org/10.1016/j.phytochem.2017.02.003
https://doi.org/10.1016/j.phytochem.2017.02.003
https://doi.org/10.1016/j.bse.2020.104196
https://doi.org/10.1016/j.bse.2020.104196
https://doi.org/10.5935/0103-5053.20160103
https://doi.org/10.5935/0103-5053.20160103
https://doi.org/10.1055/s-2007-971241
https://doi.org/10.1055/s-2007-971241
https://doi.org/10.1093/emboj/20.7.1530
https://doi.org/10.1016/S0021-9258(19)76915-4
https://doi.org/10.1016/S0021-9258(19)76915-4
https://doi.org/10.1016/j.indcrop.2016.09.056
https://doi.org/10.1016/j.indcrop.2016.09.056
https://doi.org/10.1080/14786410902753138
https://doi.org/10.1080/14786410902753138
https://doi.org/10.1016/j.carres.2012.07.020
https://doi.org/10.1016/j.carres.2012.07.020
https://doi.org/10.1016/j.ymben.2008.03.001

WANG ET AL

42 Journalof:
—LWI | DA & Collular Physiology

Natural Product Communications, 7(8), 1934578X1200700. https://doi.
org/10.1016/j.jep.2012.05.050

Estévez, J. M., Cantero, A., Reindl, A., Reichler, S., & Leén, P. (2001).
1-Deoxy-D-xylulose-5-phosphate synthase, a limiting enzyme for
plastidic isoprenoid biosynthesis in plants. Journal of Biological
Chemistry, 276(25), 22901-22909. https://doi.org/10.1074/jbc.
M100854200

Farooq, U., Pandith, S. A., Singh Saggoo, M. |, & Lattoo, S. K. (2013).
Altitudinal variability in anthraquinone constituents from novel
cytotypes of Rumex nepalensis spreng—A high value medicinal herb
of North Western Himalayas. Industrial Crops and Products, 50,
112-117. https://doi.org/10.1016/j.indcrop.2013.06.044

Feilcke, R., Arnouk, G., Raphane, B., Richard, K., Tietjen, I., Andrae-
Marobela, K., Erdmann, F., Schipper, S., Becker, K., Arnold, N.,
Frolov, A., Reiling, N., Imming, P., & Fobofou, S. A. T. (2019).
Biological activity and stability analyses of knipholone anthrone, a
phenyl anthraquinone derivative isolated from Kniphofia foliosa
Hochst. Journal of Pharmaceutical and Biomedical Analysis, 174,
277-285. https://doi.org/10.1016/j.jpba.2019.05.065

Feng, J., Ren, H., Gou, Q., Zhu, L., Ji, H., & Yi, T. (2016). Comparative
analysis of the major constituents in three related polygonaceous
medicinal plants using pressurized liquid extraction and HPLC-ESI/
MS. Analytical Methods, 8(7), 1557-1564. https://doi.org/10.1039/
c5ay02941d

Feng, S.-X., Hao, J., Chen, T., & Qiu, S. X. S. (2011). A new anthraquinone
and two new tetrahydroanthraquinones from the roots of Prisma-
tomeris connata. Helvetica Chimica Acta, 94(10), 1843-1849. https://
doi.org/10.1002/hlca.201100108

Fernand, V. E., Dinh, D. T., Washington, S. J., Fakayode, S. O., Losso, J. N.,
van Ravenswaay, R. O., & Warner, I. M. (2008). Determination of
pharmacologically active compounds in root extracts of Cassia alata
L. by use of high performance liquid chromatography. Talanta, 74(4),
896-902. https://doi.org/10.1016/j.talanta.2007.07.033

Fraga, B. M., Quintana, N., & Diaz, C. E. (2009). Anthraquinones from
natural and transformed roots of Plocama pendula. Chemistry &
Biodiversity, 6, 182-192. https://doi.org/10.1002/cbdv.200800047

Friedrich, H., & Baier, S. (1973). Anthracen-derivate in kalluskulturen aus
Cassia angustifolia. Phytochemistry, 12(6), 1459-1462. https://doi.
org/10.1016/0031-9422(73)80584-9

Froldi, G., Baronchelli, F., Marin, E., & Grison, M. (2019). Antiglycation
activity and HT-29 cellular uptake of aloe-emodin, aloin, and Aloe
arborescens leaf extracts. Molecules, 24(11), 2128. https://doi.org/
10.3390/molecules24112128

Furkan, M., Alam, M. T., Rizvi, A.,, Khan, K., Ali, A. Shamsuzzaman, &
Naeem, A. (2017). Aloe emodin, an anthroquinone from Aloe vera
acts as an anti aggregatory agent to the thermally aggregated
hemoglobin. Spectrochimica Acta, Part A: Molecular and Biomolecular
Spectroscopy, 179, 188-193. https://doi.org/10.1016/j.saa.2017.
02.014

Fu, J.,, Wang, M., Guo, H., Tian, Y., Zhang, Z., & Song, R. (2015). Profiling of
components of rhizoma et radix polygoni cuspidati by high-
performance liquid chromatography with ultraviolet diode-array
detector and ion trap/time-of-flight mass spectrometric detection.
Pharmacognosy Magazine, 11(43), 486-501. https://doi.org/10.
4103/0973-1296.160455

Gaid, M. M., Sircar, D., Mller, A., Beuerle, T., Liu, B., Ernst, L., Hansch, R.,
& Beerhues, L. (2012). Cinnamate: CoA ligase initiates the
biosynthesis of a benzoate-derived xanthone phytoalexin in Hyper-
icum calycinum cell cultures. Plant Physiology, 160(3), 1267-1280.
https://doi.org/10.1104/pp.112.204180

Gautam, R., Srivastava, A., & Jachak, S. M. (2011). Simultaneous
determination of naphthalene and anthraquinone derivatives in
Rumex nepalensis Spreng. Roots by HPLC: Comparison of different
extraction methods and validation. Phytochemical Analysis, 22(2),
153-157. https://doi.org/10.1002/pca.1261

Gecibesler, I. H., Disli, F., Bayindir, S., Toprak, M., Tufekci, A. R,
Sahin Yaglioglu, A., Altun, M., Kocak, A., Demirtas, 1., & Adem, S.
(2021). The isolation of secondary metabolites from Rheum ribes L.
and the synthesis of new semi-synthetic anthraquinones: Isolation,
synthesis and biological activity. Food Chemistry, 342(3), 128378.
https://doi.org/10.1016/j.foodchem.2020.128378

Genovese, S., Epifano, F., Curini, M., Kremer, D., Carlucci, G., &
Locatelli, M. (2012). Screening for oxyprenylated anthraquinones
in Mediterranean Rhamnus species. Biochemical Systematics and
Ecology, 43, 125-127. https://doi.org/10.1016/j.bse.2012.03.001

Georges, K., Jayaprakasam, B., Dalavoy, S. S., & Nair, M. G. (2008). Pest-
managing activities of plant extracts and anthraquinones from Cassia
nigricans from Burkina Faso. Bioresource Technology, 99(6),
2037-2045. https://doi.org/10.1016/j.biortech.2007.02.049

Glavnik, V., & Vovk, 1. (2020). Extraction of anthraquinones from Japanese
knotweed rhizomes and their analyses by high performance thin-
layer chromatography and mass spectrometry. Plants, 9(12), 175.
https://doi.org/10.3390/plants9121753

Gongalves, R. S,, Silva, E. L., Hioka, N., Nakamura, C. V., Bruschi, M. L., &
Caetano, W. (2018). An optimized protocol for anthraquinones
isolation from Rhamnus frangula L. Natural Product Research, 32(3),
366-369. https://doi.org/10.1080/14786419.2017.1356836

Grawert, T., Groll, M., Rohdich, F., Bacher, A., & Eisenreich, W. (2011).
Biochemistry of the non-mevalonate isoprenoid pathway. Cellular
and Molecular Life Sciences, 68(23), 3797-3814. https://doi.org/10.
1007/s00018-011-0753-z

Guo, H., Chang, Z., Yang, R, Guo, D., & Zheng, J. (1998). Anthraquinones
from hairy root cultures of Cassia obtusifolia. Phytochemistry, 49(6),
1623-1625. https://doi.org/10.1016/50031-9422(98)00325-2

Guo, R, Wu, H, Yu, X, Xu, M,, Zhang, X, Tang, L, & Wang, Z. (2017).
Simultaneous determination of seven anthraquinone aglycones of
crude and processed semen Cassiae extracts in rat plasma by UPLC-
MS/MS and its application to a comparative pharmacokinetic study.
Molecules, 22(11):1803. https://doi.org/10.3390/molecules22111803

Guo, Y., Nassar, S., Ma, L., Feng, G., Li, X., Chen, M., Chai, T., Abdel-
Rahman, I. A. M., Beuerle, T., Beerhues, L., Wang, H., & Liu, B.
(2021). Octaketide synthase from Polygonum cuspidatum imple-
ments emodin biosynthesis in Arabidopsis thaliana. Plant and Cell
Physiology, 62(3), 424-435. https://doi.org/10.1093/pcp/
pcaal35

Hamzah, A. S., Jasmani, H., Ahmad, R., Baba, A. R., Lajis, N. H., Aimi, N.,
Kitajima, M., & Takayama, H. (1997). New anthraquinones from the
roots of Hedyotis dichotoma. Journal of Natural Products, 60, 36-37.
https://doi.org/10.1021/np960583]

Han, L., Piao, X. C., Jiang, J., Jiang, X. L, Yin, C. R, & Lian, M. L. (2019). A
high production of flavonoids and anthraquinones via adventitious
root culture of Oplopanax elatus and evaluating antioxidant activity.
Plant Cell, Tissue and Organ Culture (PCTOC), 137(1), 173-179.
https://doi.org/10.1007/s11240-018-01543-w

Hao, J., Feng, S.-X., Qiu, S.-X., & Chen, T. (2011). Anthraquinone
glycosides from the roots of Prismatomeris connata. Chinese Journal
of Natural Medicines, 9(1), 42-45. https://doi.org/10.1016/51875-
5364(11)60018-6

Hecht, S., Eisenreich, W., Adam, P., Amslinger, S., Kis, K., Bacher, A,
Arigoni, D., & Rohdich, F. (2001). Studies on the nonmevalonate
pathway to terpenes: The role of the GcpE (IspG) protein.
Proceedings of the National Academy of Sciences, 98(26),
14837-14842. https://doi.org/10.1073/pnas.201399298

Heide, L., Kolkmann, R., Arendt, S., & Leistner, E. (1982). Enzymic
synthesis of O-succinylbenzoyl-CoA in cell-free extracts of anthra-
quinone producing Galium mollugo L. cell suspension cultures. Plant
Cell Reports, 1(4), 180-182. https://doi.org/10.1007/BF00269193

Hemlata, & Kalidhar, S. B. (1993). Alatinone, an anthraquinone from Cassia
alata. Phytochemistry, 32(6), 1616-1617. https://doi.org/10.1016/
0031-9422(93)85192-T

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1016/j.jep.2012.05.050
https://doi.org/10.1016/j.jep.2012.05.050
https://doi.org/10.1074/jbc.M100854200
https://doi.org/10.1074/jbc.M100854200
https://doi.org/10.1016/j.indcrop.2013.06.044
https://doi.org/10.1016/j.jpba.2019.05.065
https://doi.org/10.1039/c5ay02941d
https://doi.org/10.1039/c5ay02941d
https://doi.org/10.1002/hlca.201100108
https://doi.org/10.1002/hlca.201100108
https://doi.org/10.1016/j.talanta.2007.07.033
https://doi.org/10.1002/cbdv.200800047
https://doi.org/10.1016/0031-9422(73)80584-9
https://doi.org/10.1016/0031-9422(73)80584-9
https://doi.org/10.3390/molecules24112128
https://doi.org/10.3390/molecules24112128
https://doi.org/10.1016/j.saa.2017.02.014
https://doi.org/10.1016/j.saa.2017.02.014
https://doi.org/10.4103/0973-1296.160455
https://doi.org/10.4103/0973-1296.160455
https://doi.org/10.1104/pp.112.204180
https://doi.org/10.1002/pca.1261
https://doi.org/10.1016/j.foodchem.2020.128378
https://doi.org/10.1016/j.bse.2012.03.001
https://doi.org/10.1016/j.biortech.2007.02.049
https://doi.org/10.3390/plants9121753
https://doi.org/10.1080/14786419.2017.1356836
https://doi.org/10.1007/s00018-011-0753-z
https://doi.org/10.1007/s00018-011-0753-z
https://doi.org/10.1016/S0031-9422(98)00325-2
https://doi.org/10.3390/molecules22111803
https://doi.org/10.1093/pcp/pcaa135
https://doi.org/10.1093/pcp/pcaa135
https://doi.org/10.1021/np960583j
https://doi.org/10.1007/s11240-018-01543-w
https://doi.org/10.1016/S1875-5364(11)60018-6
https://doi.org/10.1016/S1875-5364(11)60018-6
https://doi.org/10.1073/pnas.201399298
https://doi.org/10.1007/BF00269193
https://doi.org/10.1016/0031-9422(93)85192-T
https://doi.org/10.1016/0031-9422(93)85192-T

WANG ET AL.

