®

Check for
updates

Ehab M. B. Mahdy ®, Sherif F. El-Sharabasy,
and Maiada M. El-Dawayati

Abstract

Quinones as natural derivatives of phenolic constituents have a broad sense of
biological activities, including anticancer, antimicrobial, anti-inflammatory, and
purgative effects. Quinones have multiple applications such as dyes, pigments,
cosmetics, food additives, flavors, agrochemicals, and pharmaceuticals. Those
molecules have existed across the whole of organisms; plants are a prime natural
source. Concerning the bio-based economy (bio-economy), a renewed push has
been intended in the plant biotechnology area to crop high-value bio-ingredients
for various downstream applications. Quinones divide into four classes along
with a number of benzene rings: phenanthrenequinone, naphthoquinone, anthra-
quinone, and benzoquinone. The quinone molecules have to be interestingly
investigated through their chemistry, classification, nomenclature, biosynthesis,
biological effects, and distribution naturally in plants. We will here give an update
on account of reports and studies done on bioactive quinones. The chemical
structure with biological effects and biosynthesis will be the focus. Besides, we
provide the progress on some significant plant-derived quinones and their mode
of action to endorse more beneficial biologic features.
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14.1 Introduction

Plants biosynthesize a wide range of natural products that use dyes, pigments,
cosmetics, food additives, flavors, agrochemicals, and pharmaceuticals (Malik
et al. 2014a, b, c). These secondary metabolites are heterogeneous compounds and
can generally survive and biosynthesize from a bewildering array of the environment
(Lubbe and Verpoorte 2011) under specific conditions, viz., specific nutrition and
abiotic stresses (Malik et al. 2010a, b, 2013). These metabolites require primarily a
renaissance of natural products (Lu et al. 2020; Raskin et al. 2002); so, the world
market is annually rising at a rate of 15-18%.

Secondary metabolites are divided primarily into three key groups:
(1) polyphenols, (2) alkaloids, and (3) terpenes. Quinones, as derivatives from
oxidization of hydroquinones or polyphenols (Eyong et al. 2013a, b; Gong et al.
2014), are biosynthesized across the whole of kingdoms (Hillion and Antelmann
2015; Widhalm and Rhodes 2016; Yamamoto et al. 2018). Plants are the prime
source of quinones, which exist in a wide range of families, including Vitaceae,
Arecaceae, Verbenaceae, Bignoniaceae, Fabaceae, Caesalpiniaceae, Rhamnaceae,
Polygonaceae, Rubiaceae, Orobanchaceae, Boraginaceae, and Lamiaceae (Oni et al.
2015; Soladoye and Chukwuma 2012). The role of quinones in plants is still mostly
mysterious. Quinones are often negligent in the research of signal agents (Widhalm
and Rhodes 2016). Plants do not have homologs of recognized quinones sensor as in
animals and bacteria that own cysteine amendments of receptor proteins, which
affect cytoprotective gene expression (Yamamoto et al. 2018). They consequently
are probable to use sensing strategies different from those of animals (Farmer and
Davoine 2007). Plastoquinones, a-tocopherol quinones, and phylloquinone are
mainly metabolites existing in all photosynthesizing cells. Ubiquinones are made
in most species of plantae kingdom. The majority of quinones are simple
benzoquinones, naphthoquinones, or anthraquinones. However, less common skele-
tal structures occur, for instance terpenoid quinones and higher polycyclic quinones.
In nature, most quinones are p-quinones, nonetheless o-quinones also occur
(Fig. 14.2).

Anthraquinones originate in a broad sense of families such as Rubiaceae,
Fabaceae, Rhamnaceae, Polygonaceae, Liliaceae, and Scrophulariaceae. Most
naphthoquinones accumulate in Bignoniaceae, Verbenaceae, Juglandaceae,
Plumbaginaceae, Boraginaceae, Lythraceae, Balsaminaceae, Ebenaceae, and
Droseraceae. Myrsinaceae and Borraginaceae that are most families accumulate
benzoquinones.

Quinones are divided into four sorts according to the number of benzene rings:
phenanthrenequinone, naphthoquinone, anthraquinone, and benzoquinone
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Fig. 14.1 Structure of four O O
classes of quinones

7™
0

1.2-Benzoquinone 9.10-Anthraquinone

0 0

™

0 0

1.4-Benzoquinone 1.4-Naphthoquinone
Fig. 14.2 Structure of para- (o] (o]
quinones (1) and ortho-
quinones (2) R! R4 R1 (o]
R? R? R? R*
(0] R3
p-quinone o-quinone

(Fig. 14.1). Quinones play a prime role, as a signal agent, of biological activities, i.e.,
anticancer activities, antibacterial activities, food additives, and purgative effects
(Aithal et al. 2009, 2011; Padhye et al. 2012). The compound 2,6-dimethoxy-1,4-
benzoquinone (DMBQ) is only well-documented in the induction of haustoria across
parasitic roots. Nevertheless, the sense of DMBAQ is still blurred.

Focusing on the bio-economy (biological-based economy) has increasingly
meant a modern drive in the biotechnology approach to yield high-value
biomaterials for several downstream applications. Bio-economy emphasizes main-
tainable (‘green’) manufacture of renewable bio-resources and their change into
value-added products in food, feed, chemicals, energy, and healthcare and wellness.
Secondary metabolites have always been the prime source of biomaterial for many
medicinal and manufacturing applications (Chakraborty 2018; Misra 2014; Nomura
et al. 2018; Owen et al. 2017; Xin et al. 2017; Yang et al. 2016).
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We will highlight the progression of some significant quinone derivatives, their
chemistry, biosynthesis pathways, mode of action, and in vitro production. Besides,
biological activities and scale-ups have considered encouraging more valuable
biologic properties.

14.2 Biosynthesis Pathway

Biosynthesis is a dynamic method to get quinones and it is obligatory to reconnoiter
the pathway and sense the mechanism of the mode of actions. Numerous quinone
derivatives were reported (Camelio et al. 2015; Eyong et al. 2013a, b; Gong et al.
2014). The complementary aspect in the biosynthesis of bioactive products is to
clarify their pathways. Quinones are naturally among the most miscellaneous
biometabolites; however, they are almost all biosynthesized through the mevalonate
pathway or 2-C-methylerythritol 4-phosphate (Nowicka and Kruk 2010; Pina et al.
2016; Skorupinska-Tudek et al. 2008; Socaciu 2007; Widhalm and Rhodes 2016).
Two main pathways regulate the biosynthesis of natural products. By C13 labeling
experiments, isopentenyl diphosphate (IPP) could switch between both pathways
and contribute to the consequent biosynthesis pathways (Skorupinska-Tudek et al.
2008). The acetyl-coenzyme A (Co-A) units are a start step of the biosynthesis
pathway, which catalyze acetyl-CoA C-acetyltransferase (AACT) to produce
acetoacetyl-Co-A. The gene encoding AACT was cloned successfully from
Tripterygium wilfordii (Zhao et al. 2015a, b). Liu et al. (2014) cloned the gene
encoding 3-hydroxy-3-methylglutaryl-CoA synthase. Wu et al. (2012a, b)
characterized the gene encoding NADPH-dependent HMG-CoA reductase
(HMGR). Mevalonate pathway is gone down into IPP through subsequent chains
of enzymes (Zhao et al. 2013). The IPP catalyzes to dimethylallyl pyrophosphate
(DMAPP) using IPP isomerase. Both substrates are commonly for two pathways
(Drummond et al. 2019). Pyruvate substrates are significant in the pathway of 2-C-
methylerythritol 4-phosphate (Lichtenthaler 1999). Two genes, encoding 1-deoxy-
D-xylulose-5-phosphate synthase (DXS) and 1-deoxy-d-xylulose-5-phosphate
reductoisomerase (DXR), can be expressed highly in roots of 7. wilfordii cloned
(Tong et al. 20154, b, c; Zhang et al. 2020). IPP isomerase catalyzed the conversion
of IPP and DMAPP and was joined by protonation and deprotonation reactions
(Xiang et al. 2010; Zhang et al. 2015; Zhao et al. 2015a, b; Tong et al. 2016).
Cloning and expression of the MEP pathway were screened by the enzyme-encoding
genes in Osmanthus fragrans (Xu et al. 2016). Zhou et al. (2018) identified the
functions of five squalene epoxidase (SE) genes of T. wilfordii by ergl mutant yeast
constructed using CRISPR/Cas9.

Quinones properties are based on the structure of the chemical and aromatic ring,
side-chain groups. Quinones, which have the aromatic di-one or di-ketone system in
all creatures, can be substituted both in para- or ortho-patterns (R1 — R4) of its
hydroquinone precursor (Fig. 14.2) (Weaver and Pettus 2014). So, quinones come
from the corrosion of hydroquinones or polyphenols (Eyong et al. 2013a, b; Gong
et al. 2014). Based on ring structure, quinones are classified into (1) benzoquinone
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(1-ring structure), (2) naphthoquinone (2-ring structure), (3) anthraquinones, and
(4) anthraquinones (Eyong et al. 2013a, b; Gong et al. 2014).

More intensive efforts are required to expand and progress the insight into
biosynthetic processes. Biosynthesis pathway must be clear by illustrating the
pathway of enzymes with their information and defining each intermediate. Biosyn-
thesis pathways of quinones have stated various features of biosynthesis research
(Kristensen et al. 2020). Quinones come from acetate/malonate (polyketide),
iso-chorismate/o-succinylbenzoic acid, and p-hydroxybenzoic acid (Nowicka and
Kruk 2010; Socaciu 2007; Widhalm and Rhodes 2016).

Plastoquinones, a-tocopherolquinones, and phylloquinone are primary
metabolites existing in all photosynthesizing cells. Ubiquinones are present in the
most species of plantae kingdom. The majority of quinones are majority of simple
benzoquinones, naphthoquinones, or anthraquinones, although less common
structures occur, such as higher polycyclic quinones and terpenoid quinones.
Quinones, in nature, are p-quinones, or o-quinones. Anthraquinones accumulate in
Rubiaceae, Fabaceae, Rhamnaceae, Polygonaceae, Liliaceae, and Scrophulariaceae;
naphthoquinones accumulate in Bignoniaceae, Verbenaceae, Juglandaceae,
Plumbaginaceae, Boraginaceae, Lythraceae, Balsaminaceae, Ebenaceae, and
Droseraceae; while, benzoquinones accumulate in Myrsinaceae and Boraginaceae.
Benzoquinones biosynthesize by the acetate/malonate or shikimic acid pathways.
The gentisic acid (quinol form) is a side product formed by the oxidation of
gentisaldehyde in the biosynthesis of putalin. The quinol forms biosynthesize
naturally and most isolated benzoquinones are artifacts. Few families have been
exhaustively investigated and led to the isolation of a few naphthoquinones and their
glycosides. The 7-methyljuglone coming from Droseraceae and Ebenaceae is
biosynthesized by the acetate-malonate pathway. However, composites without
methyl groups are biosynthesized by the shikimic acid pathways, a situation that
parallels that of the acetate-derived 6-methyl-salicylic acid and shikimate-derived
salicylic acid. 3-chloroplumbagin, the chlorinated compound isolated from Plum-
bago (Plambaginaceae) and Drosera species (Droseraceae), should initiate a
polyketide.

Anthraquinones biosynthesized through two pathways, one of which is emodin,
with substituents in both rings A and C, are usually acetate-derived plants (lower and
higher plants). Alizarin and its derivatives, without substituents in ring-A, are
biosynthesized by the shikimic acid pathway. However, pachybasin from the fungus
is acetate-derived, despite the absence of substituents in ring A.

Naphthoquinones started from two different precursors of pathways summarized
in Fig. 14.3. Naphthoquinones (shikonin) have a wide variety of metabolites starting
from simple compounds like 5-hydroxy derivative juglone to pigments with
isoprenyl attachment such as alkannin. The precursor of 4-hydroxybenzoic acid
(4HB) is composed of the shikimate and the phenylpropanoid pathway. The precur-
sor of isoprenoid, geranyldiphosphate (GPP), comes from the mevalonate pathway
(Zhang et al. 2015). In the first intermediate in shikonin biosynthesis, the 4HB
geranyltransferase reaction binds the 4HB precursor to the isoprenoid (GPP) precur-
sor and gives 3-geranyl-4-hydroxybenzoate (GBA). Two enzymes that regulate



350 E. M. B. Mahdy et al.

Carbohvdrate 1
Glyceraldehyde 3-phosphate

v
Pyruvate

SHIKIMATE PATHWAY

AVMHLVd ALVNOTVATIN

m-geranyl-p-hydroxybenzoic acid
m-geranylhydroxy quinone

Deoxyshikonin

Fig. 14.3 Pathways in Shikonin biosynthesis

shikonin biosynthesis pathways are hydroxyl-3-methylglutaryl co-enzyme-A reduc-
tase (HMGR) and 4HB geranyltransferase (Wu et al. 2012a, b). Phenylalanine
ammonia-lyase (PAL) and 3-hydroxyl-3-methylglutaryl-CoA-reductase own high
activities on biosynthetic enzymes of shikonin from L. erythrorhizon (Srinivasan and
Ryu 1992).

In eukaryotes, ubiquinone and plastoquinone function manner-oxygenic electron-
transport in photosynthesis and the aerobic respiratory chain (Liu and Lu 2016;
Malik et al. 2014a, b, c¢). The quinones function to go with reversible 2e™ redox
reactions, which protect the cells against free radicals and other potentially harmful
oxidants (Kristensen et al. 2020; Liu and Lu 2016; Malik et al. 2014a, b, c).

14.3 In Vitro Production Methodology

Recent plant biotechnological approaches may offer an opportunity to overwhelm
variation obstacles against the biotic/abiotic stresses, genetic manipulation, and
production of metabolites (Kumar et al. 2011a, b; Malik et al. 2011a, b,
2014a, b, c). Quinones production might be in vitro supportive to understand well
the biosynthesis pathway of metabolites. Plant tissue culture (PTC) has totipotency
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Table 14.1 Works on quinones production via PTCs

Method
Lithospermum erythrorhizon
Cell suspension
Callogenesis
Organogenesis and
embryogenesis

Species

L. canescens
Organogenesis
Echium lycopsis
Callus cultures
A. Euchroma

Cell culture

Direct regeneration
Cell suspension
Callogenesis

A. hispidissima
Cell culture
Organogenesis
Callus suspension
Arnebia sp.
Cell suspension
Onosma paniculatum
Cell suspension
E. italicum
Cell culture
Callogenesis
Rheum emodi wall
Organogenesis

Reference

Yamamoto et al. (2000), Lin and Wu (2002), Yamamoto
et al. (2002), Yu et al. (1997)

Syktowska-Baranek et al. (2012)
Fukui et al. (1983)

Zakhlenjuk et al. (1993), Sokha et al. (1996), Ji and Wang
(2001), Malik et al. (2010b), Zhang et al. (2013), Pietrosiuk
et al. (1999), Sharma et al. (2008), Malik et al. (2010b),
Bulgakov et al. (2001)

Jain et al. (1999), Shekhawat and Shekhawat (2011)
Singh et al. (2002), Chaudhury and Pal (2010)
Shekhawat and Shekhawat (2011)

Gupta et al. (2013)

Wau et al. (2009)

Zare et al. (2010)
Zare et al. (2011)

Malik et al. (2010a, b)

under complete-control conditions, in which exploiting is in the direction of
interests. The PTC was exercised for multipurposes. Various reports used various
explants on a broad sense of species (Malik et al. 2011a; Nosov 2012). The
production of bioactive metabolites characterizes annually more consumption in
different fields. PTCs take advantage of meeting the need for metabolites far away
from the traditional extraction methods by intact plants (Nosov 2012). Many reports
have accumulated and produced quinones through PTC. The chronicle
investigations of quinone production via in vitro tissue cultures are highlighted in
Table 14.1. They used different ways such as exposure to elicitors/inducers,
precursors, plant growth regulators (PGR) concentrations, and basal media, e.g.,
Murashige and Skoog (1962) media and Linsmaier and Skoog (1965). Shikonin
derivatives and pyrrolizidine alkaloids are isolated from A. euchroma (Pietrosiuk
et al. 1999, 2006). Sharma et al. (2008) reported acetylshikonin and
b-acetoxyisovalerylshikonin through cell suspension proliferation. Jain et al.
(1999) produced arnebins from the A. hispidissima plant. Some compounds’
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isolation such as isohexenylnaphthazarin has been proved through cell suspension
cultures of A. euchroma (Damianakos et al. 2012).

However, few bioactive compounds have been made marketable or got to
industrial-scale via PTCs. Numerous efforts have been concentrated on increasing
the scale-up production by separating the biosynthetic activities based on choosing
proper explants, optimizing the nutrient media, and optimizing the PGRs’ concen-
tration and proliferation conditions (Bulgakov et al. 2001; Malik et al. 2008, 2009,
2011a, b; Zare et al. 2011 Zhang et al., 2013). The TDC1 and TDC3 isoforms are
induced via abiotic and biotic stress factors in rice (Dharmawardhana et al. 2013).

Various genera belonging to the Boraginaceae family showed a 10% higher
content of acetylshikonin and isobutrylshikonin (Pietrosiuk et al. 2006). Alkannin
contents accumulated on half-strength agar-solidified MS medium from hairy roots
of A. hispidissima induced with A. rhizogenes (Singh et al. 2002). The functions of
guaiacol peroxidase (G-POD), ascorbate peroxidase (APX), and catalase (CAT) at
quarter strength (0.25) of MS media-treated root tissue culture of Morinda citrifolia
were efficient to remove the probable hazard of hydrogen peroxide (H202). Baque
et al. (2010) demonstrated lowing the accumulation of H202 and the level of lipid
peroxidation.

Photo-protection as free radical hunters and carotenoids are the precursors for
quite a few physiological apocarotenoids (Auldridge et al. 2006; Bouvier et al. 2005)
like the phytohormone abscisic acid (ABA), originating from 9-cis-violaxanthin, and
9-cis-neoxanthin (Qin and Zeevaart 2002).

The main complex problem is the impact of turbulence through the scale-up of
PTC (Busto et al. 2008; Busto et al. 2013). The impact of unrest and light on cell
feasibility, biomass, and anthraquinones production has been measured by Busto
et al. (2013). The biomass concentration and anthraquinones production were similar
to the achievement of Busto et al. (2008) on R. tinctorum suspension cultures by a
stirred tank bioreactor. Scheme of simple and downscaled culture proliferation is a
valid scale-up for inducing anthraquinones through PTCs.

14.4 Scale-up Techniques and Bioreactors

For long decades, many efforts have been commercially allowed to produce quinone
derivatives using PTCs based on the optimizing of media, environment conditions,
and downstream parameters. The Mitsui Petrochemical Co., Japan, is one of the first
companies in the shikonin production on the commercial scales. The quinone
production has fruitfully scaled up using bioreactors. Those productions by PTC
and bioreactor technologies have highly accumulated quinones 20-30% rather than
the intact plants, which yielded in a few years in only a few days 3—6% (Ge et al.
2006; Renneberg 2008). Several investigations were proceeded to understand well
how quinone derivatives are biosynthesizing and their mode of action. Shikonins are
produced by changing the biosynthesis pathway (Sommer et al. 1999). The biosyn-
thesis has identified the path of shikonins (Singh et al. 2010). Zhang et al. (2011)
characterized that the gene LeERF-1 in L. erythrorhizon downregulated shikonin by
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light optimization. Factors affecting low energy ultrasound (Lin and Wu 2002),
physicochemical effects (Malik et al. 2011a, b), and selection of PFP-resistant cell
lines (Zakhlenjuk et al. 1993) have been considered (Shekhawat and Shekhawat
2011; Syktowska-Baranek et al. 2012; Zare et al. 2010, 2011). Zhang et al. (2013)
studied the effects of fungal elicitor on accumulation of shikonins.

14.5 Extraction and Detection Techniques

Advancement in phytochemical approaches has witnessed a progression in isolating
and detecting biometabolites. Phytochemical methods have been utilized (Mboso
et al. 2013; Obadoni and Ochuko 2001; Sofowora 1993; Soladoye and Chukwuma
2012). HPLC is a universal tool to detect secondary metabolites in plants.

14.5.1 Extraction and Isolation of Quinone Compounds

The best tissue for isolating quinone derivatives could be extracted from any part of
the tissue based on natural constituents, a species, age of tissue, and existing interest-
accumulated tissues.

Box 14.1 Extraction of Quinone Derivatives

* Dry and fine-powder of tissues (200-300 g).

e Dissolve with 500 mL a proper solvent (hexane, chloroform, and ethyl-
acetate) using Soxhlet; then filter.

* Subject to column chromatography over silica gel via the gradient elution.

* Read on high-performance liquid-chromatography (HPLC).

Standard quinones are isolated from samples (Box 14.1) that should be fine-
powdered and dry well. Proper solvents, including hexane, chloroform, and ethyl
acetate, are subjected to using Soxhlet extractions to obtain extracts via column
chromatography over silica gel using gradient elution method (Singh et al. 2005).
Ethyl acetate extracts on column purification with methanol—chloroform (20:80, v/v)
produced emodin glycoside and chrysophanol glycoside. Chloroform extract on
column purification with ethyl acetate-hexane (30:70, v/v) cropped emodin, while
hexane extract on column purification with ethyl acetate-hexane (5:95, v/v) borne
chrysophanol and physcion (Singh et al. 2005). Quinone derivatives scored via
spectrophotometer, analyzed using ultra-performance liquid chromatography
(UPLC), and compared with the reference values (Coskun et al. 1990; Kubo et al.
1992;Semple et al. 2001; Yang et al. 2016). Plastoquinones, a-tocopherol quinones,
and phylloquinone are prime metabolites presenting in all photosynthesizing tissues.
Ubiquinone is found in most genera. The quinones, which are prime in plants, are
relatively simple benzoquinones, naphthoquinones, or anthraquinones. Skeletal
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structures of quinones are also found, for instance, terpenoid quinones and higher
polycyclic quinones.

14.5.2 Determining Quinone

Box 14.2 Anthraquinone Determination

* Soak 50 mg of the sample in 50 mL of dH20/16 h.

* Heat sample suspensions at 700C/1 h in water bath; then cool.
* Add 50 mL of 50% to the sample; the filter.

» Read the spectrophotometric value at a 450 nm.

* Compare with a standard (1 mg/100 mL).

Anthraquinone derivatives could be spectrophotometrically determined as described
in Box 14.2, according to Zenk et al. (1975) and Soladoye and Chukwuma (2012).
Quinones scored via spectrophotometer, analyzed using high-performance liquid
chromatography (HPLC), and compared with the reported values (Semple et al.
2001; Yang et al. 2016).

14.5.3 Genetic Approaches to Detect Quinones

The progression in genetic tools is utilized rapidly for a broad sense of biological
disciplines. Low production of quinones by PTC is a chief bottleneck at commercial
scales (Charlwood and Pletsch 2002). Therefore, genetic tools, e.g., genetic engi-
neering, can be probable to be employed for regulatory steps of biosynthetic
pathways to high-yield content of constituents’ scales (Charlwood and Pletsch
2002). Quinone transformation via Agrobacterium rhizogenes to promote the bioac-
tive compounds has been stated. Those have been very evidenced genetic stable with
rather than 10-20% quinones production such as acetylshikonin and
isobutrylshikonin (Boehm et al. 2000; Kohle et al. 2002; Pietrosiuk et al. 2006).
Pietrosiuk et al. (2006) produced ca. at higher 10% acetylshikonin and
isobutrylshikonin of L. canescens hairy roots than natural roots.