Hoeffler, J. F., Tritsch, D., Grosdemange-Billiard, C., & Rohmer, M. (2002).
Isoprenoid biosynthesis via the methylerythritol phosphate pathway.
Mechanistic investigations of the 1-deoxy-D-xylulose 5-phosphate
reductoisomerase. European Journal of Biochemistry, 269(18),
4446-4457. https://doi.org/10.1046/j.1432-1033.2002.03150.x

Hofilena, J. G., Ragasa, C. Y., & Rideout, J. A. (2000). An antimicrobial and
antimutagenic anthraquinone from Cassia alata. ACGC Chemical
Research Communications, 10, 15-20.

Hounkong, K., Sawangjaroen, N., Kongyen, W., Rukachaisirikul, V., &
Wootipoom, N. (2015). Mechanisms of 1-hydroxy-2-
hydroxymethylanthraquinone from Coptosapelta flavescens as an
anti-giardial activity. Acta Tropica, 146, 11-16. https://doi.org/10.
1016/j.actatropica.2015.02.013

Huang, T., Ming, J., Zhong, J., Zhong, Y., Wu, H., Liu, H., & Li, B. (2019).
Three new anthraquinones, one new benzochromene and one new
furfural glycoside from Lasianthus acuminatissimus. Natural Product
Research, 33(13), 1916-1923. https://doi.org/10.1080/14786419.
2018.1480617

Huang, W. H., Yu, S. H,, Li, Y. B.,, & Jiang, J. Q. (2008). Two new
anthraquinones from Hedyotis diffusa. Journal of Asian Natural
Products Research, 10(5), 467-471. https://doi.org/10.1080/
10286020801948599

Huang, W. H., Zhang, Q. W., Yuan, C. S, Wang, C. Z, Li, S. P, &
Zhou, H. H. (2014). Chemical constituents of the plants from the
genus Oplopanax. Chemistry & Biodiversity, 11(2), 181-196. https://
doi.org/10.1002/cbdv.201200306

Huda, M. N,, Lu, S., Jahan, T., Ding, M., Jha, R., Zhang, K., Zhang, W.,
Georgiev, M. |,, Park, S. U., & Zhou, M. (2021). Treasure from garden:
Bioactive compounds of buckwheat. Food Chemistry, 335, 127653.
https://doi.org/10.1016/j.foodchem.2020.127653

Hu, X. P, Zhang, S. W.,, Liu, S. S., & Xuan, L. J. (2011). New anthraquinone
and iridoid glycosides from the stems of Hedyotis hedyotidea.
Helvetica Chimica Acta, 94(4), 675-685. https://doi.org/10.1002/
hlca.201000270

Hwangbo, K., Zheng, M. S., Kim, Y. J,, Im, J. Y., Lee, C. S., Woo, M. H.,
Jahng, Y., Chang, H. W., & Son, J. K. (2012). Inhibition of DNA
topoisomerases | and Il of compounds from Reynoutria japonica.
Archives of Pharmacal Research, 35(9), 1583-1589. https://doi.org/
10.1007/512272-012-0909-x

Hyun, S. K., Lee, H.,, Kang, S. S., Chung, H. Y., & Choi, J. S. (2009).
Inhibitory activities of Cassia tora and its anthraquinone constituents
on angiotensin-converting enzyme. Phytotherapy Research, 23(2),
178-184. https://doi.org/10.1002/ptr.2579

Ismail, N. H., Ali, A. M., Aimi, N., Kitajima, M., Takayama, H., & Lajis, N. H.
(1997). Anthraquinones from Morinda elliptica. Phytochemistry, 45(8),
1723-1725. https://doi.org/10.1016/S0031-9422(97)00252-5

Izhaki, I. (2002). Emodin-a secondary metabolite with multiple ecological
functions in higher plants. New Phytologist, 155(2), 205-217.
https://doi.org/10.1046/j.1469-8137.2002.00459.x

Jang, D. S, Lee, G. Y, Kim, Y. S, Lee, Y. M,, Kim, C. S, Yoo, J. L, &
Kim, J. S. (2007). Anthraquinones from the seeds of Cassia tora with
inhibitory activity on protein glycation and aldose reductase.
Biological and Pharmaceutical Bulletin, 30(11), 2207-2210. https://
doi.org/10.1007/511015-006-0135-1

Jan, S., Kamili, A. N., Parray, J. A, & Bedi, Y. S. (2016). Differential
response of terpenes and anthraquinones derivatives in Rumex
dentatus and Lavandula officinalis to harsh winters across north-
western Himalaya. Natural Product Research, 30(5), 608-612.
https://doi.org/10.1080/14786419.2015.1030404

Jin, M., Sun, J,, Li, R, Diao, S., Zhang, C., Cui, J., Son, J. K., Zhou, W., &
Li, G. (2016). Two new quinones from the roots of Juglans
mandshurica. Archives of Pharmacal Research, 39(9), 1237-1241.
https://doi.org/10.1007/s12272-016-0781-1

Jing, Y., Zhang, H.-J., Wang, K.-W., Wang, X.-X., Chen, M.-L., Wang, H., &
Wu, B. (2019). Two novel anthraquinones with cytotoxicity from

Journalof: 43
Cellular Physiology Wi LEY—‘—

Hedyotis caudatifolia. Phytochemistry Letters, 29, 134-137. https://
doi.org/10.1016/j.phytol.2018.11.026

Jug, U., Vovk, L., Glavnik, V., Makuc, D., & Naumoska, K. (2021). Off-line
multidimensional high performance thin-layer chromatography for
fractionation of Japanese knotweed rhizome bark extract and
isolation of flavan-3-ols, proanthocyanidins and anthraquinones.
Journal of Chromatography A, 1637, 461802. https://doi.org/10.
1016/j.chroma.2020.461802

Kaennakam, S., Mudsing, K., Rassamee, K., Siripong, P., & Tip-Pyang, S.
(2018). Two new xanthones and cytotoxicity from the bark of
Garcinia schomburgkiana. Journal of Natural Medicines, 73(1),
257-261. https://doi.org/10.1007/s11418-018-1240-8

Kalidhar, S. B. (1992). Reassessment of the structure of an anthraquinone
glycoside from Rhamnus formosana. Phytochemistry, 31(8), 2905-2906.
https://doi.org/10.1016/0031-9422(92)83661-H

Kalidhar, S. B., & Sharma, P. (1984). Physcion-8-O-gentiobioside from
Rhamnus virgata. Phytochemistry, 23(5), 1196-1197. https://doi.org/
10.1016/50031-9422(00)82645-X

Kamiya, K., Hamabe, W., Tokuyama, S., & Satake, T. (2009). New
anthraquinone glycosides from the roots of Morinda citrifolia.
Fitoterapia, 80(3), 196-199. https://doi.org/10.1016/].fitote.2009.
01.014

Kang, S. H., Lee, W. H,, Lee, C. M., Sim, J. S, Won, S. Y., Han, S. R,
Kwon, S. J., Kim, J. S., Kim, C. K, & Oh, T. J. (2020). De novo
transcriptome sequence of Senna tora provides insights into
anthraquinone biosynthesis. PLoS One, 15(5), e0225564. https://
doi.org/10.1101/837385

Kang, S. H., Lee, W. H., Sim, J. S., Thaku, N., Chang, S., Hong, J. P.,, &
Oh, T. J. (2022). De novo transcriptome assembly of Senna
occidentalis sheds light on the anthraquinone biosynthesis pathway.
Frontiers in Plant Science, 12, 773553. https://doi.org/10.3389/fpls.
2021.773553

Kang, S. H., Pandey, R. P., Lee, C. M., Sim, J. S., Jeong, J. T., Choi, B. S.,
Jung, M., Ginzburg, D., Zhao, K., Won, S. Y., Oh, T. J,, Yu, Y.,
Kim, N. H., Lee, O. R,, Lee, T. H., Bashyal, P.,, Kim, T. S.,
Lee, W. H., Hawkins, C., ... Sohng, J. K. (2020). Genome-enabled
discovery of anthraquinone biosynthesis in Senna tora. Nature
Communications, 11(1), 5875. https://doi.org/10.1038/s41467-
020-19681-1

Kimakova, K., Kimakova, A., Idkowiak, J., Stobiecki, M., Rodziewicz, P.,
Marczak, t., & Cellarova, E. (2018). Phenotyping the genus
Hypericum by secondary metabolite profiling: Emodin vs. skyrin,
two possible key intermediates in hypericin biosynthesis. Analytical
and Bioanalytical Chemistry, 410(29), 7689-7699. https://doi.org/
10.1007/500216-018-1384-0

Kimura, Y., Kozawa, M., Baba, K., & Hata, K. (1983). New constitutents of
roots of Polygonum cuspidatum. Planta Medica, 48, 164-168. https://
doi.org/10.1055/s-2007-969914

Kim, Y. M,, Lee, C. H., Kim, H. G., & Lee, H. S. (2004). Anthraquinones
isolated from Cassia tora (Leguminosae) seed show an antifungal
property against phytopathogenic fungi. Journal of Agricultural and
Food Chemistry, 52, 6096-6100. https://doi.org/10.1021/
jf049379p

Kinjo, J., lkeda, T., Watanabe, K., & Nohara, T. (1994). An anthraquinone
glycoside from Cassia angustifolia leaves. Phytochemistry, 37(6),
1685-1687. https://doi.org/10.1016/50031-9422(00)89592-8

Kitajima, M., Fischer, U., Nakamura, M., Ohsawa, M., Ueno, M,
Takayama, H., Unger, M., Stockigt, J., & alMI, N. (1998). Anthraqui-
nones from Ophiorrhiza pumila tissue and cell cultures.
Phytochemistry, 48(1), 107-111. https://doi.org/10.1016/50031-
9422(97)00614-6

Kitanaka, S., & Takido, M. (1984). Torosachrysone and physcion
gentiobiosides from the seeds of Cassia torosa. Chemical and
Pharmaceutical Bulletin, 32, 3436-3440. https://doi.org/10.1248/
cpb.32.3436