Several investigations on genetic and biochemical approaches had found that the
1,4-naphthalenoid ring started from the pathways of shikimate and o-
succinylbenzoate. Genetic manipulation of various regulatory factors takes advan-
tage of tolerance mechanisms of stress in species. Numerous genes were
biosynthesized quinone pathways in a broad sense of species. Gene expression
analysis of bioactive constituents may be an additive or inhibitory effect on the
expression of PGR actions (Dharmawardhana et al. 2013; Pelagio-Flores et al.
2011). The family of ubi genes has a primary role in biosynthesizing quinone
pathways (Kohle et al. 2002). The ubiA gene has not expressed the shikonin across
L. erythrorhizon tissue culture (Boehm et al. 2000), whereas quinones have
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transformed with HMGR c¢DNA and shown high activity using callogenesis of
A. euchroma (Malik et al. 2014a, b, c). The genetic manipulation of the biosynthesis
pathway accumulated high quinone through PTCs (Kohle et al. 2002; Sommer et al.
1999).

Dihydroorotate:quinone oxidoreductases (DHOQO) are membrane-bound
enzymes for oxidizing dihydroorotate (DHO) orotate with concomitant reduction
of quinone to quinol. de Sousa et al. (2020) concluded the DHOQOs could be the
single dihydroorotate dehydrogenase or could exist with other dihydroorotate
dehydrogenases (DHODH), as the NAD+ or fumarate reducing enzymes. Stimula-
tion of different overexpression of genes or suppression regulation could affect the
quinones biosynthesis (Malik et al. 2014a, b, c). Freshly, Next Generation Sequenc-
ing (NGS) analysis applicable on tissue culture-infected Chardonnay propagules
exhibited some genes responsible for photosynthesis process under both light and
dark phases that were downregulated (Bertazzon et al. 2019).

14.6 Biological Activities (Major)

Investigations on various biological properties, e.g., medical, pharmaceutical, and
other industrial activities, have been shown (Oliveira et al. 2020; Pratecksha et al.
2019). A broad sense of biological activities has been recognized as natural thera-
peutic and dying properties. Previous reviews reported numerous activities, includ-
ing antioxidant, anti-ulcer, anti-inflammatory, anticancer, neuroprotective,
antiaging, lung protective, and hepatoprotective properties (Choi et al. 2005;
Prateeksha et al. 2019; Singh and Chauhan 2004). Plant extracts possess antineo-
plastic properties and hepatoprotective activity and own the Ayurvedic system using
anti-PAF (platelet-activating factor), immunomodulant, blood purifier, and anti-
inflammatory. Other extracts from R. yunnanensis enhance the ATP magnitude of
both brain and heart, an increase of leukocytes, and the treatment of psoriasis (Singh
and Chauhan 2004). Major biological investigations are detailed below. Various
reports have generally shown the changes in metabolites due to the detrimental
infection impacts at molecular and physiological levels (Margaria et al. 2014;
Oliveira et al. 2020; Prezelj et al. 2016). Those are due to the extreme gathering of
carbohydrates, phenolics, and chlorophyll deficiency (Oliveira et al. 2020; Prezelj
et al. 2016). Accumulations such as high starch in leaf mesophylls are leaded to
accompany through upregulation of prime genes with their biosynthesis (Hren et al.
2009; Margaria et al. 2014; Oliveira et al. 2020; Prezelj et al. 2016). Anthocyanins
detected in micropropagation-infected cv. ‘Barbera’ leaf propagules and transcript
genes of the flavonoid pathway and pro-anthocyanidins were higher in infected
plants (Hren et al. 2009). Photosynthesis is the key sponsor of redox equivalents
and energy that provides amino acids, secondary metabolites, and carbohydrates
(Allahverdiyeva et al. 2015; Margaria et al. 2013; Oliveira et al. 2020; Vitali et al.
2013). Tocopherols perform protecting PSII from photoinactivation and membrane
lipids from photooxidation (Allahverdiyeva et al. 2015; Havaux and Garcia-Plazaola
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2014). Isoprenoids are vital electron transporters acting in oxidative phosphorylation
and photosynthesis (Ducluzeau et al. 2012; Havaux and Garcia-Plazaola 2014).

14.6.1 Chrysophanol

Many quinones possess antidiabetic activity (Prateeksha et al. 2019; Singh
and Chauhan 2004). Chrysophanol activity signalizes mainly insulin. It lowers
postprandial hyperglycemia by approximately a half percent of the bodyweight of
the albino rat (Arvindekar et al. 2015; Choi et al. 2005). This compound served as
inactive in contradiction of intestinal alpha-glucosidase enzyme (Arvindekar et al.
2015; Lee and Sohn 2008); as well enhanced the phosphorylation of insulin receptor
substrate-1 (IRS-1) through an aggressive impact on its inhibitor, protein-tyrosine
phosphatase 1B (PTP-1B) (Arvindekar et al. 2015; Prateeksha et al. 2019).
Chrysophanols could raise the phosphorylated-activated protein kinase-B (P-AKT)
level in human-liver carcinoma cells (Onoda et al. 2016). Chrysophanol with the
peroxisome proliferator-activated receptor (PPAR-y) might perform against PPAR-y
expressing in adipose tissue and regulates the metabolism of lipid and glucose
(Onoda et al. 2016). More articles at the scale of in vitro, in vivo, and in silico
assays may provide a useful direction to confirm the agonistic effect on PPAR-y and
DPP-1V (Arvindekar et al. 2015;0noda et al. 2016; Pratecksha et al. 2019).

Anticancer properties have been established by several investigations via necro-
sis, a caspase-independent phenomenon, which causes unalterable inflammatory
sense against tumor cells (Onoda et al. 2016; Prateeksha et al. 2019). Chrysophanols
have lowered the cell viability of liver cancer by necrosis through a proper concen-
tration and incubation time (Lu et al. 2010). Apoptosis-associated signals, including
the loss of mitochondrial membrane potential (MMP), raise the reactive oxygen
species (ROS), cytosolic Ca + 2, and the release of cytochrome ¢ from mitochondria.
It delays the externalization of phosphatidylserine in chrysophanol-treated liver
cancer and indicates apoptosis. Extra levels of apoptotic signal-associated proteins,
for instance, apoptosis-inducing factor (AIF), were lowered in the treated cells
(Lu et al. 2010). Correspondingly, chrysophanol affects cell viability in renal cancer
and lung cancer (Choi 2016; Ni et al. 2014). Also, chrysophanol cytotoxicity
detected contra human breast cancer and leukemia cells (Choi et al. 2007; Kang
et al. 2008; Sun et al. 2014). Chrysophanol has a potential against antagonistic to
MYLK4 and affects metastasis and tumor invasion (Demirezer et al. 2016; Lee et al.
2011).

The protective effects of quinones inspected (Lin et al. 2015; Prateeksha et al.
2019) on lipopolysaccharide (LPS)-induced inflammatory and the oxidative
response of murine microglial cells were explored [95]. Likewise, the effect on the
hippocampus of lead-poisoned neonatal mice was spotted, in which chrysophanol
diminished the hippocampal injury and enhanced the learning memory through
encouraging the cell-defense system of antioxidants. The lead-exposed neonatal rat
has lowered dose-based means in the heart, spleen, liver, kidney, brain, and blood
(Lin et al. 2015; Yan et al. 2014; Zhang et al. 2014). The action of chrysophanol on
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cerebral ischemic stroke through endoplasmic reticulum stress was illuminated
(Zhang et al. 2014; Zhao et al. 2016). Chrysophanols have the probability to reduce
retinitis pigmentosa (RP), an inherited photoreceptor-degenerative disease. It
inhibited apoptosis, gliosis, activation of microglia, and matrix metallopeptidase
9 (MMP-9) expression in N-methyl-N-nitrosourea (MNU)-induced mouse model of
RP (Lin et al. 2017; Pratecksha et al. 2019).

Chrysophanol has hepatoprotective effects (Jiang et al. 2016). It regulates inflam-
matory sensing brought in mice via hepatic injury. The block of caspases-associated
apoptosis induction indicated to chrysophanol could shield in contradiction of liver
injury by its antiapoptotic effect (Jiang et al. 2016). Hepatoprotective activity via
chrysophanol lowered the gamma-glutamyl transpeptidase (GGT) activity that
necessitates GSH homeostasis. The immunoblot analyses decrease in the
expressions of cytochrome, GGT, and GSH (Jiang et al. 2016; Qian et al. 2011).
Some reports suggested that the chrysophanol could save against the gastrointestinal
effects of cold-resistant ulcers, alcohol, aspirin, and pyloric ligation-induced ulcer in
mice (Suleyman et al. 2004). Chrysophanols have decreased the acids through the
inhabitation of H+/K + -ATPase activity. Nevertheless, its activity shows less than
the emodin molecule. Upregulation of mucin secretion, a protect mechanism of the
ulcer, is also noted in chrysophanol-treated rats.

Regarding the activities of anti-inflammatory, various essays stated the mode of
defense action via chrysophanol in numerous diseases (Malik and Muller 2016). The
effects of chrysophanol on dextran sulfate sodium (DSS)-induced colitis and
LPS-induced inflammatory were sensed by Kim et al. (2010) in rats’ peritoneal
macrophages. Furthermore, chrysophanol significantly removes atopic dermatitis
that rises in phosphorylated-mitogen-activated protein kinase. This active constitu-
ent, AST2017-01, is a potent anti-inflammatory of konsentrasi hambat minimum
(KHM) or functional food (Jeong et al. 2018). Carrageenan, histamine, dextran,
serotonin formaldehyde-induced edema tests, cotton-pellet granuloma, and Kabak
tests could be used to examine anti-inflammatory in mice (Jeong et al. 2018;
Suleyman et al. 1999).

The activity of chrysophanol has shown anti-microorganisms, e.g., viruses
(Bunluepuech et al. 2016; Chang et al. 2014; Ramana et al. 2017), fungi (Choi
et al. 2004; Liu et al. 2009; Malik and Muller 2016; Ren et al. 2012), and bacteria
(Rodrigues et al. 2017; Singh et al. 2017).

Numerous pharmacological activities on chrysophanols are recognized. This
molecule is an antiprotozoal factor agonist chloroquine-resistant and sensitive to
Plasmodium falciparum strain (Abdissa et al. 2017). The molecule chrysophanol is
demonstrated as an anti-obesity response to recover pulmonary injury in mice
through advanced anti-inflammatory and antioxidant retort to injured tissue
(Li et al. 2016). Also, it inhibits triglyceride and cholesterol in the fish zebra,
which is on a high cholesterol diet. Antituberculosis affects Mycobacterium tuber-
culosis and M. bovis (Schorkhuber et al. 1998). The antinomic activity of
chrysophanol against root-knot nematode was also testified (Tripathi et al. 2014).
Likewise, chrysophanols are the main constituents of various species such as Cassia
and Aloe owning the laxative effect (Malik and Muller 2016).
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14.6.2 Aloe-Emodin (AE)

Quinone of AE is a bioactive hydroxyanthraquinone, which exists in a broad
spectrum of medicinal plants, having laxative, antifungal, antiviral, anticancer, and
hepatoprotective activities (Agarwal et al. 2000; Arosio et al. 2000). The modes of
human cancer contain various carcinoma cells which include nasopharyngeal carci-
noma, lung cancer, leukemia, neuroectodermal tumor, colon cancer, and hepatocel-
lular carcinoma (Lee et al. 2006; Lin et al. 2010, 2011; Pecere et al. 2000; Suboj et al.
2012). AE-induced cancer cell cultivating inhibition is produced by prolonged
Gl, S, or G2/M phase cell cycle capture or apoptosis based on the tissues and
treatment procedure (Guo et al. 2007, 2008; Xiao et al. 2007). This remarkably
prevents chorioallantoic membrane angiogenesis and inhibits tubule formation of
endothelial cells on matrigel (Cardenas et al. 2006; Chiu et al. 2009). AE suppresses
cancer cell migration, invasion, and metastasis (Chen et al. 2010a, b; Tabolacci et al.
2010). Moreover, antiproliferative effects come by the linkage of 5-fluorouracil,
doxorubicin, tyrosine kinase, and the cisplatin inhibitor (Fenig et al. 2004).

AE encourages DNA damage and obstructs DNA repair gene expression in
cancer cells akin to the promotion of reactive oxygen species (ROS) (Lee et al.
2006). It downregulates cyclin A, cyclin-dependent kinase 2 (CDK?2), protein kinase
C (PKC), and c-Myc as well as upregulates cyclin B1, CDK1, p53, and p21 (Chiu
et al. 2009; Guo et al. 2007, 2008). The c-Jun N-terminal kinase (JNK) activation
(Lu et al. 2007), p53 pathway, Fas pathway, and caspase activation are mechanisti-
cally involved in aloe-emodin-induced apoptosis (Chiu et al. 2009; Pecere et al.
2003). Aloe-emodin also performs the following activities: decreases the levels of
urokinase (Cardenas et al. 2000); suppresses the expression of metalloproteinase-
2 (MMP-2) and metalloproteinase-9 (MMP-9) (Chen et al. 2010a, b; Tabolacci et al.
2010); as well locks up translocation and the binding of DNA binding (Suboj et al.
2012).

Other hydroxy-anthraquinones, like emodin, rhein, and chrysophanol, own anti-
cancer effects. Their mode of action is akin to those of AE (Cha et al. 2005; Chun-
Guang et al. 2010; Lu et al. 2010; Shi et al. 2008; Tan et al. 2011). Further, some
derivatives such as 1,8-Di-O-alkylaloe-emodin and  15-amino-emodin,
15-thiocyano-emodin, and 15-selenocyanochrysophanol initiated from AE might
show potential to the cytotoxic effects on cancer cells (Cui et al. 2008).

14.6.3 Juglone

Juglone is isolated from Juglans mandshurica Maxim. Their bioactivities, including
anticancer and antimicrobials, have been demonstrated in anti-growth, induction of
apoptosis, and intermediate to G2-phase cell cycle (Aithal et al. 2009, 2011; Li et al.
2010). Juglones inhibit the intestinal carcinogenesis of mice treating with
azoxymethane. They are hopefully chemo-defensive agents for intestinal neoplasia.
Juglone shows to be possibly immune-stimulating for oncogenes (Polonik et al.
2003). Juglones have been activated synergistically by the cytotoxicity of the
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etoposide process. The toxicity of juglone could not be ignored (Mathur et al. 2011;
Seshadri et al. 2011). The anticancer activity of juglone could be attributed to the
reduction of glutathione (GSH), induction of oxidative stress, and cell death through
apoptosis and necrosis due to the harm of cell membranes (Fila et al. 2008; Ji et al.
2011). In addition, the inhibition of peptidyl-prolyl isomerase overexpresses in
several cancer cells (Chao et al. 2001; Xu et al. 2012). Juglones suppress the
activator protein-2a (AP-2a) and the epidermal growth factor receptor-2 (HER-2)
promoter activity, the changing of B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated
x protein (Bax), the activating of poly (ADP-ribose) polymerase (PARP), the release
of cytochrome ¢, Smac, and apoptosis-inducing factor (AIF), and the induction of
caspases activation (Fila et al. 2008; Ji et al. 2011; Khanal et al. 2010; Xu et al.
2010). Some analogs including 2,5-dihydroxy-3-(3-methylbut-2-enyl) naphthalene-
1,4-dione and 2,3-dihydro-5-hydroxy-2-(prop-1-2-enyl) naphtho-[2,3-b]-furan-4,9-
dione are most potential to anti-growth factors (Bonifazi et al. 2010).

14.6.4 B-Lapachone

A natural naphthoquinone, f-Lapachone, is isolated from Tabebuia avellanedae
Lor. (Hussain et al. 2007). Their activities include anticancer, antimicrobials, and
anti trypanocidal activities (Medeiros et al. 2010). fS-lapachones activate selective
death with a broad sense of cancers without eliminating unaffected tissues and anti-
growth at the GI1 transition (Li et al. 2003). Anticancer effects have been
demonstrated in xenograft animals (; Dong et al. 2009). The -lapachone constituent
with radiotherapy has shown a potential treatment for agonist cancer (Suzuki et al.
2006). p-lapachone is utilized in monotherapy and other medicines (Miao et al.
2009). p-Lapachone activates topoisomerase II (Topo II) a-mediated DNA breaks
instead of the Topo I-mediated DNA breaks. It inhibits the activity of Topo I
contrary to camptothecin (Bentle et al. 2007; Frydman et al. 1997; Hori et al.
2011; Li et al. 1993). Therefore, f-lapachone inhibits DNA polymerase, the elicita-
tion of endoplasmic reticulum stress, and induction of caspases activation (Lien et al.
2008). The increasing cytosolic Ca2+ is a vital mechanism for f-lapachone-induced
apoptosis (Hori et al. 2011).

p-lapachone makes cells more sensitive to radiation through interrupting the
contribution of quinone oxidoreductase (NQO1) in radiation-induced activation of
NF-xB and inhibiting the repair of sublethal radiation damage (Bentle et al. 2007;
Dong et al. 2010; Suzuki et al. 2006). However, S-lapachone has significant effects
agonist antitumor; it was terminated as an antineoplastic in 1970 because of its
toxicity (Almeida 2009).

14.6.5 Plumbagin

Plumbagins, an organic yellow dye, is isolated from Plumbago spp. L., and
Dyerophytum africanum (Lam.) Kuntze. Their effects have been utilized in agonist
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antioxidant, anticancer, anti-inflammatory, analgesic, and antimicrobial activities
(Luo et al. 2010; Padhye et al. 2012). Plumbagins prevent prostate tumor, cancer
angiogenesis, growth of carcinoma, and cancer growth (Lai et al. 2012; Li et al.
2012; Sand et al. 2012; Subramaniya et al. 2011; Sun and McKallip 2011). This
effect can be seen in solid tumors and Ehrlich ascites model, melanoma, and
hormone-refractory prostate cancer (Lai et al. 2012). Furthermore, plumbagin
sponsors micronuclei induction (Aziz et al. 2008; Kumar et al. 2011a, b; Lai et al.
2012). Besides, plumbagin encourages cell cycle arrest at the G2/M phase
(Gomathinayagam et al. 2008; Wang et al. 2008). This mechanism is due to their
apoptosis, including intracellular ROS induction (Xu and Lu 2010), upregulation of
p53, downregulation of cyclooxygenase-2 (COX-2), encouragement of caspases,
and Bcl-2 family proteins (Kawiak et al. 2007; Li et al. 2012; Powolny and Singh
2008; Subramaniya et al. 2011; Sun and McKallip 2011; Tian et al. 2012; Xu et al.
2010).

Plumbagin inactivates the NF-kB pathway that suppresses NF-kB-regulated gene
products, such as IAP, Bcl-2, Bcel-xL, survivin, cyclin D1, COX-2, and MMP-9
(Sandur et al. 2006). This constituent prevents the invasion and evolution of cancer
by downregulating the expression of chemokine receptor CXCR4 by NF-kB inhibi-
tion (Manu et al. 2011). Furthermore, plumbagin has multidrug resistance related to
ATP binding cassette drug transporter (Shukla et al. 2007). Other bioactivities
inhibit mycobacterial development and reduce insect feed. (Dandawate et al. 2012;
Mathew et al. 2010; Sreelatha et al. 2009).

14.6.6 Shikonin

Shikonins are isolated from the roots of Lithospermum erythrorhizon Sieb. et Zucc.,
which are utilized for burns, sore throats, measles, carbuncles, macular eruptions,
and allergic disease (Wang et al. 2010). This bioactive constituent as a
naphthoquinone pigment has anticancer, antioxidant, and anti-inflammatory
activities (Wang et al. 2010; Yang et al. 2009). Anticancer activities involving the
induction of apoptosis, delay of invasion, and antiproliferation have been in vivo
determined in homograft and heterograft animal models (Yang et al. 2009). Anti-
cancer mechanisms inactivate the NF-kB and upregulate p53 and p21, ROS genera-
tion. Others downregulate the CDKs and ER-a and activate caspases (Chang et al.
2010; Min et al. 2008; Min et al. 2011; Rao et al. 2011; Wu et al. 2012a, b; Yao and
Zhou 2010). Also, this bioactive quinone prevents Topo II activity and damage DNA
(Kretschmer et al. 2012; Yang et al. 2006). Shikonin is a chosen estrogen enzyme
modulator expressing steroid sulfatase (STS) for estrogen biosynthesis (Zhang et al.
2009). As well, shikonin analogs may inhibit pyruvate kinase-M2 (Chen et al. 2011).
Natural analogs evade drug resistance mediated by multiple drug resistance protein
1 and breast cancer resistance protein 1. They wield antiangiogenesis effect by the
hang-up of vascular endothelial growth factor receptor 2 (Komi et al. 2009; Xuan
and Hu 2009).
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14.6.7 Thymoquinone

Thymoquinone is isolated from Nigella sativa L. This bioactive formulation belong-
ing to benzoquinones has been vitally utilized for antioxidant, anti-inflammatory,
and anticancer activities (Banerjee et al. 2009; Chehl et al. 2009; Sayed-Ahmed et al.
2010). The anticancer effects refer to diverse modes of action with the inducing of
apoptosis, antiproliferation, antiangiogenesis, anti-metastasis, and cell cycle seizure
(Banerjee et al. 2009; El-Mahdy et al. 2005; El-Najjar et al. 2010; Kolli-Bouhafs
et al. 2011). The antitumor was examined in xenograft mice models for tumors of
prostate, pancreatic, and colon (Banerjee et al. 2009; Gali-Muhtasib et al. 2008; Jafri
etal. 2010; Kaseb et al. 2007). Thymoquinone prevents doxorubicin-resistant human
breast cancer MCF-7/DOX cell proliferation deprived of unveiling cytotoxicity to
normal human colonic FHs74Int cells (Arafa et al. 2011; El-Najjar et al. 2010).
Thymoquinone with orthodox chemotherapeutic medicines, including cisplatin,
gemcitabine, 5-fluorouracil, doxorubicin, and oxaliplatin, affect various cancer
families (Banerjee et al. 2009; Jafri et al. 2010; Lei et al. 2012; Woo et al. 2011).
Doses of toxic thymoquinone make the effusion of lymphoma cells more sensitive to
the TNF-related apoptosis-induced ligand. It is due to the upregulation of the death
receptor-5 (Hussain et al. 2011).

The anticancer activity effect takes place via the modification of numerous
molecular targets, for instance, NF-xB, p73, AKT, tubulin, peroxisome
proliferator-activated receptor y (PPARY), the signal transducer and activator of
transcription 3 (STAT3), phosphatase and tensin homolog (PTEN), polo-like
kinase-1 (PLK1), androgen receptor (AR), E2F-1, Bcl-2, FAK, and MMPs (Alhosin
et al. 2010; 2012; Arafa et al. 2011; Badr et al. 2011a, b; Banerjee et al. 2009;
Hussain et al. 2011; Kaseb et al. 2007; Kolli-Bouhafs et al. 2011; Reindl et al. 2008;
Sethi et al. 2008; Woo et al. 2011). Thymoquinone produces ROS. Thymoquinone
damages DNA and inhibits telomerase activity (El-Najjar et al. 2010; Gurung et al.
2010; Hussain et al. 2011). Treatment by thymoquinone stops CXCL12-mediated
chemotaxis in myeloma cells and lowers CXCR4 expression and CXCL12-mediated
CXCR4/CD45 association (Badr et al. 201la, b). Numerous analogs of
thymoquinone are manufactured utilizing modulations at the benzenoid or carbonyl
spots. Some formulations are more effective than thymoquinone and affect anti-
proliferation in human pancreatic cancers (Banerjee et al. 2010). The
6-hencosahexaenyl conjugate is an effective antiproliferative of 518A2 melanoma,
HL-60 leukemia, KB-V1/Vbl cervix carcinoma, and MCF-7/Topo breast adenocar-
cinoma cells (Breyer et al. 2009).