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1046/j.1432-1033.2002.03150.x
https://doi.org/10.1016/j.actatropica.2015.02.013
https://doi.org/10.1016/j.actatropica.2015.02.013
https://doi.org/10.1080/14786419.2018.1480617
https://doi.org/10.1080/14786419.2018.1480617
https://doi.org/10.1080/10286020801948599
https://doi.org/10.1080/10286020801948599
https://doi.org/10.1002/cbdv.201200306
https://doi.org/10.1002/cbdv.201200306
https://doi.org/10.1016/j.foodchem.2020.127653
https://doi.org/10.1002/hlca.201000270
https://doi.org/10.1002/hlca.201000270
https://doi.org/10.1007/s12272-012-0909-x
https://doi.org/10.1007/s12272-012-0909-x
https://doi.org/10.1002/ptr.2579
https://doi.org/10.1016/S0031-9422(97)00252-5
https://doi.org/10.1046/j.1469-8137.2002.00459.x
https://doi.org/10.1007/s11015-006-0135-1
https://doi.org/10.1007/s11015-006-0135-1
https://doi.org/10.1080/14786419.2015.1030404
https://doi.org/10.1007/s12272-016-0781-1
https://doi.org/10.1016/j.phytol.2018.11.026
https://doi.org/10.1016/j.phytol.2018.11.026
https://doi.org/10.1016/j.chroma.2020.461802
https://doi.org/10.1016/j.chroma.2020.461802
https://doi.org/10.1007/s11418-018-1240-8
https://doi.org/10.1016/0031-9422(92)83661-H
https://doi.org/10.1016/S0031-9422(00)82645-X
https://doi.org/10.1016/S0031-9422(00)82645-X
https://doi.org/10.1016/j.fitote.2009.01.014
https://doi.org/10.1016/j.fitote.2009.01.014
https://doi.org/10.1101/837385
https://doi.org/10.1101/837385
https://doi.org/10.3389/fpls.2021.773553
https://doi.org/10.3389/fpls.2021.773553
https://doi.org/10.1038/s41467-020-19681-1
https://doi.org/10.1038/s41467-020-19681-1
https://doi.org/10.1007/S00216-018-1384-0
https://doi.org/10.1007/S00216-018-1384-0
https://doi.org/10.1055/s-2007-969914
https://doi.org/10.1055/s-2007-969914
https://doi.org/10.1021/jf049379p
https://doi.org/10.1021/jf049379p
https://doi.org/10.1016/S0031-9422(00)89592-8
https://doi.org/10.1016/S0031-9422(97)00614-6
https://doi.org/10.1016/S0031-9422(97)00614-6
https://doi.org/10.1248/cpb.32.3436
https://doi.org/10.1248/cpb.32.3436

WANG ET AL

44 Journalof:
—LWI | DA & Collular Physiology

Kitanaka, S., & Takido, M. (1985). Anthraquinoids from Cassia nomame.
Journal of Natural Products, 48(5), 849. https://doi.org/10.1021/
np50041a032

Kopa, T. K., Tchinda, A. T., Tala, M. F., Zofou, D., Jumbam, R., Wabo, H. K,,
Titanji, V. P. K., Frédérich, M., Tan, N.-H., & Tane, P. (2014).
Antiplasmodial anthraquinones and hemisynthetic derivatives from
the leaves of Tectona grandis (Verbenaceae). Phytochemistry Letters,
8, 41-45. https://doi.org/10.1016/j.phytol.2014.01.010

Kosalec, |., Kremer, D., Locatelli, M., Epifano, F., Genovese, S.,
Carlucci, G., Randi¢, M., & Zovko Kon¢i¢, M. (2013). Anthraqui-
none profile, antioxidant and antimicrobial activity of bark
extracts of Rhamnus alaternus, R. fallax, R. intermedia and R.
pumila. Food Chemistry, 136(2), 335-341. https://doi.org/10.
1016/j.foodchem.2012.08.026

Koyama, J., Morita, I., Tagahara, K., & Aqil, M. (2001). Bianthraquinones
from Cassia siamea. Phytochemistry, 56, 849-851. https://doi.org/
10.1016/50031-9422(01)00025-5

Koyama, J., Morita, |., Tagahara, K., Bakari, J., & Aqil, M. (2002). Capillary
electrophoresis of anthraquinones from Cassia siamea. Chemical and
Pharmaceutical Bulletin, 50(8), 1103-1105. https://doi.org/10.1248/
cpb.50.1103

Koyama, J., Morita, |., Tagahara, K., Ogata, M., Mukainaka, T., Tokuda, H.,
& Nishino, H. (2001). Inhibitory effects of anthraquinones and
bianthraquinones on Epstein-Barr virus activation. Cancer Letters,
170, 15-18. https://doi.org/10.1016/50304-3835(01)00566-3

Krishna, R. V., Seshagiri, J. V. L. N. & Vimaladevi, M. (1979).
Phytochemical investigation od Cassia absus (roots and leaves).
Journal of Natural Products, 42(3), 299-300. https://doi.org/10.
1021/np50003a011

Kuete, V., Donfack, A. R. N., Mbaveng, A. T., Zeino, M., Tane, P., &
Efferth, T. (2015). Cytotoxicity of anthraquinones from the roots of
Pentas schimperi towards multi-factorial drug-resistant cancer cells.
Investigational New Drugs, 33(4), 861-869. https://doi.org/10.1007/
s10637-015-0268-9

Lazarova, I, Zengin, G., Gevrenova, R., Nedialkov, P., Aneva, I,
Aumeeruddy, M. Z., & Mahomoodally, M. F. (2019). A comparative
study of UHPLC/Orbitrap MS metabolomics profiles and biological
properties of Asphodeline taurica from Bulgaria and Turkey. Journal
of Pharmaceutical and Biomedical Analysis, 168(9), 174-180. https://
doi.org/10.1016/j.jpba.2019.02.008

Lee, S. W, Kuo, S. C, & Chen, Z. T. (1994). Novel anthraquinones from
Damnacanthus indicus. Journal of Natural Products, 57(9), 1313-1315.
https://doi.org/10.1021/np50111a025

Lei, J. P., Wei, G. Q,, Yuan, J. J,, Tan, K. Z,, Chen, Q. Y., Zhang, T., Ma, C. Y.,
& Jiang, H. Z. (2016). A new phenolic glycoside from Lindera nacusua.
Natural Product Research, 31(8), 896-901. https://doi.org/10.1080/
14786419.2016.1253078

Liang, C. X., Wang, S. S., Chen, S. J., Wang, Y., Li, J., & Chang, Y. X. (2022).
Research development on chemical composition and pharmacology
of Polygoni cuspidati Rhizoma et Radix. Chinese Traditional and Herbal
Drugs, 53(4), 1264-1276. https://doi.org/10.7501/j.issn.0253-
2670.2022.04.034

Li, B., Li, C., Bin, L., Ying, T., Shijun, L., & Junxing, D. (2018). Chemical
constituents, cytotoxic and antioxidant activities of extract from
the rhizomes of Osmunda japonica Thunb. Natural Product
Research, 34(6), 847-850. https://doi.org/10.1080/14786419.
2018.1501692

Li, C. H.,, Wei, X, Li, Y., X. Y., Wu, P.,, & Guo, B. J. (2004). A new
anthranquinone glycoside from the seeds of Cassia obtusifolia.
Chinese Chemical Letters, 15(12), 1448-1450. https://doi.org/10.
1002/ciuz.200400324

Li, C. Y., Gao, H., Jiao, W. H., Ding, B., Li, X. B., & Yao, X. S. (2011).
Isolation and identification of quinones constituents from root
cortex of Morinda officinalis How. Journal of Shenyang Pharmaceutical
University, 28(1), 30-36. https://doi.org/10.1155/2011/157015

Li, H., Lv, Q., Liu, A,, Wang, J., Sun, X., Deng, J., Chen, Q., & Wu, Q. (2022).
Comparative metabolomics study of Tartary (Fagopyrum tataricum L.
Gaertn) and common (Fagopyrum esculentum Moench) buckwheat
seeds. Food Chemistry, 371, 131125. https://doi.org/10.1016/j.
foodchem.2021.131125

Li, J., Zhang, H. L, Jiang, L., Yang, D. P., Ma, W, & George, Q. L. (2010).
Chemical constitution of the roots from Morinda officinalis. Journal of
South-Central University for Nationalities, 29(4), 53-56. https://doi.
org/10.3969/j.issn.1672-4321.2010.04.013

Lin, B. C., Harris, D. R, Kirkman, L. M. D., Perez, A. M., Qian, Y.,
Schermerhorn, J. T., Hong, M. Y., Winston, D. S, Xu, L, &
Brandt, G. S. (2017). FIKK kinase, a Ser/Thr kinase important to
malaria parasites, is inhibited by tyrosine kinase inhibitors. ACS
Omega, 2(10), 6605-6612. https://doi.org/10.1021/acsomega.
7b00997

Lin, C. N., Chung, M. I, Gan, K. H., & Lu, C. M. (1991). Flavonol and
anthraquinone glycosides from Rhamnus formosana. Phytochemistry,
30(9), 3103-3106. https://doi.org/10.1016/S0031-9422(00)
98262-1

Lin, C. N., Chung, M. |, & Lu, C. M. (1990). Anthraquinones from Rhamnus
formosana. Phytochemistry, 29(12), 3903-3905. https://doi.org/10.
1016/0031-9422(90)85356-K

Lin, C. N., & Wei, B. L. (1993). Anthraquinone and naphthalene glycosides
from Rhamnus nakaharai. Phytochemistry, 33(4), 905-908. https://
doi.org/10.1016/0031-9422(93)85301-7

Lin, H., Zhang, Y. W., Zheng, L. H., Meng, X. Y., Bao, Y.L, Wu, Y., Yu, C. L,,
Huang, Y. X,, & Li, Y. X. (2011). Anthracene and anthraquinone
derivatives from the stem bark of Juglans mandshurica Maxim.
Helvetica Chimica Acta, 94(8), 1488-1495. https://doi.org/10.1002/
hlca.201000462

Liu, J., Leng, L., Liu, Y., Gao, H., Yang, W., Chen, S., & Liu, A. (2020).
Identification and quantification of target metabolites combined
with transcriptome of two rheum species focused on anthraquinone
and flavonoids biosynthesis. Scientific Reports, 10(1), 20241. https://
doi.org/10.1038/s41598-020-77356-9

Liu, X., Li, T., Liu, Y., Liu, H., Chen, X., Ming, J., Lai, X., & Li, B. (2021). Six
new anthraquinone glycosides from Lasianthus acuminatissimus
Merr. Natural Product Research, 35(15), 2535-2543. https://doi.
org/10.1080/14786419.2019.1686366

Liu, X. Q.,, yU, L. M., & Wu, L. J. (2003). Studies on chemical constituents of
Polygonum cuspidatum. China Journal of Chinese Materia Medica,
28(1), 47-49. https://doi.org/10.3321/j.issn:1001-5302.2003.
01.018

Li, Y., & Jiang, J. G. (2018). Health functions and structure-activity
relationships of natural anthraquinones from plants. Food & Function,
9(12), 6063-6080. https://doi.org/10.1039/c8fo01569d

Li, Y., Zheng, C. J., & Qin, L. P. (2012). Chemical constituents from whole
herb of Paederia scandens var. tomentosa. Chinese Traditional and
Herbal Drugs, 43(4), 658-660. https://doi.org/10.7501/j.issn.
0253-2670

Li, Y. B.,, Wang, L. L., Lai, X. P., Feng, F., & Zhou, Y. J. (2011). Active anti-
aging constituents in Morinda officinalis. Central South Pharmacy,
9(2), 101-103. https://doi.org/10.3969/j.issn.1672-2981.2011.
02.007

Liu, Z., Song, T., Zhu, Q., Wang, W., Zhou, J., & Liao, H. (2014). De novo
assembly and analysis of Cassia obtusifolia seed transcriptome to
identify genes involved in the biosynthesis of active metabolites.
Bioscience, Biotechnology, and Biochemistry, 78(5), 791-799. https://
doi.org/10.1080/09168451.2014.905182