14.7 Commercial Utilization and Prospects

Quinones are utilized and served in various capacities. They manufactured dye
fabrics (red-violet) and used them to transport energy and hydrogen atoms (Coen-
zyme Q10). Therefore, they provide essential nutrients (Vitamin K) and serve as
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cocatalysts (PQQ). In the pharmaceutical industry, quinones eradicate cancer (doxo-
rubicin), HIV (streptonigrin, STN), and bacteria (prekinamycin).

Previous pharmacologic studies stated promising activities, including antipruritic,
anti-dermatitic, antihistaminic, antimicrobial (bacteria and fungi), analgesic, antiox-
idant, anti-inflammatory, antirheumatic, anti-anaphylactic, antitumor, and anticancer
activities. Various extracts are often associated with an existence of natural
constituents, including quinones, glycosides, alkaloids, flavonoids/flavanols,
anthocyanins, saponins, phenolics, and terpenoids.

Orobanchaceae plants’ parasitizing roots that reason extensive losses in agro-
production worldwide advance haustoria in the existence of the DMBQ. The host-
derived quinone compound DMBQ is an effective haustorium-inducing factor in
various Orobanchaceae species. The molecular processes that are basis of concep-
tion and go in advance of the formation of the haustorium are unclear. The DMBQ
signaling components identification is challenging in parasitic plants, as key research
tools, for instance, trans-generational genetic changes are unavailable. Understand-
ing plant quinone identifying and the molecular proceedings that track DMBQ
conception would sense a better comprehend of signaling and offer a molecular
target to contest parasitic plants. This offers insights into the role of quinone
signaling. Perception of CARDI1 function helps to better realize the signaling
pathways during the haustorium formation in parasitic plants and the immunity
events in nonparasitic plants.

14.8 Conclusions and Recommendations

The importance of commercial and societal demand makes the scientific-gate always
require more efforts towards biosynthesis pathway and its scale-ups of natural
products. However, evident efforts on in vitro production are obviously from new
works. Progression of plant biotechnology helps obviously to be utilized in various
directions: (1) biodiversity conservation. The demand for raw materials of tissues,
(2) alternative means. It offers numerous new strategies to justify industrial calls,
(3) eating-up the time. The high and fast yield of metabolite products may reduce the
time, (4) biosynthesis pathway. Help to sense well the complex pathways of
biometabolites, (5) physiological and genetic correlation. Well, understand the
relation between bearers of metabolic engineering and suppression/overexpression
genes. (6) chemotaxonomic marker.

References

Abdissa D, Geleta G, Bacha K, Abdissa N (2017) Phytochemical investigation of Aloe pulcherrima
roots and evaluation for its antibacterial and antiplasmodial activities. PLoS One 12:e0173882

Agarwal SK, Singh SS, Verma S, Kumar S (2000) Antifungal activity of anthraquinone derivatives
from Rheum emodi. J Ethnopharmacol 72(1-2):43—-46



14 In Vitro Production of Quinones 363

Aithal BK, Kumar MR, Rao BN et al (2009) Juglone, a naphthoquinone from walnut, exerts
cytotoxic and genotoxic effects against cultured melanoma tumor cells. Cell Biol Int 33(10):
1039-1049

Aithal KB, Kumar S, Rao BN et al (2011) Tumor growth inhibitory effect of juglone and its
radiation sensitizing potential: in vivo and in vitro studies. Integr Cancer Ther 11(1):68-80

Alhosin M, Abusnina A, Achour M et al (2010) Induction of apoptosis by thymoquinone in
lymphoblastic leukemia Jurkat cells is mediated by a p73-dependent pathway which targets
the epigenetic integrator UHRF1. Biochem Pharmacol 79(9):1251-1260

Alhosin M, Ibrahim A, Boukhari A et al (2012) Anti-neoplastic agent thymoquinone induces
degradation of alpha and beta tubulin proteins in human cancer cells without affecting their
level in normal human fibroblasts. Invest New Drugs 30(5):1813-1819

Allahverdiyeva Y, Suorsa M, Tikkanen M, Aro EM (2015) Photoprotection of photosystems in
fluctuating light intensities. J Exp Bot 66(9):2427-2436. https://doi.org/10.1093/jxb/eru463

Almeida ER (2009) Preclinical and clinical studies of lapachol and beta-lapachone. Open Nat Prod J
2:42-47

Arafael SA, Zhu Q, Shah ZI et al (2011) Thymoquinone upregulates PTEN expression and induces
apoptosis in doxorubicin resistant human breast cancer cells. Mutat Res 706(1-2):28-35

Arosio B, Gagliano N, Fusaro LM et al (2000) Aloe-Emodin quinone pretreatment reduces acute
liver injury induced by carbon tetrachloride. Pharmacol Toxicol 87(5):229-233

Arvindekar A, More T, Payghan PV et al (2015) Evaluation of anti-diabetic and alpha glucosidase
inhibitory action of anthraquinones from Rheum emodi. Food Funct 6:2693-2700

Auldridge ME, McCarty DR, Klee HJ (2006) Plant carotenoid cleavage oxygenases and their
apocarotenoid products. Curr Opin Plant Biol 9(3):315-321

Aziz MH, Dreckschmidt NE, Verma AK (2008) Plumbagin, a medicinal plant-derived
naphthoquinone, is a novel inhibitor of the growth and invasion of hormone-refractory prostate
cancer. Cancer Res 68(21):9024-9032

Badr G, Lefevre EA, Mohany M (201 1a) Thymoquinone inhibits the CXCL12-induced chemotaxis
of multiple myeloma cells and increases their susceptibility to Fas-mediated apoptosis. PLoS
One 6(9):e23741

Badr G, Mohany M, Abu-Tarboush F (2011b) Thymoquinone decreases F-actin polymerization and
the proliferation of human multiple myeloma cells by suppressing STAT3 phosphorylation and
Bcl2/Bcl-XL expression. Lipids Health Dis 10:236

Banerjee S, Kaseb AO, Wang Z et al (2009) Antitumor activity of gemcitabine and oxaliplatin is
augmented by thymoquinone in pancreatic cancer. Cancer Res 69(13):5575-5583

Banerjee S, Azmi AS, Padhye S et al (2010) Structure-activity studies on therapeutic potential of
Thymoquinone analogs in pancreatic cancer. Pharm Res 27(6):1146-1158

Baque MA, Lee E-J, Paek K-Y (2010) Medium salt strength induced changes in growth, physiology
and secondary metabolite content in adventitious roots of Morinda citrifolia: the role of
antioxidant enzymes and phenylalanine ammonia lyase. Plant Cell Rep 29:685-694. https://
doi.org/10.1007/s00299-010-0854-4

Bentle MS, Reinicke KE, Dong Y et al (2007) Nonhomologous end joining is essential for cellular
resistance to the novel antitumor agent, beta-lapachone. Cancer Res 67(14):6936-6945

Bertazzon N, Bagnaresi P, Forte V et al (2019) Grapevine comparative early transcriptomic
profiling suggests that Flavescence dorée phytoplasma represses plant responses induced by
vector feeding in susceptible varieties. BMC Genomics 20(1):526. https://doi.org/10.1186/
$12864-019-5908-6

Boehm R, Sommer S, Li SM, Heide L (2000) Genetic engineering on shikonin biosynthesis:
expression of the bacterial ubiA gene in Lithospermum erythrorhizon. Plant Cell Physiol 41:
911-919

Bonifazi EL, Rios-Luci C, Leon LG et al (2010) Antiproliferative activity of synthetic
naphthoquinones related to lapachol. First synthesis of 5-hydroxylapachol. Bioorg Med Chem
18(7):2621-2630


https://doi.org/10.1093/jxb/eru463
https://doi.org/10.1007/s00299-010-0854-4
https://doi.org/10.1007/s00299-010-0854-4
https://doi.org/10.1186/s12864-019-5908-6
https://doi.org/10.1186/s12864-019-5908-6

364 E. M. B. Mahdy et al.

Bouvier F, Rahier A, Camara B (2005) Biogenesis, molecular regulation and function of plant
isoprenoids. Prog Lipid Res 44:357—429

Breyer S, Effenberger K, Schobert R (2009) Effects of thymoquinone-fatty acid conjugates on
cancer cells. Chem Med Chem 4(5):761-768

Bulgakov VP, Kozyrenko MM, Fedoreyev SA et al (2001) Shikonin production by
p-fluorophenylalanine resistant cells of Lithospermum erythrorhizon. Fitoterapia 72:394—401

Bunluepuech K, Tewtrakul S, Wattanapiromsakul C (2016) Anti-HIV-1 protease activity of
compounds from Cassia garrettiana. Walailak J Sci Technol 13:827-835

Busto VD, Rodriguez-Talou J, Giulietti AM, Merchuk JC (2008) Effect of shear stress on
anthraquinones production by Rubia tinctorum suspension cultures. Biotechnol Prog 24:175-
181

Busto VD, Calabré-Lopez A, Rodriguez-Talou J et al (2013) Anthraquinones production in Rubia
tinctorum cell suspension cultures: down scale of shear effects. Biochem Eng J 77:119-128

Camelio AM, Johnson TC, Siegel D (2015) Total synthesis of celastrol, development of a platform
to access celastroid natural products. J Am Chem Soc 137(37):11864-11867

Cardenas C, Quesada AR, Medina MA (2006) Evaluation of the antiangiogenic effect of aloe-
emodin. Cell Mol Life Sci 63(24):3083-3089

Cha TL, Qiu L, Chen CT et al (2005) Emodin down-regulates androgen receptor and inhibits
prostate cancer cell growth. Cancer Res 65(6):2287-2295

Chakraborty P (2018) Herbal genomics as tools for dissecting new metabolic pathways of unex-
plored medicinal plants and drug discovery. Biochim Open 6:9-16

Chang IC, Huang YJ, Chiang TI et al (2010) Shikonin induces apoptosis through reactive oxygen
species/extracellular signal-regulated kinase pathway in osteosarcoma cells. Biol Pharm Bull
33(5):816-824

Chang SJ, Huang SH, Lin YJ et al (2014) Antiviral activity of Rheum palmatum methanol extract
and chrysophanol against Japanese encephalitis virus. Arch Pharm Res 37:1117-1123

Chao SH, Greenleaf AL, Price DH (2001) Juglone, an inhibitor of the peptidyl-prolyl isomerase
Pinl, also directly blocks transcription. Nucleic Acids Res 29(3):767-773

Charlwood BV, Pletsch M (2002) Manipulation of natural product accumulation in plants through
genetic engineering. Int J Geogr Inf Syst 9(2-3):139-151

Chaudhury A, Pal M (2010) Induction of Shikonin production in hairy root cultures of Arnebia
hispidissima via agrobacterium rhizogenes-mediated genetic transformation. J Crop Sci
Biotechnol 13:99-106

Chehl N, Chipitsyna G, Gong Q et al (2009) Antiinflammatory effects of the Nigella sativa seed
extract, thymoquinone, in pancreatic cancer cells. HPB 11(5):373-381

Chen YY, Chiang SY, Lin JG et al (2010a) Emodin, aloe-emodin and rhein inhibit migration and
invasion in human tongue cancer SCC-4 cells through the inhibition of gene expression of
matrix metalloproteinase-9. Int J Oncol 36(5):1113-1120

Chen YY, Chiang SY, Lin JG et al (2010b) Emodin, aloe-emodin and rhein induced DNA damage
and inhibited DNA repair gene expression in SCC-4 human tongue cancer cells. Anticancer Res
30(3):945-951

Chen J, Xie J, Jiang Z et al (2011) Shikonin and its analogs inhibit cancer cell glycolysis by
targeting tumor pyruvate kinase-M2. Oncogene 30(42):4297-4306

Chiu TH, Lai WW, Hsia TC et al (2009) Aloe-emodin induces cell death through S-phase arrest and
caspase-dependent pathways in human tongue squamous cancer SCC-4 cells. Anticancer Res
29(11):4503-4511

Choi JS (2016) Chrysophanic acid induces necrosis but not necroptosis in human renal cell
carcinoma Caki-2 cells. J Cancer Prev 21:81-87

Choi GJ, Lee SW, Jang KS et al (2004) Effects of chrysophanol, parietin, and nepodin of Rumex
crispus on barley and cucumber powdery mildews. Crop Prot 23:1215-1221

Choi SZ, Lee SO, Jang KU et al (2005) Antidiabetic stilbene and anthraquinone derivatives from
Rheum undulatum. Arch Pharm Res 28:1027-1030



14 In Vitro Production of Quinones 365

Choi SG, Kim J, Sung ND et al (2007) Anthraquinones, Cdc25B phosphatase inhibitors, isolated
from the roots of Polygonum multiflorum Thunb. Nat Prod Res 21:487-493

Chun-Guang W, Jun-Qing Y, Bei-Zhong L et al (2010) Anti-tumor activity of emodin against
human chronic myelocytic leukemia K562 cell lines in vitro and in vivo. Eur J Pharmacol
627(1-3):33-41

Coskun M, Satake T, Hori K (1990) Anthraquinone glycosides from Rhamnus libanoticus. Phyto-
chemistry 29:2018-2020

Cui XR, Takahashi K, Shimamura T et al (2008) Preparation of 1,8-di-O-alkylaloe-emodins and
15-amino-, 15-thiocyano-, and 15-selenocyanochrysophanol derivatives from aloe-emodin and
studying their cytotoxic effects. Chem Pharm Bull 56(4):497-503

Damianakos H, Kretschmer N, Syklowska-Baranek K et al (2012) Antimicrobial and cytotoxic
isohexenylnaphthazarins from Arnebia euchroma (Royle) Jonst. (Boraginaceae) callus and cell
suspension culture. Molecules 17:14310-14322

Dandawate P, Khan E, Padhye S et al (2012) Synthesis, characterization, molecular docking and
cytotoxic activity of novel plumbagin hydrazones against breast cancer cells. Bioorg Med Chem
Lett 22(9):3104-3108

de Sousa FM, Refojo PN, Pereira MM (2020) Investigating the amino acid sequences of membrane
bound dihydroorotate: quinone oxidoreductases (DHOQOs): structural and functional
implications. Biochim Biophys Acta — Bioenerg 1862(1):148321. https://doi.org/10.1016/].
bbabio.2020.148321

Demirezer LOO, Mine U, Yukselen O et al (2016) Molecular docking of Anthranoids on some
targeted human proteins. FABAD J Pharm Sci 41:1-16

Dharmawardhana P, Ren L, Amarasinghe V et al (2013) A genome scale metabolic network for rice
and accompanying analysis of tryptophan, auxin and serotonin biosynthesis regulation under
biotic stress. Rice 6:15

Dong Y, Chin SF, Blanco E et al (2009) Intratumoral delivery of beta-lapachone via polymer
implants for prostate cancer therapy. Clin Cancer Res 15(1):131-139

Dong GZ, Oh ET, Lee H et al (2010) Beta-lapachone suppresses radiation-induced activation of
nuclear factor-kappaB. Exp Mol Med 42(5):327-334

Drummond L, Kschowak MJ, Breitenbach J et al (2019) Expanding the isoprenoid building block
repertoire with an IPP methyltransferase from Streptomyces monomycini. ACS Synth Biol 8(6):
1303-1313

Ducluzeau AL, Wamboldt Y, Elowsky CG et al (2012) Gene network reconstruction identifies the
authentic trans-prenyl diphosphate synthase that makes the solanesyl moiety of ubiquinone-9 in
Arabidopsis. Plant J 69:366-375. https://doi.org/10.1111/j.1365-313X.2011.04796.x

El-Mahdy MA, Zhu Q, Wang QE et al (2005) Thymoquinone induces apoptosis through activation
of caspase-8 and mitochondrial events in p53-null myeloblastic leukemia HL-60 cells. Int J
Cancer 117(3):409-417

El-Najjar N, Chatila M, Moukadem H et al (2010) Reactive oxygen species mediate thymoquinone-
induced apoptosis and activate ERK and JNK signaling. Apoptosis 15(2):183-195

Eyong KO, Kuete V, Eferth T (2013a) Quinones and benzophenones from the medicinal plants of
Africa. Med plant res Afr Pharmacol Chem. Elsevier, pp 351-391. https://doi.org/10.1016/
B978-0-12-405927-6.00010-2

Eyong KO, Puppala M, Kumar PS et al (2013b) A mechanistic study on the hooker oxidation:
synthesis of novel indane carboxylic acid derivatives from lapachol. Org Biomol Chem 11(3):
459-468

Farmer EE, Davoine C (2007) Reactive electrophile species. Curr Opin Plant Biol 10:380-386

Fenig E, Nordenberg J, Beery E et al (2004) Combined effect of aloe-emodin and chemotherapeutic
agents on the proliferation of an adherent variant cell line of Merkel cell carcinoma. Oncol Rep
11(1):213-217

Fila C, Metz C, van der Sluijs P (2008) Juglone inactivates cysteinerich proteins required for
progression through mitosis. J Biol Chem 283(31):21714-21724


https://doi.org/10.1016/j.bbabio.2020.148321
https://doi.org/10.1016/j.bbabio.2020.148321
https://doi.org/10.1111/j.1365-313X.2011.04796.x
https://doi.org/10.1016/B978-0-12-405927-6.00010-2
https://doi.org/10.1016/B978-0-12-405927-6.00010-2

366 E. M. B. Mahdy et al.

Frydman B, Marton LJ, Sun JS et al (1997) Induction of DNA topoisomerase II-mediated DNA
cleavage by beta-lapachone and related naphthoquinones. Cancer Res 57(4):620-627

Fukui H, Tsukada M, Mizukami H, Tabata M (1983) Formation of stereoisomeric mixtures of
naphthoquinone derivatives in Echium lycopsis callus cultures. Phytochemistry 22:453—456

Gali-Muhtasib H, Kuester D, Mawrin C et al (2008) Thymoquinone triggers inactivation of the
stress response pathway sensor CHEK1 and contributes to apoptosis in colorectal cancer cells.
Cancer Res 68(14):5609-5618

Ge F, Yuan X, Wang X et al (2006) Cell growth and shikonin production of Arnebia euchroma in a
periodically submerged airlift bioreactor. Biotechnol Lett 28:525-529

Gomathinayagam R, Sowmyalakshmi S, Mardhatillah F et al (2008) Anticancer mechanism of
plumbagin, a natural compound, on non-small cell lung cancer cells. Anticancer Res
28(2A):785-792

Gong H, He Z, Peng A, Zhang X, et al (2014) Efects of several quinones on insulin aggregation. Sci
Rep 4:1-8. https://doi.org/10.1038/srep05648

Guo JM, Xiao BX, Liu Q et al (2007) Anticancer effect of aloe-emodin on cervical cancer cells
involves G2/M arrest and induction of differentiation. Acta Pharmacol Sin 28(12):1991-1995

Guo J, Xiao B, Liu Q et al (2008) Suppression of C-myc expression associates with anti-
proliferation of aloe-emodin on gastric cancer cells. Cancer Invest 26(4):369-374

Gupta K, Garg S, Singh J, Kumar M (2013) Enhanced production of napthoquinone metabolite
(shikonin) from cell suspension culture of Arnebia sp. and its up-scaling through bioreactor.
3 Biotech 4:263-273

Gurung RL, Lim SN, Khaw AK et al (2010) Thymoquinone induces telomere shortening, DNA
damage and apoptosis in human glioblastoma cells. PLoS One 5(8):e12124

Havaux M, Garcia-Plazaola JI (2014) Beyond non-photochemical fluorescence quenching: the
overlapping antioxidant functions of zeaxanthin and tocopherols. In: Non-photochemical
quenching and energy dissipation in plants, algae and cyanobacteria. Springer, Dordrecht, pp
583-603

Hillion M, Antelmann H (2015) Thiol-based redox switches in prokaryotes. Biol Chem 396:415—
444

Hori T, Kondo T, Lee H et al (2011) Hyperthermia enhances the effect of beta-lapachone to cause
gammaH2AX formations and cell death in human osteosarcoma cells. Int J Hyperthermia 27(1):
53-62

Hren M, Nikoli¢ P, Rotter A et al (2009) Bois noir’phytoplasma induces significant reprogramming
of the leaf transcriptome in the field grown grapevine. BMC Genomics 10(1):460. https://doi.
org/10.1186/1471-2164-10-460

Hussain H, Krohn K, Ahmad VU et al (2007) Lapachol: an overview. Rev Accounts Arkivoc 2:
145-171. https://doi.org/10.3998/ark.5550190.0008.204

Hussain AR, Ahmed M, Ahmed S et al (2011) Thymoquinone suppresses growth and induces
apoptosis via generation of reactive oxygen species in primary effusion lymphoma. Free Radic
Biol Med 50(8):978-987

Jafri SH, Glass J, Shi R et al (2010) Thymoquinone and cisplatin as a therapeutic combination in
lung cancer: in vitro and in vivo. J Exp Clin Cancer Res 29:87

Jain SC, Singh B, Jain R (1999) Arnebins and antimicrobial activities of Arnebia hispidissima
(Lehm.) DC cell cultures. Phytomedicine 6:474—476

Jeong HJ, Kim HY, Kim HM (2018) Molecular mechanisms of anti-inflammatory effect of
chrysophanol, an active component of AST2017-01 on atopic dermatitis in vitro models. Int
Immunopharmacol 54:238-244

Ji QL, Wang WG (2001) Asexual propagation of Arnebia euchroma and exploration of hereditary
stability in regenerated plantlets. Plant Physiol Commun 37:499-502

Ji YB, Qu ZY, Zou X (2011) Juglone-induced apoptosis in human gastric cancer SGC-7901 cells
via the mitochondrial pathway. Exp Toxicol Pathol 63(1-2):69-78

Jiang W, Zhou R, Li P et al (2016) Protective effect of chrysophanol on LPS/d-GalN-induced
hepatic injury through the RIP140/NF-_B pathway. RSC Adv 6:38192-38200


https://doi.org/10.1038/srep05648
https://doi.org/10.1186/1471-2164-10-460
https://doi.org/10.1186/1471-2164-10-460
https://doi.org/10.3998/ark.5550190.0008.204

14 In Vitro Production of Quinones 367

Kang SC, Lee CM, Choung ES et al (2008) Anti-proliferative effects of estrogen receptor-
modulating compounds isolated from Rheum palmatum. Arch Pharm Res 31:722-726

Kaseb AO, Chinnakannu K, Chen D et al (2007) Androgen receptor and E2F-1 targeted
thymoquinone therapy for hormonerefractory prostate cancer. Cancer Res 67(16):7782-7788

Kawiak A, Piosik J, Stasilojc G et al (2007) Induction of apoptosis by plumbagin through reactive
oxygen species-mediated inhibition of topoisomerase II. Toxicol Appl Pharmacol 223(3):
267-276