Locatelli, M., Epifano, F., Genovese, S., Carlucci, G., Konci¢, M. Z.,
Kosalec, 1., & Kremer, D. (2011). Anthraquinone profile, antiox-
idant and antimicrobial properties of bark extracts of Rhamnus
catharticus and R. orbiculatus. Natural Product Communications,
6(9), 1934578X1100600. https://doi.org/10.1016/0885-
3924(93)90084-9

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1021/np50041a032
https://doi.org/10.1021/np50041a032
https://doi.org/10.1016/j.phytol.2014.01.010
https://doi.org/10.1016/j.foodchem.2012.08.026
https://doi.org/10.1016/j.foodchem.2012.08.026
https://doi.org/10.1016/S0031-9422(01)00025-5
https://doi.org/10.1016/S0031-9422(01)00025-5
https://doi.org/10.1248/cpb.50.1103
https://doi.org/10.1248/cpb.50.1103
https://doi.org/10.1016/S0304-3835(01)00566-3
https://doi.org/10.1021/np50003a011
https://doi.org/10.1021/np50003a011
https://doi.org/10.1007/s10637-015-0268-9
https://doi.org/10.1007/s10637-015-0268-9
https://doi.org/10.1016/j.jpba.2019.02.008
https://doi.org/10.1016/j.jpba.2019.02.008
https://doi.org/10.1021/np50111a025
https://doi.org/10.1080/14786419.2016.1253078
https://doi.org/10.1080/14786419.2016.1253078
https://doi.org/10.7501/j.issn.0253-2670.2022.04.034
https://doi.org/10.7501/j.issn.0253-2670.2022.04.034
https://doi.org/10.1080/14786419.2018.1501692
https://doi.org/10.1080/14786419.2018.1501692
https://doi.org/10.1002/ciuz.200400324
https://doi.org/10.1002/ciuz.200400324
https://doi.org/10.1155/2011/157015
https://doi.org/10.1016/j.foodchem.2021.131125
https://doi.org/10.1016/j.foodchem.2021.131125
https://doi.org/10.3969/j.issn.1672-4321.2010.04.013
https://doi.org/10.3969/j.issn.1672-4321.2010.04.013
https://doi.org/10.1021/acsomega.7b00997
https://doi.org/10.1021/acsomega.7b00997
https://doi.org/10.1016/S0031-9422(00)98262-1
https://doi.org/10.1016/S0031-9422(00)98262-1
https://doi.org/10.1016/0031-9422(90)85356-K
https://doi.org/10.1016/0031-9422(90)85356-K
https://doi.org/10.1016/0031-9422(93)85301-7
https://doi.org/10.1016/0031-9422(93)85301-7
https://doi.org/10.1002/hlca.201000462
https://doi.org/10.1002/hlca.201000462
https://doi.org/10.1038/s41598-020-77356-9
https://doi.org/10.1038/s41598-020-77356-9
https://doi.org/10.1080/14786419.2019.1686366
https://doi.org/10.1080/14786419.2019.1686366
https://doi.org/10.3321/j.issn:1001-5302.2003.01.018
https://doi.org/10.3321/j.issn:1001-5302.2003.01.018
https://doi.org/10.1039/c8fo01569d
https://doi.org/10.7501/j.issn.0253-2670
https://doi.org/10.7501/j.issn.0253-2670
https://doi.org/10.3969/j.issn.1672-2981.2011.02.007
https://doi.org/10.3969/j.issn.1672-2981.2011.02.007
https://doi.org/10.1080/09168451.2014.905182
https://doi.org/10.1080/09168451.2014.905182
https://doi.org/10.1016/0885-3924(93)90084-9
https://doi.org/10.1016/0885-3924(93)90084-9

WANG ET AL.

Locatelli, M., Tammaro, F., Menghini, L., Carlucci, G., Epifano, F., &
Genovese, S. (2009). Anthraquinone profile and chemical fingerprint
of Rhamnus saxatilis L. from Italy. Phytochemistry Letters, 2(4),
223-226. https://doi.org/10.1016/j.phytol.2009.10.001

Locatelli, M., Zengin, G., Uysal, A., Carradori, S., De Luca, E.,
Bellagamba, G., Aktumsek, A., & Lazarova, I. (2016). Multi-
component pattern and biological activities of seven Asphodeline
taxa: Potential sources of natural-functional ingredients for
bioactive formulations. Journal of Enzyme Inhibition and
Medicinal Chemistry, 32(1), 60-67. https://doi.org/10.1080/
14756366.2016.1235041

Luan, F., Wang, Z., Yang, Y., Ji, Y., Lv, H., Han, K,, Liu, D., Shang, X., He, X,
& Zeng, N. (2021). Juglans mandshurica maxim: A review of its
traditional usages, phytochemical constituents, and pharmacological
properties. Frontiers in Pharmacology, 11, 569800. https://doi.org/
10.3389/fphar.2020.569800

Luo, H., Wang, Y., Qin, Q., Wang, Y., Xu, J., & He, X. (2021). Anti-
inflammatory naphthoates and anthraquinones from the roots of
Morinda officinalis. Bioorganic Chemistry, 110, 104800. https://doi.
org/10.1016/j.bioorg.2021.104800

Lu, T. M., & Ko, H. H. (2016). A new anthraquinone glycoside from Rhamnus
nakaharai and anti-tyrosinase effect of 6-methoxysorigenin. Natural
Product Research, 30(23), 2655-2661. https://doi.org/10.1080/
14786419.2016.1138300

Lu, X., Zhou, R., Sharma, I., Li, X., Kumar, G., Swaminathan, S., Tonge, P. J.,
& Tan, D. S. (2012). Stable analogues of OSB-AMP: Potent inhibitors
of MenE, the O-succinylbenzoate-CoA synthetase from bacterial
menaquinone biosynthesis. ChemBioChem, 13(1), 129-136. https://
doi.org/10.1002/cbic.201100585

Lu, Y., Xu, P. J,, Chen, Z. N., & Liu, G. M. (1997). The anthraquinones of
Rhynchotechum vestitum. Phytochemistry, 47(2), 315-317. https://
doi.org/10.1016/50031-9422(97)00561-X

Lu, Y., Xu, P. J., Chen, Z. N., & Liu, G. M. (1998). Anthraquinone glycosides
from Rhynchotechum vestitum. Phytochemistry, 49(4), 1135-1137.
https://doi.org/10.1016/S0031-9422(98)00079-X

Lv, X., Wang, F., Zhou, P., Ye, L., Xie, W., Xu, H., & Yu, H. (2016). Dual
regulation of cytoplasmic and mitochondrial acetyl-CoA utilization
for improved isoprene production in Saccharomyces cerevisiae.
Nature Communications, 7, 12851. https://doi.org/10.1038/
ncomms12851

Lynen, F., Wessely, L., Wieland, O., & Rueff, L. (1952). Zur B-oxydation der
fettsduren. Angewandte Chemie, 64(24), 687. https://doi.org/10.
1002/ange.19520642406

Mai, L. P., Guéritte, F., Dumontet, V., Tri, M. V., Hill, B., Thoison, O.,
Guénard, D., & Sévenet, T. (2001). Cytotoxicity of rhamnosylan-
thraquinones and rhamnosylanthrones from Rhamnus nepalensis.
Journal of Natural Products, 64, 1162-1168. https://doi.org/10.
1021/np010030v

Malhotra, S., & Misra, K. (1982). Anthraquinones from Cassia sophera
heartwood. Phytochemistry, 21(1), 197-199. https://doi.org/10.
1016/0031-9422(82)80042-3

Malik, E. M., & Mudiller, C. E. (2016). Anthraquinones as pharmacological
tools and drugs. Medicinal Research Reviews, 36(4), 705-748. https://
doi.org/10.1002/med.21391

Malik, M. S, Alsantali, R. I, Jassas, R. S., Alsimaree, A. A, Syed, R,
Alsharif, M. A,, Kalpana, K., Morad, M., Althagafi, I. I., & Ahmed, S. A.
(2021). Journey of anthraquinones as anticancer agents—A systematic
review of recent literature. RSC Advances, 11(57), 35806-35827.
https://doi.org/10.1039/D1RA05686G

Ma, Q., Wei, R, Liu, W, Sang, Z, & Guo, X. (2017). Cytotoxic
anthraquinones from the aerial parts of Acalypha australis.
Chemistry of Natural Compounds, 53(5), 949-952. https://doi.org/
10.1007/s10600-017-2165-2

Mbatchou, V., Dickson, R., Amponsah, I., Mensah, A., & Habtemariam, S.
(2018). Protection effect of the anthraquinones, cassiatorin and

Journalof: 45
Cellular Physiology Wi LEY—‘—

aurantio-obtusin from seeds of Senna tora against cowpea weevil
attack. Asian Pacific Journal of Tropical Biomedicine, 8(2), 98. https://
doi.org/10.4103/2221-1691.225620

Messana, I., Ferrari, F., Cavalcanti, M. S. B., & Morace, G. (1991). An
anthraquinone and three naphthopyrone derivatives from Cassia
Pudibunda. Phytochemistry, 30(2), 708-710. https://doi.org/10.
1016/0031-9422(91)83762-A

Mishra, B. B., Kishore, N., Tiwari, V. K., Singh, D. D., & Tripathi, V. (2010).
A novel antifungal anthraquinone from seeds of Aegle marmelos
Correa (family Rutaceae). Fitoterapia, 81(2), 104-107. https://doi.
org/10.1016/j.fitote.2009.08.009

Mohammed, A., Ibrahim, M. A, Tajuddeen, N., Aliyu, A. B., & Isah, M. B.
(2020). Antidiabetic potential of anthraquinones: A review.
Phytotherapy Research, 34(3), 486-504. https://doi.org/10.1002/
ptr.6544

Monache, G., Cristina De Rosa, M., Scurria, R., Monacelli, B., Pasqua, G.,
Dall'Olio, G., & Botta, B. (1991). Metabolites from in vitro cultures of
Cassia didymobotrya. Phytochemistry, 30(6), 1849-1854. https://doi.
org/10.1016/0031-9422(91)85027-w

Mugas, M. L., Marioni, J., Martinez, F., Aguilar, J. J., Cabrera, J. L,
Contigiani, M. S., Konigheim, B. S., & Nufez-Montoya, S. C. (2021).
Inactivation of herpes simplex virus by photosensitizing anthraqui-
nones isolated from Heterophyllaea pustulata. Planta Medica, 87(9),
716-723. https://doi.org/10.1055/a-1345-6831

Naeem, M., Masroor, M., Khan, A., & Khan, M. N. (2009). Promotive
effects of phosphorus on crop productivity, enzyme activities,
anthraquinone and sennoside content in Cassia tora L.—A medicinal
herb. Journal of Plant Interactions, 4(1), 49-57. https://doi.org/10.
1080/17429140802323338

Narita, J. O., & Gruissem, W. (1989). Tomato hydroxymethylglutaryl-CoA
reductase is required early in fruit development but not during
ripening. The Plant Cell, 1(2), 181-190. https://doi.org/10.1105/tpc.
1.2.181

Nawrot-Hadzik, I., Granica, S., Domaradzki, K., Pecio, t., & Matkowski, A.
(2018). Isolation and determination of phenolic glycosides and
anthraquinones from rhizomes of various Reynoutria species. Planta
Medica, 84(15), 1118-1126. https://doi.org/10.1055/a-0605-3857

NufAez-Montoya, S. C., Agnese, A. M. & Cabrera, J. L. (2006).
Anthraquinone derivatives from Heterophyllaea pustulata. Journal of
Natural Products, 69(5), 801-803. https://doi.org/10.1021/
np0501810

Obodozie, O. O., Okpako, L. C., Tarfa, F. D., Orisadipe, A. T.,
Okogun, J. I, Inyang, U. S., Ajaiyeoba, E. O., & Wright, C. W.
(2008).  Antiplasmodial principles from Cassia nigricans.
Pharmaceutical Biology, 42(8), 626-628. https://doi.org/10.
1080/13880200490902545