Khanal P, Namgoong GM, Kang BS et al (2010) The prolyl isomerase Pinl enhances HER-2
expression and cellular transformation via its interaction with mitogen-activated protein kinase/
extracellular signal-regulated kinase kinase 1. Mol Cancer Ther 9(3):606-616

Kim SJ, Kim MC, Lee BJ et al (2010) Anti-inflammatory activity of chrysophanol through the
suppression of NF-kappaB/caspase-1 activation in vitro and in vivo. Molecules 15:6436-6451

Kohle A, Sommer S, Yazaki K et al (2002) High level expression of chorismate pyruvate-lyase
(ubiC) and HMG-CoA reductase in hairy root cultures of Lithospermum erythrorhizon. Plant
Cell Physiol 43:894-902

Kolli-Bouhafs K, Boukhari A, Abusnina A et al (2011) Thymoquinone reduces migration and
invasion of human glioblastoma cells associated with FAK, MMP-2 and MMP-9 down-regula-
tion. Invest New Drugs 30:2121-2131

Komi Y, Suzuki Y, Shimamura M et al (2009) Mechanism of inhibition of tumor angiogenesis by
beta-hydroxyisovalerylshikonin. Cancer Sci 100(2):269-277

Kretschmer N, Rinner B, Deutsch AJ et al (2012) Naphthoquinones from Onosma paniculata
induce cell-cycle arrest and apoptosis in melanoma cells. J Nat Prod 75(5):865-869

Kristensen SB, van Mourik T, Pedersen TB et al (2020) Simulation of electrochemical properties of
naturally occurring quinones. Sci Rep 10:13571. https://doi.org/10.1038/s41598-020-70522-z

Kubo I, Murai Y, Soediro I et al (1992) Cytotoxic anthraquinones from Rheum palmatum.
Phytochemistry 31:1063-1065

Kumar MR, Aithal BK, Udupa N (2011a) Formulation of plumbagin loaded long circulating
pegylated liposomes: in vivo evaluation in C57BL/6J mice bearing BI6F1 melanoma. Drug
Deliv 18(7):511-522

Kumar R, Sharma N, Malik S et al (2011b) Cell suspension culture of Arnebia euchroma (Royle)
Johnston—a potential source of naphthoquinone pigments. J Med Plant Res 5:6048-6054

Lai L, Liu J, Zhai D et al (2012) Plumbagin inhibits tumour angiogenesis and tumour growth
through the Ras signalling pathway following activation of the VEGF receptor-2. Br J
Pharmacol 165(4b):1084-1096

Lee MS, Sohn CB (2008) Anti-diabetic properties of chrysophanol and its glucoside from rhubarb
rhizome. Biol Pharm Bull 31:2154-2157

Lee HZ, Lin CJ, Yang WH (2006) Aloe emodin induced DNA damage through generation of
reactive oxygen species in human lung carcinoma cells. Cancer Lett 239(1):55-63

Lee MS, Cha EY, SulJY et al (2011) Chrysophanic acid blocks proliferation of colon cancer cells
by inhibiting EGFR/mTOR pathway. Phytother Res 25:833-837

Lei X, Lv X, Liu M et al (2012) Thymoquinone inhibits growth and augments
5-fluorouracilinduced apoptosis in gastric cancer cells both in vitro and in vivo. Biochem
Biophys Res Commun 417(2):864-868

Li CJ, Averboukh L, Pardee AB (1993) Beta-Lapachone, a novel DNA topoisomerase I inhibitor
with a mode of action different from camptothecin. J Biol Chem 268(30):22463-22468

Li Y, Sun X, LaMont JT et al (2003) Selective killing of cancer cells by beta-lapachone: direct
checkpoint activation as a strategy against cancer. Proc Natl Acad Sci U S A 100(5):2674-2678

Li L, Chen P, Lian HK et al (2010) Juglone inhibits the proliferation of human esophageal
carcinoma EC1 cells. World Chin J Digestol 18(11):1147-1151

LiJ, Shen L, Lu FR et al (2012) Plumbagin inhibits cell growth and potentiates apoptosis inhuman
gastric cancer cells in vitro through the NF-kappaB signaling pathway. Acta Pharmacol Sin
33(2):242-249


https://doi.org/10.1038/s41598-020-70522-z

368 E. M. B. Mahdy et al.

Li A, Liu Y, Zhai L et al (2016) Activating peroxisome proliferator-activated receptors (PPARs): a
new sight for Chrysophanol to treat Paraquat-induced lung injury. Inflammation 39:928-937

Lichtenthaler HK (1999) The 1-deoxy-D-xylulose-5-phosphate pathway of isoprenoid biosynthesis
in plants. Annu Rev Plant Biol 50(1):47-65

Lien YC, Kung HN, Lu KS et al (2008) Involvement of endoplasmic reticulum stress and activation
of MAP kinases in beta-lapachone-induced human prostate cancer cell apoptosis. Histol
Histopathol 23(11):1299-1308

Lin L, Wu J (2002) Enhancement of shikonin production in single and two-phase suspension
cultures of Lithospermum erythorhizon cells using low-energy ultrasound. Biotechnol Bioeng
78:81-88

Lin ML, Lu YC, Chung JG et al (2010) Human nasopharyngeal carcinoma cells via caspase-8-
mediated activation of the mitochondrial death pathway. Cancer Lett 291(1):46-58

Lin ML, Lu YC, Su H.L et al (2011) Destabilization of CARP mRNAs by aloe-emodin contributes
to caspase-8-mediated p53-independent apoptosis of human carcinoma cells. J Cell Biochem
112(4):1176-1191

Lin F, Zhang C, Chen X et al (2015) Chrysophanol affords neuroprotection against microglial
activation and free radical-mediated oxidative damage in BV2 murine microglia. Int J Clin Exp
Med 8:3447-3455

Lin FL, Lin CH, Ho JD et al (2017) The natural retinoprotectant chrysophanol attenuated photore-
ceptor cell apoptosis in an N-methyl-N-nitrosourea-induced mouse model of retinal degenera-
tion. Sci Rep 7:41086

Liu M, Lu S (2016) Plastoquinone and ubiquinone in plants: biosynthesis, physiological function
and metabolic engineering. Front Plant Sci 7:1-18

Liu SY, Lo CT, Shibu MA et al (2009) Study on the anthraquinones separated from the cultivation
of Trichoderma harzianum strain Th-R16 and their biological activity. J Agric Food Chem 57:
7288-7292

Liu Y-J, Zhao Y-J, Zhang M et al (2014) Cloning and characterisation of the gene encoding
3-hydroxy-3-methylglutaryl-CoA synthase in Tripterygium wilfordii. Molecules 19(12):
19696-19707

Linsmaier EM, Skoog F (1965) Organic growth factor requirements of tobacco tissue cultures.
Physiol Plant 18:100-127

Lu GD, Shen HM, Chung MC, Ong CN (2007) Critical role of oxidative stress and sustained JNK
activation in aloe-emodin mediated apoptotic cell death in human hepatoma cells. Carcinogen-
esis 28(9):1937-1945

Lu CC, Yang JS, Huang AC et al (2010) Chrysophanol induces necrosis through the production of
ROS and alteration of ATP levels in J5 human liver cancer cells. Mol Nutr Food Res 54:967—
976

Lu Y, Liu 'Y, Zhou J, Li D, Gao W (2020) Biosynthesis, total synthesis, structural modifications,
bioactivity, and mechanism of action of the quinone-methide triterpenoid celastrol. Med
Res Rev:1-39. https://doi.org/10.1002/med.21751

Lubbe A, Verpoorte R (2011) Cultivation of medicinal and aromatic plants for specialty industrial
materials. Ind Crop Prod 34(1):785-801

Luo P, Wong YF, Ge L et al (2010) Anti-inflammatory and analgesic effect of plumbagin through
inhibition of nuclear factor-kappaB activation. J Pharmacol Exp Ther 335(3):735-742

Malik EM, Muller CE (2016) Anthraquinones as pharmacological tools and drugs. Med Res Rev
36:705-748

Malik S, Bhushan S, Verma SC et al (2008) Production of naphthoquinone pigments in cell
suspension cultures of Arnebia euchroma (Royle) Johnston: influence of pH on growth kinetics
and acetyl shikonin. Med Aromat Plant Sci Biotechnol 2:43-49

Malik S, Kumar R, Vats SK et al (2009) Regeneration in Rheum emodi wall.: a step towards
conservation of an endangered medicinal plant species. Eng Life Sci 9:130-134

Malik S, Sharma S, Sharma M, Ahuja PS (2010a) Direct shoot regeneration from intact leaves of
Arnebia euchroma (Royle) Johnston using thidiazuron. Cell Biol Int 34:537-542


https://doi.org/10.1002/med.21751

14 In Vitro Production of Quinones 369

Malik S, Sharma N, Sharma UK et al (2010b) Qualitative and quantitative analysis of anthraquinone
derivatives in rhizomes of tissue culture-raised Rheum emodi wall. Plants J Plant Physiol 167:
749-756. https://doi.org/10.1016/].jplph.2009.12.007

Malik S, Bhushan S, Sharma M, Ahuja PS (2011a) Physico-chemical factors influencing the
shikonin derivatives production in cell suspension cultures of Arnebia euchroma (Royle)
Johnston, a medicinally important plant species. Cell Biol Int 35:152-157

Malik S, Cusido RM, Mirjalili MH et al (2011b) Production of the anticancer drug taxol in Taxus
baccata suspension cultures: a review. Process Biochem 46:23-34

Malik S, Andrade SAL, Sawaya ACHF et al (2013) Root-zone temperature alters alkaloid synthesis
and accumulation in Catharanthus roseus and Nicotiana tabacum. Ind Crop Prod 49:318-325

Malik S, Bhushan S, Sharma M, Ahuja PS (2014a) Biotechnological approaches to the production
of shikonins: a critical review with recent updates. Crit Rev Biotechnol:1-14. https://doi.org/10.
3109/07388551.2014.961003

Malik S, Bhushan S, Sharma M et al (2014b) Biotechnological approaches to the production of
shikonins: a critical review with recent updates. Crit Rev Biotechnol:1-14. https://doi.org/10.
3109/07388551.2014.961003

Malik S, Biba O, Gruz J et al (2014c) Biotechnological approaches for producing aryltetralin
lignans from Linum species. Phytochem Rev. https://doi.org/10.1007/s11101-014-9345-5

Manu KA, Shanmugam MK, Rajendran P et al (2011) Plumbagin inhibits invasion and migration of
breast and gastric cancer cells by downregulating the expression of chemokine receptor CXCR4.
Mol Cancer 10:107

Margaria P, Abba S, Palmano S (2013) Novel aspects of grapevine response to phytoplasma
infection investigated by a proteomic and phospho-proteomic approach with data integration
into functional networks. BMC Genomics 14(1):38. https://doi.org/10.1186/1471-2164-14-38

Margaria P, Ferrandino A, Caciagli P et al (2014) Metabolic and transcript analysis of the flavonoid
pathway in diseased and recovered Nebbiolo and Barbera grapevines (Vitis vinifera L.) follow-
ing infection by Flavescence dorée phytoplasma. Plant Cell Environ 37(9):2183-2200. https:/
doi.org/10.1111/pce.12332

Mathew R, Kruthiventi AK, Prasad JV et al (2010) Inhibition of mycobacterial growth by
plumbagin derivatives. Chem Biol Drug Des 76(1):34—42

Mathur R, Chandna S et al (2011) Peptidyl prolyl isomerase, Pin1 is a potential target for enhancing
the therapeutic efficacy of etoposide. Curr Cancer Drug Targets 11(3):380-392

Mboso OE, Eyong EU, Odey MO, Osakwe E (2013) Comparative phytochemical screening of
Ereromastax speciosa and Ereromastax polysperma. J Nat Prod Plant Resour 3:37-41