Pandith, S. A., Hussain, A., Bhat, W. W., Dhar, N,, Qazi, A. K, Rana, S,
Razdan, S., Wani, T. A., Shah, M. A, Bedi, Y. S., Hamid, A., &
Lattoo, S. K. (2014). Evaluation of anthraquinones from Himalayan
rhubarb (Rheum emodi Wall. ex Meissn.) as antiproliferative agents.
South African Journal of Botany, 95, 1-8. https://doi.org/10.1016/j.
sajb.2014.07.012

Pang, X,, Li, N,, Yu, H. S., Kang, L. P, Yu, H. Y., Song, X. B, Fan, G. W., &
Han, L. F. (2018). Two new naphthalene glycosides from the seeds of
Cassia obtusifolia. Journal of Asian Natural Products Research, 21(10),
970-976. https://doi.org/10.1080/10286020.2018.1478816

Pang, X., Zhao, J. Y., Liu, N., Chen, M. H., Zheng, W., Zhang, J., Chen, X. J,,
Cen, S., Yu, L. Y., & Ma, B. P. (2021). Anthraquinone analogues with
inhibitory activities against influenza a virus from Polygonatum
odoratum. Journal of Asian Natural Products Research, 23(8),
717-723. https://doi.org/10.1080/10286020.2020.1779707

Panthong, K., Hongthong, S., Kuhakarn, C., Piyachaturawat, P., Suksen, K.,
Panthong, A., Chiranthanut, N., Kongsaeree, P., Prabpai, S.,
Nuntasaen, N., & Reutrakul, V. (2020). Pyranonaphthoquinone and
anthraquinone derivatives from Ventilago harmandiana and their

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1016/j.phytol.2009.10.001
https://doi.org/10.1080/14756366.2016.1235041
https://doi.org/10.1080/14756366.2016.1235041
https://doi.org/10.3389/fphar.2020.569800
https://doi.org/10.3389/fphar.2020.569800
https://doi.org/10.1016/j.bioorg.2021.104800
https://doi.org/10.1016/j.bioorg.2021.104800
https://doi.org/10.1080/14786419.2016.1138300
https://doi.org/10.1080/14786419.2016.1138300
https://doi.org/10.1002/cbic.201100585
https://doi.org/10.1002/cbic.201100585
https://doi.org/10.1016/S0031-9422(97)00561-X
https://doi.org/10.1016/S0031-9422(97)00561-X
https://doi.org/10.1016/S0031-9422(98)00079-X
https://doi.org/10.1038/ncomms12851
https://doi.org/10.1038/ncomms12851
https://doi.org/10.1002/ange.19520642406
https://doi.org/10.1002/ange.19520642406
https://doi.org/10.1021/np010030v
https://doi.org/10.1021/np010030v
https://doi.org/10.1016/0031-9422(82)80042-3
https://doi.org/10.1016/0031-9422(82)80042-3
https://doi.org/10.1002/med.21391
https://doi.org/10.1002/med.21391
https://doi.org/10.1039/D1RA05686G
https://doi.org/10.1007/s10600-017-2165-2
https://doi.org/10.1007/s10600-017-2165-2
https://doi.org/10.4103/2221-1691.225620
https://doi.org/10.4103/2221-1691.225620
https://doi.org/10.1016/0031-9422(91)83762-A
https://doi.org/10.1016/0031-9422(91)83762-A
https://doi.org/10.1016/j.fitote.2009.08.009
https://doi.org/10.1016/j.fitote.2009.08.009
https://doi.org/10.1002/ptr.6544
https://doi.org/10.1002/ptr.6544
https://doi.org/10.1016/0031-9422(91)85027-w
https://doi.org/10.1016/0031-9422(91)85027-w
https://doi.org/10.1055/a-1345-6831
https://doi.org/10.1080/17429140802323338
https://doi.org/10.1080/17429140802323338
https://doi.org/10.1105/tpc.1.2.181
https://doi.org/10.1105/tpc.1.2.181
https://doi.org/10.1055/a-0605-3857
https://doi.org/10.1021/np050181o
https://doi.org/10.1021/np050181o
https://doi.org/10.1080/13880200490902545
https://doi.org/10.1080/13880200490902545
https://doi.org/10.1016/j.sajb.2014.07.012
https://doi.org/10.1016/j.sajb.2014.07.012
https://doi.org/10.1080/10286020.2018.1478816
https://doi.org/10.1080/10286020.2020.1779707

WANG ET AL

46 Journalof:
—LWI | DA & Collular Physiology

potent anti-inflammatory activity. Phytochemistry, 169, 112182.
https://doi.org/10.1016/j.phytochem.2019.112182

Peng, L. X.,, Wang, J. B., Hu, L. X,, Zhao, J. L., Xiang, D. B., Zou, L., &
Zhao, G. (2013). Rapid and simple method for the determination of
emodin in tartary buckwheat (Fagopyrum tataricum) by high-
performance liquid chromatography coupled to a diode array
detector. Journal of Agricultural and Food Chemistry, 6é1(4),
854-857. https://doi.org/10.1021/jf304804c

Perassolo, M., Quevedo, C., Busto, V., lanone, F., Giulietti, A. M., &
Talou, J. R. (2007). Enhance of anthraquinone production by effect
of proline and aminoindan-2-phosphonic acid in Rubia tinctorum
suspension cultures. Enzyme and Microbial Technology, 41(1-2),
181-185. https://doi.org/10.1016/j.enzmictec.2007.01.004

Prasad, D., Pant, G., Rawat, M. S. M., & Nagatsu, A. (2000). Constituents of
Rhamnus virgatus (Rhamnaceae). Biochemical Systematics and Ecology,
28, 1027-1030. https://doi.org/10.1016/50305-1978(00)00014-4

Qian, D., Zhao, Y., Yang, G., & Huang, L. (2017). Systematic review of
chemical constituents in the genus Lycium (Solanaceae). Molecules,
22 (6), 9111. https://doi.org/10.3390/molecules2206091

Quevedo, C., Perassolo, M., Alechine, E., Corach, D., Giulietti, A. M., &
Talou, J. R. (2010). Increasing anthraquinone production by over-
expression of 1-deoxy-D: -xylulose-5-phosphate synthase in trans-
genic cell suspension cultures of Morinda citrifolia. Biotechnology
Letters, 32(7), 997-1003. https://doi.org/10.1007/s10529-010-
0250-8

Rama-Reddy, N. R., Mehta, R. H., Soni, P. H., Makasana, J., Gajbhiye, N. A.,
Ponnuchamy, M., & Kumar, J. (2015). Next generation sequencing
and transcriptome analysis predicts biosynthetic pathway of senno-
sides from Senna (Cassia angustifolia Vahl.), a non-model plant with
potent laxative properties. PLoS One, 10(6), €0129422. https://doi.
org/10.1371/journal.pone.0129422

Rao, R. V. K, Rao, J. V. L. N. S., & Vimaladevi, M. (1979). Phytochemical
investigation of Cassia absus (roots and leaves). Journal of Natural
Products, 42(3), 299-300. https://doi.org/10.1021/np50003a011

Rattanaburi, S., Mahabusarakam, W., Phongpaichit, S., & Carroll, A. R.
(2013). A new chromone from the leaves of Melaleuca cajuputi
Powell. Natural Product Research, 27(3), 221-225. https://doi.org/
10.1080/14786419.2012.666750

Rodriguez-Concepcién, M., & Boronat, A. (2002). Elucidation of the
methylerythritol phosphate pathway for isoprenoid biosynthesis in
bacteria and plastids. A metabolic milestone achieved through
genomics. Plant Physiology, 130(3), 1079-1089. https://doi.org/10.
1104/pp.007138

Rohdich, F., Hecht, S., Géartner, K., Adam, P., Krieger, C., Amslinger, S.,
Arigoni, D., Bacher, A, & Eisenreich, W. (2002).Studies on the
nonmevalonate terpene biosynthetic pathway: Metabolic role of
IspH (LytB) protein. Proceedings of the National Academy of Sciences,
99(3), 1158-1163. https://doi.org/10.1073/pnas.032658999

Santos-Sanchez, N. F., Salas-Coronado, R., Hernandez-Carlos, B., & Villanueva-
Carongo, C. (2019). Shikimic acid pathway in biosynthesis of phenolic
compounds. Plant Physiological Aspects of Phenolic Compounds, 1-15.
https://doi.org/10.5772/intechopen.83815

Satake, T., Hori, K., Kamiya, K., Saiki, Y., Fujimoto, Y., Kimura, Y., Maksut, C., &
Mekin, T. (1993). Studies on the constituents of Turkish plants. I.
Flavonol triglycosidesfrom the fruit of Rhamnus thymifolius. Chemical
and Pharmaceutical Bulletin, 41(10), 1743-1745. https://doi.org/10.
1248/cpb.41.1743

Schripsema, J., Ramos-Valdivia, A., & Verpoorte, R. (1999). Robustaqui-
nones, novel anthraquinones from an elicited Cinchona robusta
suspension culture. Phytochemistry, 51, 55-60. https://doi.org/10.
1016/50031-9422(98)00470-1

Sekar, M., Rajendra Prasad, K. J., Sidduraju, P., & Janardhanan, K. (1999).
New anthraquinones from Cassia obtusa. Fitoterapia, 70, 330-332.
https://doi.org/10.1016/5S0367-326X(99)00041-6

Shang, X.-F., Zhao, Z.-M,, Li, J.-C., Yang, G.-Z., Liu, Y.-Q., Dai, L.-X.,
Zhang, Z.-)., Yang, Z.-G., Miao, X.-L., Yang, C.-J., & Zhang, J.-Y.
(2019). Insecticidal and antifungal activities of Rheum palmatum L.
anthraquinones and structurally related compounds. Industrial Crops
and Products, 137, 508-520. https://doi.org/10.1016/j.indcrop.
2019.05.055

Sharp, H., Latif, Z., Bartholomew, B., Thomas, D., Thomas, B,
Sarker, S. D., & Nash, R. J. (2001). Emodin and syringaldehyde
from Rhamnus pubescens (Rhamnaceae). Biochemical Systematics
and Ecology, 29, 113-115. https://doi.org/10.1016/S0305-
1978(00)00025-9

Shendge, P. N., & Belemkar, S. (2018). Therapeutic potential of Luffa
acutangula: A review on its traditional uses, phytochemistry,
pharmacology and toxicological aspects. Frontiers in Pharmacology,
9, 1177. https://doi.org/10.3389/fphar.2018.01177

Shi, Z., Li, X,, Tian, Y., Fan, Y., Liu, J., & Zhang, H. (2021). Hydrophobicity-
switchable deep eutectic solvent-based effervescence-assisted
dispersive liquid-liquid microextraction with solidification of floating
droplets for HPLC determination of anthraquinones in fried Cassiae
semen tea infusions. Analytical Methods, 13(40), 4739-4746. https://
doi.org/10.1039/D1AY01288F

Shkryl, Y. N., Veremeichik, G. N., Makhazen, D. S., Silantieva, S. A,
Mishchenko, N. P., Vasileva, E. A., Fedoreyev, S. A., & Bulgakov, V. P.
(2016). Increase of anthraquinone content in Rubia cordifolia cells
transformed by native and constitutively active forms of the AtCPK1
gene. Plant Cell Reports, 35(9), 1907-1916. https://doi.org/10.
1007/s00299-016-2005-z

Shukla, N., Kumar, M., Akanksha, I., Ahmad, G., Rahuja, N., Singh, A. B,
Srivastava, A. K., Rajendran, S. M., & Maurya, R. (2010). Tectone, a
new antihyperglycemic anthraquinone from Tectona grandis leaves.
Natural Product Communications, 5(3), 1934578X1000500. https://
doi.org/10.1002/minf.200900086

Sieweke, H. J., & Leistner, E. (1992). O-succinylbenzoate: Coenzyme a
ligase from anthraquinone producing cell suspension cultures of
Galium mollugo. Phytochemistry, 31(7), 2329-2335. https://doi.org/
10.1016/0031-9422(92)83275-4

Singh, J., & Singh, J. (1987). Two anthraquinone glycosides from Cassia
marginata roots. Phytochemistry, 26(2), 507-508. https://doi.org/10.
1016/50031-9422(00)81443-0

Singh, N. P., Gupta, A. P., Sinha, A. K., & Ahuja, P. S. (2005). High-
performance thin layer chromatography method for quantitative
determination of four major anthraquinone derivatives in Rheum
emodi. Journal of Chromatography A, 1077(2), 202-206. https://doi.
org/10.1016/j.chroma.2005.03.130

Singh, V., Singh, J., & Sharma, J. P. (1992). Anthraquinones from
heartwood of Cassia siamea. Phytochemistry, 31(6), 2176-2177.