Medeiros CS, Pontes-Filho NT, Camara CA et al (2010) Antifungal activity of the naphthoquinone
beta-lapachone against disseminated infection with Cryptococcus neoformans var. neoformans
in dexamethasone-immunosuppressed Swiss mice. Braz J Med Biol Res 43(4):345-349

Miao XS, Zhong C, Wang Y et al (2009) In vitro metabolism of beta-lapachone (ARQ 501) in
mammalian hepatocytes and cultured human cells. Rapid Commun Mass Sp 23(1):12-22

Min R, Tong J, Wenjun Y et al (2008) Growth inhibition and induction of apoptosis in human oral
squamous cell carcinoma Tca-8113 cell lines by shikonin was partly through the inactivation of
NF-kappaB pathway. Phytother Res 22(3):407-415

Min R, Zun Z, Min Y et al (2011) Shikonin inhibits tumor invasion via down-regulation of NF
kappa B-mediated MMP-9 expression in human ACC-M cells. Oral Dis 17(4):362-369

Misra BB (2014) An updated snapshot of recent advances in transcriptomics and genomics of
phytomedicinals. Postdoc J 2:1-15

Murashige T, Skoog F (1962) A revised medium for rapid growth and bioassays with tobacco tissue
cultures. Plant Physiol:15473497

Ni CH, Yu CS, Lu HF et al (2014) Chrysophanol-induced cell death (necrosis) in human lung
cancer A549 cells is mediated through increasing reactive oxygen species and decreasing the
level of mitochondrial membrane potential. Environ Toxicol 29:740-749


https://doi.org/10.1016/j.jplph.2009.12.007
https://doi.org/10.3109/07388551.2014.961003
https://doi.org/10.3109/07388551.2014.961003
https://doi.org/10.3109/07388551.2014.961003
https://doi.org/10.3109/07388551.2014.961003
https://doi.org/10.1007/s11101-014-9345-5
https://doi.org/10.1186/1471-2164-14-38
https://doi.org/10.1111/pce.12332
https://doi.org/10.1111/pce.12332

370 E. M. B. Mahdy et al.

Nomura T, Ogita S, Kato Y (2018) Rational metabolic-flow switching for the production of
exogenous secondary metabolites in bamboo suspension cells. Sci Rep 8:13203

Nosov AM (2012) Application of cell technologies for production of plant-derived bioactive
substances of plant origin. Appl Biochem Microbiol 48(7):609-624

Nowicka B, Kruk J (2010) Occurrence, biosynthesis and function of isoprenoid quinones. Biochim.
Biophys. Acta-Bioenergetics 1797:1587-1605

Obadoni BO, Ochuko PO (2001) Phytochemical composition, spoilage and shelf life extension.
Studies and comparative efficacy of the crude extracts of some homeostatic plants in Edo and
Delta states of Nigeria. Global J Pure Appl Sci 8:203-208

Oliveira MJ, Castro S, Paltrinieri S et al (2020) “Flavescence dorée” impacts growth, productivity
and ultrastructure of Vitis vinifera plants in Portuguese “Vinhos Verdes” region. Sci Hortic 261:
108742. https://doi.org/10.1016/j.scienta.2019.108742

Oni OE, Schmidt F, Miyatake T et al (2015) Microbial communities and organic matter composi-
tion in surface and subsurface sediments of the Helgoland mud area. North Sea Front Microbiol
6:1290. https://doi.org/10.3389/fmicb.2015.01290

Onoda T, Li W, Sasaki T et al (2016) Identification and evaluation of magnolol and chrysophanol as
the principle protein tyrosine phosphatase-1B inhibitory compounds in a Kampo medicine.
Masiningan J Ethnopharmacol 186:84-90

Owen C, Patron NJ, Huang A, Osbourn A (2017) Harnessing plant metabolic diversity. Curr Opin
Chem Biol 40:24-30

Padhye S, Dandawate P, Yusufi M et al (2012) Perspectives on medicinal properties of plumbagin
and its analogs. Med Res Rev 32(6):1131-1158

Pecere T, Gazzola MV, Mucignat C et al (2000) Aloe-emodin is a new type of anticancer agent with
selective activity against neuroectodermal tumors. Cancer Res 60(11):2800-2804

Pecere T, Sarinella F, Salata C et al (2003) Involvement of p53 in specific anti-neuroectodermal
tumor activity of aloe-emodin. Int J Cancer 106(6):836—847

Pelagio-Flores R, Ortiz-Castro R, Méndez-Bravo A et al (2011) Serotonin, a tryptophan-derived
signal conserved in plants and animals, regulates root system architecture probably acting as a
natural auxin inhibitor in Arabidopsis thaliana. Plant Cell Physiol 52:490-508

Pietrosiuk A, Urmantseva V, Furmanowa M (1999) Some naphthoquinones and pyrrolizidine
alkaloids in cell culture of Arnebia euchroma (Royle) Jonst. Herba Pol 65:354-361

Pietrosiuk A, Syklowska-Baranek K, Wiedenfeld H et al (2006) The shikonin derivatives and
pyrrolizidine alkaloids in hairy root cultures of Lithospermum canescens (Michx.) Lehm. Plant
Cell Rep 25:1052-1058

Pina ES, Silva DB, Teixeira SP et al (2016) Mevalonate-derived quinone-methide triterpenoid from
in vitro roots of Peritassa laevigata and their localization in root tissue by MALDI imaging. Sci
Rep 6:22627

Polonik SG, Prokof'eva NG, Agafonova IG, Uvarova NI (2003) Antitumor and immunostimulating
activity of 5-hydroxy-1,4-naphthoquinone (juglone) o- and s-acetylglycosides. Pharm Chem J
37(8):397-398

Powolny AA, Singh SV (2008) Plumbagin-induced apoptosis in human prostate cancer cells is
associated with modulation of cellular redox status and generation of reactive oxygen species.
Pharm Res 25(9):2171-2180

Prateeksha YMA, Singh BN et al (2019) Chrysophanol: a natural Anthraquinone with multifaceted
biotherapeutic potential. Biomol Ther 9:68. https://doi.org/10.3390/biom9020068

Prezelj N, Covington E, Roitsch T et al (2016) Metabolic consequences of infection of grapevine
(Vitis vinifera L.) cv. “Modra frankinja” with Flavescence Dorée phytoplasma. Front. Plant Sci
7:711. https://doi.org/10.3389/fpls.2016.00711

Qian ZJ, Zhang C, Li YX et al (2011) Protective effects of emodin and chrysophanol isolated from
marine fungus aspergillus sp. on ethanol-induced toxicity in HepG2/CYP2EI cells. Evid Based
Complement Alternat Med 2011:452621


https://doi.org/10.1016/j.scienta.2019.108742
https://doi.org/10.3389/fmicb.2015.01290
https://doi.org/10.3390/biom9020068
https://doi.org/10.3389/fpls.2016.00711

14 In Vitro Production of Quinones 371

Qin X, Zeevaart JA (2002) Overexpression of a 9-cis-epoxycarotenoid dioxygenase gene in
Nicotiana plumbaginifolia increases abscisic acid and phaseic acid levels and enhances drought
tolerance. Plant Physiol 128(2):544-551

Ramana LV, Apparao KC, Rao BN, Rao MS (2017) New phenolic constituents from bark of
Walsura trifoliate. J Pharmacogn Phytochem 6:1314-1316

Rao Z, Liu X, Zhou W et al (2011) Synthesis and antitumour activity of beta-
hydroxyisovalerylshikonin analogs. Eur J Med Chem 46(9):3934-3941

Raskin I, Ribnicky DM, Komarnytsky S et al (2002) Plants and human health in the twenty-first
century. Trends Biotechnol 20(12):522-531

Reindl W, Yuan J, Kramer A et al (2008) Inhibition of polo-like kinase 1 by blocking polo-box
domain-dependent protein-protein interactions. Chem Biol 15(5):459-466

Ren HM, Fan F, Cao KQ (2012) Ultrastructural changes of phaerotheca fuliginea (Schlechtend.:
Fr.) pollacci in cucumber after treated by chrysophanol. J Integr Agric 11:970-977

Renneberg R (2008) Green biotechnology. In: Demain AL (ed) Biotechnology for beginners.
Academic Press, New York, pp 210-213

Rodrigues CF, Rodrigues ME, Silva S, Henriques M (2017) Candida glabrata biofilms: how far
have we come? J Fungi 3:11

Sand JM, Hafeez BB, Jamal MS et al (2012) Plumbagin (5-hydroxy-2-methyl-1,4-
naphthoquinone), isolated from Plumbago zeylanica, inhibits ultraviolet radiation-induced
development of squamous cell carcinomas. Carcinogenesis 33(1):184-190

Sandur SK, Ichikawa H, Sethi G et al (2006) Plumbagin (5-hydroxy-2-methyl-1,4-naphthoquinone)
suppresses NF-kappaB activation and NF-kappaB-regulated gene products. J Biol Chem
281(25):17023-17033

Sayed-Ahmed MM, Aleisa AM, Al-Rejaie SS et al (2010) Thymoquinone attenuates
diethylnitrosamine induction of hepatic carcinogenesis through antioxidant signaling. Oxid
Med Cell Longev 3(4):254-261

Schorkhuber M, Richter M, Dutter A et al (1998) Effect of anthraquinone-laxatives on the
proliferation and urokinase secretion of normal, premalignant and malignant colonic epithelial
cells. Eur J Cancer 34:1091-1098

Semple SJ, Pyke SM, Reynolds GD (2001) Flower RLP. In vitro antiviral activity of the anthraqui-
none chrysophanic acid against poliovirus. Antiviral Res 49:169-178

Seshadri P, Rajaram A, Rajaram R (2011) Plumbagin and juglone induce caspase-3-dependent
apoptosis involving the mitochondria through ROS generation in human peripheral blood
lymphocytes. Free Radic Biol Med 51(11):2090-2107

Sethi G, Ahn KS, Aggarwal BB (2008) Targeting nuclear factor-kappa B activation pathway by
thymoquinone: role in suppression of antiapoptotic gene products and enhancement of apopto-
sis. Mol Cancer Res 6(6):1059-1070

Sharma N, Sharma UK, Malik S et al (2008) Isolation and purification of acetylshikonin and
b-acetoxyisovalerylshikonin from cell suspension cultures of Arnebia euchroma (Royle)
Johnston using rapid preparative HPLC. J Sep Sci 31:629-635

Shekhawat MS, Shekhawat NS (2011) Micropropagation of Arnebia hispidissima (Lehm).DC. And
production of alkannin from callus and cell suspension culture. Acta Physiol Plant 33:1445-
1450

Shi P, Huang Z, Chen G (2008) Rhein induces apoptosis and cell cycle arrest in human hepatocel-
lular carcinoma BEL-7402 cells. Am J Chin Med 36(4):805-813

Shukla S, Wu CP, Nandigama K, Ambudkar SV (2007) The naphthoquinones, vitamin K3 and its
structural analogue plumbagin, are substrates of the multidrug resistance linked ATP binding
cassette drug transporter ABCG2. Mol Cancer Ther 6:3279-3286

Singh R, Chauhan S (2004) 9,10-Anthraquinones and other biologically active compounds from the
genus Rubia. Chem Biodivers 1:1241-1264. https://doi.org/10.1002/cbdv.200490088

Singh B, Sahu PM, Sharma MK et al (2002) Production and secretion of alkannin by hairy root
cultures of Arnebia hispidissima (Lehm.) D.C. J Plant Biol 29:293-300


https://doi.org/10.1002/cbdv.200490088

372 E. M. B. Mahdy et al.

Singh NP, Gupta AP, Sinha AK, Ahuja PS (2005) High-performance thin layer chromatography
method for the quantitative determination of four major