Sob, S. V. T., Wabo, H. K., Tane, P., Ngadjui, B. T., & Ma, D. (2008). A
xanthone and a polyketide derivative from the leaves of Cassia
obtusifolia (Leguminosae). Tetrahedron, 64(34), 7999-8002. https://
doi.org/10.1016/j.tet.2008.05.125

Su, J. C. (1988). Studies on the chemical constituents of Rhamnus longipes
Merr.et Chun. Acta Botanica Sinica, 30(1), 107-108.

Sung, B. K, Kim, M. K,, Lee, W. H., Lee, D. H., & Lee, H. S. (2004). Growth
responses of Cassia obtusifolia toward human intestinal bacteria.
Fitoterapia, 75(5), 505-509. https://doi.org/10.1016/].fitote.2004.
03.012

Sun, Y. N,, Li, W,, Lee, S. H., Jang, H. D., Ma, J. Y., & Kim, Y. H. (2017).
Antioxidant and anti-osteoporotic effects of anthraquinones and
related constituents from the aqueous dissolved Aloe exudates.
Natural Product Research, 31(23), 2810-2813. https://doi.org/10.
1080/14786419.2017.1295238

Sun, Y. S, & Wang, J. H. (2015). Chemical constituents in flowers of
Polygonum cuspidatum. Chinese Traditional and Herbal Drugs, 46(15),
2219-2222. https://doi.org/10.7501/j.issn.0253-2670.2015.15.007

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1016/j.phytochem.2019.112182
https://doi.org/10.1021/jf304804c
https://doi.org/10.1016/j.enzmictec.2007.01.004
https://doi.org/10.1016/S0305-1978(00)00014-4
https://doi.org/10.3390/molecules2206091
https://doi.org/10.1007/s10529-010-0250-8
https://doi.org/10.1007/s10529-010-0250-8
https://doi.org/10.1371/journal.pone.0129422
https://doi.org/10.1371/journal.pone.0129422
https://doi.org/10.1021/np50003a011
https://doi.org/10.1080/14786419.2012.666750
https://doi.org/10.1080/14786419.2012.666750
https://doi.org/10.1104/pp.007138
https://doi.org/10.1104/pp.007138
https://doi.org/10.1073/pnas.032658999
https://doi.org/10.5772/intechopen.83815
https://doi.org/10.1248/cpb.41.1743
https://doi.org/10.1248/cpb.41.1743
https://doi.org/10.1016/S0031-9422(98)00470-1
https://doi.org/10.1016/S0031-9422(98)00470-1
https://doi.org/10.1016/S0367-326X(99)00041-6
https://doi.org/10.1016/j.indcrop.2019.05.055
https://doi.org/10.1016/j.indcrop.2019.05.055
https://doi.org/10.1016/S0305-1978(00)00025-9
https://doi.org/10.1016/S0305-1978(00)00025-9
https://doi.org/10.3389/fphar.2018.01177
https://doi.org/10.1039/D1AY01288F
https://doi.org/10.1039/D1AY01288F
https://doi.org/10.1007/s00299-016-2005-z
https://doi.org/10.1007/s00299-016-2005-z
https://doi.org/10.1002/minf.200900086
https://doi.org/10.1002/minf.200900086
https://doi.org/10.1016/0031-9422(92)83275-4
https://doi.org/10.1016/0031-9422(92)83275-4
https://doi.org/10.1016/S0031-9422(00)81443-0
https://doi.org/10.1016/S0031-9422(00)81443-0
https://doi.org/10.1016/j.chroma.2005.03.130
https://doi.org/10.1016/j.chroma.2005.03.130
https://doi.org/10.1016/j.tet.2008.05.125
https://doi.org/10.1016/j.tet.2008.05.125
https://doi.org/10.1016/j.fitote.2004.03.012
https://doi.org/10.1016/j.fitote.2004.03.012
https://doi.org/10.1080/14786419.2017.1295238
https://doi.org/10.1080/14786419.2017.1295238
https://doi.org/10.7501/j.issn.0253-2670.2015.15.007

WANG ET AL.

Su, X., Zhang, J., Li, C, Li, F, Wang, H., Gu, H,, Li, B., Chen, R, & Kang, J.
(2018). Glycosides of naphthohydroquinones and anthraquinones
isolated from the aerial parts of Morinda parvifolia Bartl. ex DC
(Rubiaceae) increase p53 mMRNA expression in A2780cells.
Phytochemistry, 152, 97-104. https://doi.org/10.1016/j.phytochem.
2018.04.010

Tadesse, A. A, Ayana, N. A, & Keneni, D. A. (2021). Anthraquinones from
the roots of Kniphofia insignis and evaluation of their antimicrobial
activities. Journal of Chemistry, 2021, 1-5. https://doi.org/10.1155/
2021/6661116

Takahashi, S., Kitanaka, S., Takido, M., Sankawa, U., & Shibata, S.
(1977). Phlegmacins and anhydrophlegmacinquinones: Dimeric
hydroanthracenes from seedlings of Cassia torosa. Phytochemistry,
16, 999-1002. https://doi.org/10.1016/S0031-9422(00)
86709-6

Takahashi, S., Takido, M., Sankawa, U., & Shibata, S. (1976). Germichry-
sone, a hydroanthracene derivative from seedlings of Cassia torosa.
Phytochemistry, 15, 1295-1296. https://doi.org/10.1016/0031-
9422(76)90002-9

Takashima, J., lkeda, Y., Komiyama, K., Hayashi, M., Kishida, A., &
Ohsaki, A. (2007). New constituents from the leaves of Morinda
citrifolia. Chemical and Pharmaceutical Bulletin, 55(2), 343-345.
https://doi.org/10.1248/cpb.55.343

Tala, M. F., Ansary, M. W. R, Talontsi, F. M., Kowa, T. K,
Tofazzal Islam, M., & Tane, P. (2018). Anthraquinones and flavanols
isolated from the vegetable herb Rumex abyssinicus inhibit motility of
Phytophthora capsici zoospores. South African Journal of Botany, 115,
1-4. https://doi.org/10.1016/j.sajb.2017.11.015

Tang, L. Y., Wang, Z. J., Fu, M. H., He, Y., Wu, H. W,, & Huang, L. Q. (2008).
A new anthraquinone glycoside from seeds of Cassia obtusifolia.
Chinese Chemical Letters, 19(9), 1083-1085. https://doi.org/10.
1016/j.cclet.2008.06.006

Tiwari, R. D., & Singh, J. (1979). A new anthraquinone digalactoside from
Cassia laevigata pods. Phytochemistry, 18(2), 347. https://doi.org/10.
1016/0031-9422(79)80099-0

Tzin, V., & Galili, G. (2010). New insights into the shikimate and aromatic
amino acids biosynthesis pathways in plants. Molecular Plant, 3(6),
956-972. https://doi.org/10.1093/mp/ssq048

Vazquez, M. F. B., Comini, L. R,, Milanesio, J. M., Montoya, S. C. N,,
Cabrera, J. L., Bottini, S., & Martini, R. E. (2015). Pressurized hot
water extraction of anthraquinones from Heterophyllaea pustulata
Hook f. (Rubiaceae). The Journal of Supercritical Fluids, 101, 170-175.
https://doi.org/10.1016/j.supflu.2015.02.029

Verma, R. P., & Sinha, K. S. (1996). Anthraquinone-B-D-glucoside from
Cassia grandis. International Journal of Pharmacognosy, 34(4),
290-294. https://doi.org/10.1080/10575639308043790

Vyas, P., Yadav, D. K., & Khandelwal, P. (2019). Tectona grandis (teak)—A
review on its phytochemical and therapeutic potential. Natural
Product Research, 33(16), 2338-2354. https://doi.org/10.1080/
14786419.2018.1440217

Wang, C. X, Zhao, S. N., Feng, S. X., Zhang, X. P., & Chen, T. (2016). Two
new anthraquinones from the roots of Prismatomeris connata.
Natural Product Communications, 11(4), 1934578X1601100.

Wang, D. Y., Ye, Q. Li, B. G,, & Zhang, G. L. (2003). A new anthraquinone
from Gladiolus gandavensis. Natural Product Research, 17(5),
365-368. https://doi.org/10.1080/14786410310001605940

Wang, J., Qin, X., Chen, Z., Ju, Z., He, W,, Tan, Y., Zhou, X,, Tu, Z., Lu, F., &
Liu, Y. (2016). Two new anthraquinones with antiviral activities from
the barks of Morinda citrifolia (Noni). Phytochemistry Letters, 15,
13-15. https://doi.org/10.1016/j.phytol.2015.11.006

Wang, L., Xu, D., Cao, Y., Xu, G. T., Zhong, X., & Li, X. P. (2013). The
anthraquinone and non anthraquinone constituent of Rheum
officinale Baill. Journal of Shenyang Pharmaceutical University, 30(7),
523-527.

Journalof: 47
Cellular Physiology Wi LEY—‘—

Wang, L. L., Li, Y. B, Lai, X. P,, Feng, F., & Zhou, Y. J. (2011). Active anti-
aging constituents from Morinda officinalis How (ll). Central South
Pharmacy, 9(7), 495-498. https://doi.org/10.3969/j.issn.1672-
2981.2011.07.005

Wang, M., Wang, Q., Yang, Q., Yan, X, Feng, S., & Wang, Z. (2019).
Comparison of anthraquinones, iridoid glycosides and triterpenoids
in Morinda officinalis and Morinda citrifolia using UPLC/Q-TOF-MS
and multivariate statistical analysis. Molecules, 25(1), 160. https://
doi.org/10.3390/molecules25010160

Wang, N., Su, M., Liang, S., & Sun, H. (2016). Investigation of six bioactive
anthraquinones in slimming tea by accelerated solvent extraction
and high performance capillary electrophoresis with diode-array
detection. Food Chemistry, 199, 1-7. https://doi.org/10.1016/j.
foodchem.2015.11.083

Wang, X., Hu, H., Wu, Z,, Fan, H., Wang, G., Chai, T., & Wang, H. (2021).
Tissue-specific transcriptome analyses reveal candidate genes for
stilbene, flavonoid and anthraquinone biosynthesis in the medicinal
plant Polygonum cuspidatum. BMC Genomics, 22(1), 353. https://doi.
org/10.1186/s12864-021-07658-3

Wang, Y., Dan, Y., Yang, D, Hu, Y., Zhang, L., Zhang, C., Zhu, H., Cui, Z.,
Li, M., & Liu, Y. (2014). The genus Anemarrhena bunge: A review on
ethnopharmacology, phytochemistry and pharmacology. Journal of
Ethnopharmacology, 153(1), 42-60. https://doi.org/10.1016/].jep.
2014.02.013

Wang, Z., Hu, J., Du, H., He, S,, Li, Q., & Zhang, H. (2016). Microwave-
assisted ionic liquid homogeneous liquid-liquid microextraction
coupled with high performance liquid chromatography for the
determination of anthraquinones in Rheum palmatum L. Journal of
Pharmaceutical and Biomedical Analysis, 125, 178-185. https://doi.
org/10.1016/j.jpba.2016.03.046

Wang, Z., Ma, P, Xu, L., He, C., Peng, Y., & Xiao, P. (2013). Evaluation of
the content variation of anthraquinone glycosides in rhubarb by
UPLC-PDA. Chemistry Central Journal, 7(1), 170. https://doi.org/10.
1186/1752-153X-7-170

Wei, B. L, Lin, C. N, & Won, S. J. (1992). Nakahalene and cytotoxic
principles of formosan Rhamnus species. Journal of Natural Products,
55(7), 967-969. https://doi.org/10.1021/np50085a021

Wei, X, Jiang, J. S., Feng, Z. M., & Zhang, P. C. (2007). New anthraquinone
derivatives from the roots of Berchemia floribunda. Chinese Chemical
Letters, 18(4), 412-414. https://doi.org/10.1016/j.cclet.2007.02.001

WEei, X., Jiang, J. S., Feng, Z. M., & Zhang, P. C. (2008). Anthraquinone-
benzisochromanquinone dimers from the roots of Berchemia
floribunda. Chemical and Pharmaceutical Bulletin, 56(9), 1248-1252.
https://doi.org/10.1248/cpb.56.1248

Widhalm, J. R., & Rhodes, D. (2016). Biosynthesis and molecular actions of
specialized 1,4-naphthoquinone natural products produced by
horticultural plants. Horticulture Research, 3, 16046. https://doi.
org/10.1038/hortres.2016.46

Wildermuth, M. C., Dewdney, J., Wu, G., & Ausubel, F. M. (2001).
Isochorismate synthase is required to synthesize salicylic acid for
plant defence. Nature, 414(29), 562-565. https://doi.org/10.1038/
417571a

Wolff, M., Seemann, M., Tse Sum Bui, B., Frapart, Y. Tritsch, D.,
Estrabot, A. G., Rodriguez-Concepcién, M., Boronat, A., Marquet, A.,
& Rohmer, M. (2003). Isoprenoid biosynthesis via the methylery-
thritol phosphate pathway: the (E)-4-hydroxy-3-methylbut-2-enyl
diphosphate reductase (LytB/IspH) from Escherichia coliis a [4Fe-4S]
protein. FEBS Letters, 541(1-3), 115-120. https://doi.org/10.1016/
S0014-5793(03)00317-X

Wu, X, Ge, X, Liang, S., Lv, Y., & Sun, H. (2015). A novel selective
accelerated solvent extraction for effective separation and rapid
simultaneous determination of six anthraquinones in tartary buck-
wheat and its products by UPLC-DAD. Food Analytical Methods,
8(5), 1124-1132. https://doi.org/10.1007/s12161-014-9976-6

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1016/j.phytochem.2018.04.010
https://doi.org/10.1016/j.phytochem.2018.04.010
https://doi.org/10.1155/2021/6661116
https://doi.org/10.1155/2021/6661116
https://doi.org/10.1016/S0031-9422(00)86709-6
https://doi.org/10.1016/S0031-9422(00)86709-6
https://doi.org/10.1016/0031-9422(76)90002-9
https://doi.org/10.1016/0031-9422(76)90002-9
https://doi.org/10.1248/cpb.55.343
https://doi.org/10.1016/j.sajb.2017.11.015
https://doi.org/10.1016/j.cclet.2008.06.006
https://doi.org/10.1016/j.cclet.2008.06.006
https://doi.org/10.1016/0031-9422(79)80099-0
https://doi.org/10.1016/0031-9422(79)80099-0
https://doi.org/10.1093/mp/ssq048
https://doi.org/10.1016/j.supflu.2015.02.029
https://doi.org/10.1080/10575639308043790
https://doi.org/10.1080/14786419.2018.1440217
https://doi.org/10.1080/14786419.2018.1440217
https://doi.org/10.1080/14786410310001605940
https://doi.org/10.1016/j.phytol.2015.11.006
https://doi.org/10.3969/j.issn.1672-2981.2011.07.005
https://doi.org/10.3969/j.issn.1672-2981.2011.07.005
https://doi.org/10.3390/molecules25010160
https://doi.org/10.3390/molecules25010160
https://doi.org/10.1016/j.foodchem.2015.11.083
https://doi.org/10.1016/j.foodchem.2015.11.083
https://doi.org/10.1186/s12864-021-07658-3
https://doi.org/10.1186/s12864-021-07658-3
https://doi.org/10.1016/j.jep.2014.02.013
https://doi.org/10.1016/j.jep.2014.02.013
https://doi.org/10.1016/j.jpba.2016.03.046
https://doi.org/10.1016/j.jpba.2016.03.046
https://doi.org/10.1186/1752-153X-7-170
https://doi.org/10.1186/1752-153X-7-170
https://doi.org/10.1021/np50085a021
https://doi.org/10.1016/j.cclet.2007.02.001
https://doi.org/10.1248/cpb.56.1248
https://doi.org/10.1038/hortres.2016.46
https://doi.org/10.1038/hortres.2016.46
https://doi.org/10.1038/417571a
https://doi.org/10.1038/417571a
https://doi.org/10.1016/S0014-5793(03)00317-X
https://doi.org/10.1016/S0014-5793(03)00317-X
https://doi.org/10.1007/s12161-014-9976-6

WANG ET AL

48 Journalof:
—LWI | DA & Collular Physiology

Wu, Y., Wang, X, Liu, P., Niu, Q., & Wu, Q. (2017). Quantitative
determination of anthraquinones and resveratrol in Polygonum
cillinerve (Nakai) ohwi by HPLC-PAD. Journal of AOAC
International, 100(1), 25-29. https://doi.org/10.5740/jaoacint.
16-0240

Wu, Y. B., Zheng, C. J., Qin, L. P, Sun, L. N., Han, T., Jiao, L., Zhang, Q. Y., &
Wu, J. Z. (2009). Antiosteoporotic activity of anthraquinones from
Morinda officinalis on osteoblasts and osteoclasts. Molecules, 14(1),
573-583. https://doi.org/10.3390/molecules14010573

Wuy, Y. C., Wu, P, Li, Y. B, Liuy, T. C,, Zhang, L., & Zhou, Y. H. (2018).
Natural deep eutectic solvents as new green solvents to extract
anthraquinones from Rheum palmatum L. RSC Advances, 8(27),
15069-15077. https://doi.org/10.1039/C7RA13581E

Xiang, S., Usunow, G, Lange, G., Busch, M., & Tong, L. (2007). Crystal
structure of 1-deoxy-D-xylulose 5-phosphate synthase, a crucial
enzyme for isoprenoids biosynthesis. Journal of Biological
Chemistry, 282(4), 2676-2682. https://doi.org/10.1074/jbc.
M610235200

Xie, K., Chen, R, Li, J.,, Wang, R, Chen, D., Dou, X., & Dai, J. (2014).
Exploring the catalytic promiscuity of a new glycosyltransferase
from Carthamus tinctorius. Organic Letters, 16(18), 4874-4877.
https://doi.org/10.1021/01502380p

Xu, L., Chan, C, Lau, C, Yu, Z, Mok, D. K. W,, & Chen, S. (2012).
Simultaneous determination of eight anthraquinones in Semen
cassiae by HPLC-DAD. Phytochemical Analysis, 23(2), 110-116.
https://doi.org/10.1002/pca.1331

Xu, Y. L, Tang, L. Y., Zhou, X. D., Zhou, G. H., & Wang, Z. J. (2015). Five
new anthraquinones from the seed of Cassia obtusifolia. Archives of
Pharmacal Research, 38(6), 1054-1058. https://doi.org/10.1007/
$12272-014-0462-x

Yadav, J. P., Arya, V., Yadav, S., Panghal, M., Kumar, S., & Dhankhar, S.
(2010). Cassia occidentalis L: A review on its ethnobotany, phyto-
chemical and pharmacological profile. Fitoterapia, 81(4), 223-230.
https://doi.org/10.1016/j.fitote.2009.09.008

Yamada, A., Kondo-Kaneko, M., Ishiuchi, K., Makino, T., & Terasaka, K.
(2020). Isolation and characterization of a novel glucosyltransferase
involved in production of emodin-6-O-glucoside and rhaponticin in
Rheum palmatum. Plant Biotechnology, 37(3), 293-299. https://doi.
org/10.5511/PLANTBIOTECHNOLOGY.20.0413A

Yang, M., Luo, F., Zhang, X., Wang, X., Sun, H., Lou, Z., Zhou, L., & Chen, Z.
(2022). Uptake, translocation, and metabolism of anthracene in tea
plants. Science of the Total Environment, 821, 152905. https://doi.
org/10.1016/j.scitotenv.2021.152905

Yang, W., Su, Y., Dong, G., Qian, G., Shi, Y., Mi, Y., Zhang, Y., Xue, J.,
Du, W.,, Shi, T., Chen, S., Zhang, Y., Chen, Q., & Sun, W. (2020). Liquid
chromatography-mass spectrometry-based metabolomics analysis
of flavonoids and anthraquinones in Fagopyrum tataricum L. Gaertn.
(tartary buckwheat) seeds to trace morphological variations. Food
Chemistry, 331, 127354. https://doi.org/10.1016/j.foodchem.2020.
127354

Yang, X., Zhang, Z., Li, J., Chen, X., Zhang, M., Luo, L., & Yao, S. (2014).
Novel molecularly imprinted polymers with carbon nanotube as
matrix for selective solid-phase extraction of emodin from kiwi fruit
root. Food Chemistry, 145, 687-693. https://doi.org/10.1016/j.
foodchem.2013.08.114

Yang, Y. J.,, Shu, H. Y., & Min, Z. D. (1992). Anthraquinones isolated from
Morinda officinalis and Damnacanthus indicus. Yao xue xue bao = Acta
pharmaceutica Sinica, 27(5), 358-364.

Yang, Z. M, Ou, Y. F,, Yi, Y. T., Hu, J., Zhao, M. Y, Liu, S., & Zeng, S. T.
(2019). Isolation, identification and bioactivity of anthraquinones in
Morinda officinalis. Natural Product Research and Development, 31,
87-92. https://doi.org/10.16333/j.1001-6880.2019.1.014

Ye, M., Han, J., Chen, H., Zheng, J., & Guo, D. (2007). Analysis of phenolic
compounds in rhubarbs using liquid chromatography coupled with
electrospray ionization mass spectrometry. Journal of the American

Society for Mass Spectrometry, 18(1), 82-91. https://doi.org/10.
1016/j.jasms.2006.08.009

Ye, Y.-Q,, Xia, C.-F., Li, Y.-K,, Wu, X.-X., Du, G., Gao, X.-M., & Hu, Q.-F.
(2014). Anthraquinones from Cassia siamea and their cytotoxicity.
Chemistry of Natural Compounds, 50(5), 819-822. https://doi.org/10.
1007/s10600-014-1091-9

Yin, Q., Han, X,, Han, Z., Chen, Q., Shi, Y., Gao, H., Zhang, T., Dong, G.,
Xiong, C., Song, C., Sun, W., & Chen, S. (2020). Genome-wide
analyses reveals a glucosyltransferase involved in rutin and emodin
glucoside biosynthesis in tartary buckwheat. Food Chemistry, 318,
126478. https://doi.org/10.1016/j.foodchem.2020.126478

Yoshikawa, M., Yamaguchi, S., Nishisaka, H., Yamahara, J., & Murakami, N.
(1995). Chemical constituents of Chinese natural medicine, Morindae
Radix, the dried roots of Morinda officinalis How: Structures of
morindolide and morofficinaloside. Chemical and Pharmaceutical
Bulletin, 43(9), 1462-1465. https://doi.org/10.1248/cpb.43.1462

Yuan, K., Chen, S., Chen, X,, Yao, S., Wang, X., Song, H., & Zhu, M. (2020).
High effective extraction of selected anthraquinones from Polygo-
num multiflorum using ionic liquids with ultrasonic assistance. Journal
of Molecular Liquids, 314(4), 113342. https://doi.org/10.1016/j.
molliq.2020.113342

Zaman, K., Khan, M. R, Ali, M, & Maitland, D. J. (2011). New
anthraquinone dimer from the root bark of Cassia artemisioides
(Gaudich. Ex. DC) Randell. Journal of Asian Natural Products Research,
13(1), 62-67. https://doi.org/10.1080/10286020.2010.534081

Zebec, Z., Wilkes, J., Jervis, A. J., Scrutton, N. S., Takano, E., & Breitling, R.
(2016). Towards synthesis of monoterpenes and derivatives using
synthetic biology. Current Opinion in Chemical Biology, 34, 37-43.
https://doi.org/10.1016/j.cbpa.2016.06.002

Zhang, C., Li, G. L., Xiao, Y. Q, Li, L., & Pang, Z. (2009). Two new
glycosides from the seeds of Cassia obtusifolia. Chinese Chemical
Letters, 20(9), 1097-1099. https://doi.org/10.1016/j.cclet.2009.
04.006

Zhang, C., Li, L., Xiao, Y. Q., Tian, G. F., Chen, D. D., Wang, Y., Li, Y. T., &
Huang, W. Q. (2010). Two new anthraquinone glycosides from the
roots of Rheum palmatum. Journal of Asian Natural Products Research,
12(12), 1026-1032. https://doi.org/10.1080/10286020.2010.
529612

Zhang, G., & Chi, X. (2020). A green strategy for obtaining anthraquinones
from Rheum tanguticum by subcritical water. Open Chemistry, 18(1),
702-710. https://doi.org/10.1515/chem-2020-0079

Zhang, H., Zhang, Q. W., Wang, L., Zhang, X. Q. Ye, W. C,, & Wang, Y.T.
(2012). Two new anthraquinone malonylglucosides from Polygonum
cuspidatum. Natural Product Research, 26(14), 1323-1327. https://
doi.org/10.1080/14786419.2011.578072

Zhang, H. L., Zhang, Q. W., Zhang, X. Q., Ye, W. C., & Wang, Y. T. (2010).
Chemical constituents from the roots of Morinda officinalis. Chinese
Journal of Natural Medicines, 8(3), 192-195. https://doi.org/10.
3724/SP.).1009.2010.00192

Zhang, X., Liu, F., Feng, Z. M., Yang, Y. N,, Jiang, J. S., & Zhang, P. C.
(2020). Bioactive phenylpropanoid esters of sucrose and anthraqui-
nones from Polygonum cuspidatum. Fitoterapia, 146, 104673. https://
doi.org/10.1016/j.fitote.2020.104673

Zhang, X., Zhou, H.-F., Li, M.-Y,, Yue, X.-Y., & Wu, T. (2018). Three new
anthraquinones from aerial parts of Paederia scandens. Chemistry of
Natural Compounds, 54(2), 245-248. https://doi.org/10.1007/
s10600-018-2314-2

Zhang, Y. L, Qi, J. H, Qin, L, Wang, F., & Pang, M. X. (2016).
Anthraquinones isolated from the browned Chinese chestnut
kernels (Castanea mollissima blume). IOP Conference Series: Earth
and Environmental Science, 41, 012014 https://doi.org/10.1088/
1755-1315/41/1/012014

Zhao, C.-C., Shao, J.-H., Li, X., Xu, J., & Wang, J.-H. (2006). A new
anthraquinone from Galium verum L. Natural Product Research,
20(11), 981-984. https://doi.org/10.1080/14786410600921532

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.5740/jaoacint.16-0240
https://doi.org/10.5740/jaoacint.16-0240
https://doi.org/10.3390/molecules14010573
https://doi.org/10.1039/C7RA13581E
https://doi.org/10.1074/jbc.M610235200
https://doi.org/10.1074/jbc.M610235200
https://doi.org/10.1021/ol502380p
https://doi.org/10.1002/pca.1331
https://doi.org/10.1007/s12272-014-0462-x
https://doi.org/10.1007/s12272-014-0462-x
https://doi.org/10.1016/j.fitote.2009.09.008
https://doi.org/10.5511/PLANTBIOTECHNOLOGY.20.0413A
https://doi.org/10.5511/PLANTBIOTECHNOLOGY.20.0413A
https://doi.org/10.1016/j.scitotenv.2021.152905
https://doi.org/10.1016/j.scitotenv.2021.152905
https://doi.org/10.1016/j.foodchem.2020.127354
https://doi.org/10.1016/j.foodchem.2020.127354
https://doi.org/10.1016/j.foodchem.2013.08.114
https://doi.org/10.1016/j.foodchem.2013.08.114
https://doi.org/10.16333/j.1001-6880.2019.1.014
https://doi.org/10.1016/j.jasms.2006.08.009
https://doi.org/10.1016/j.jasms.2006.08.009
https://doi.org/10.1007/s10600-014-1091-9
https://doi.org/10.1007/s10600-014-1091-9
https://doi.org/10.1016/j.foodchem.2020.126478
https://doi.org/10.1248/cpb.43.1462
https://doi.org/10.1016/j.molliq.2020.113342
https://doi.org/10.1016/j.molliq.2020.113342
https://doi.org/10.1080/10286020.2010.534081
https://doi.org/10.1016/j.cbpa.2016.06.002
https://doi.org/10.1016/j.cclet.2009.04.006
https://doi.org/10.1016/j.cclet.2009.04.006
https://doi.org/10.1080/10286020.2010.529612
https://doi.org/10.1080/10286020.2010.529612
https://doi.org/10.1515/chem-2020-0079
https://doi.org/10.1080/14786419.2011.578072
https://doi.org/10.1080/14786419.2011.578072
https://doi.org/10.3724/SP.J.1009.2010.00192
https://doi.org/10.3724/SP.J.1009.2010.00192
https://doi.org/10.1016/j.fitote.2020.104673
https://doi.org/10.1016/j.fitote.2020.104673
https://doi.org/10.1007/s10600-018-2314-2
https://doi.org/10.1007/s10600-018-2314-2
https://doi.org/10.1088/1755-1315/41/1/012014
https://doi.org/10.1088/1755-1315/41/1/012014
https://doi.org/10.1080/14786410600921532

WANG ET AL.

Zhao, F., Zhao, S., Han, J.-T., Wang, Y.-F., Wang, Y.-N., & Wang, C.-H.
(2015). Antiviral anthraquinones from the roots of Knoxia valer-
ianoides. Phytochemistry Letters, 11, 57-60. https://doi.org/10.
1016/j.phytol.2014.11.015

Zhao, X., Wei, J., & Yang, M. (2018). Simultaneous analysis of iridoid
glycosides and anthraquinones in Morinda officinalis using UPLC-
QqQ-MS/MS and UPLC-Q/TOF-MS(E). Molecules, 23(5):1070.
https://doi.org/10.3390/molecules23051070

Zheng, L., Zhou, C, Li, T., Yuan, Z., Zhou, H., Tamada, Y., Zhao, Y.,
Wang, Y., Zheng, Q., Hao, X., Huang, P., Luo, X, Xiao, X., You, L.,
Chen, Q., Hu, Z,, Wang, X., Meng, K., Wang, G, Zhang, Y., & Li, C.
(2021). Global transcriptome analysis reveals dynamic gene expres-
sion profiling and provides insights into biosynthesis of resveratrol
and anthraquinones in a medicinal plant Polygonum cuspidatum.
Industrial Crops and Products, 171, 113919. https://doi.org/10.
1016/j.indcrop.2021.113919

Zhou, M., Xing, H. H,, Yang, Y., Wang, Y. D., Zhou, K., Dong, W., Li, G. P.,
Hu, W. Y., Liu, Q, Li, X. M, & Hu, Q. F. (2017). Three new
anthraquinones from the twigs of Cassia fistula and their bioactiv-
ities. Journal of Asian Natural Products Research, 19(11), 1073-1078.
https://doi.org/10.1080/10286020.2017.1285911

Zhou, T., Zhang, T., Sun, J., Zhu, H., Zhang, M., & Wang, X. (2021). Tissue-
specific transcriptome for Rheum tanguticum reveals candidate
genes related to the anthraquinones biosynthesis. Physiology and

Journalof: 49
Cellular Physiology Wi LEY—‘—

Molecular Biology of Plants, 27(1), 2487-2501. https://doi.org/10.
1007/s12298-021-01099-8

Zhou, Y., Lv, H.,, Wang, W.,, Tu, P., & Jiang, Y. (2014). Flavonoids and
anthraquinones from Murraya tetramera C. C. Huang (Rutaceae).
Biochemical Systematics and Ecology, 57, 78-80. https://doi.org/10.
1016/j.bse.2014.07.016

Zhu, F. (2016). Chemical composition and health effects of tartary
buckwheat. Food Chemistry, 203, 231-245. https://doi.org/10.
1016/j.foodchem.2016.02.050

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Wang, P., Wei, J., Hua, X., Dong, G.,
Dziedzic, K., Wahab, A.-t., Efferth, T., Sun, W., & Ma, P.
(2023). Plant anthraquinones: Classification, distribution,
biosynthesis, and regulation. Journal of Cellular Physiology,
1-49. https://doi.org/10.1002/jcp.31063

25UBO1 SUOLILLIOD SA1IE81D 3|t idde oL Aq peuenob a2 oI YO ‘98N J0 S| o ARIq1 BUIIUO AB]IM UO (SUOHIPUOD-PLE-SLLBIALIOD" B I ATRIGIPUIIUO//STNY) SUONIPUOD PUe LB | 841 39S *[£20Z/2T/0Z] U0 ARIqIT8UIIUO AB1IM JO Awspeay asauiy Ad £90TE 0 1/Z00T 0T/10p/w00 /a1 AReiq1PU1UO//Schiy Woaj papeojumod ‘0 ‘2G9t260T


https://doi.org/10.1016/j.phytol.2014.11.015
https://doi.org/10.1016/j.phytol.2014.11.015
https://doi.org/10.3390/molecules23051070
https://doi.org/10.1016/j.indcrop.2021.113919
https://doi.org/10.1016/j.indcrop.2021.113919
https://doi.org/10.1080/10286020.2017.1285911
https://doi.org/10.1007/s12298-021-01099-8
https://doi.org/10.1007/s12298-021-01099-8
https://doi.org/10.1016/j.bse.2014.07.016
https://doi.org/10.1016/j.bse.2014.07.016
https://doi.org/10.1016/j.foodchem.2016.02.050
https://doi.org/10.1016/j.foodchem.2016.02.050
https://doi.org/10.1002/jcp.31063

	Plant anthraquinones: Classification, distribution, biosynthesis, and regulation
	1 INTRODUCTION
	2 CLASSIFICATION AND DISTRIBUTION OF ANTHRAQUINONES
	2.1 Classification of anthraquinones
	2.1.1 Emodin anthraquinones
	2.1.2 Rubiadin anthraquinones

	2.2 Distribution of anthraquinones
	2.2.1 Polygonaceae
	2.2.2 Rubiaceae
	2.2.3 Fabaceae
	2.2.4 Rhamnaceae
	2.2.5 Others


	3 BIOSYNTHESIS OF ANTHRAQUINONES
	3.1 Polyketone pathway of anthraquinones biosynthesis
	3.2 SA pathway of anthraquinones biosynthesis
	3.3 Key genes of anthraquinones biosynthesis

	4 TRANSCRIPTION FACTORS REGULATE ANTHRAQUINONES BIOSYNTHESIS
	5 CONCLUSION AND PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION




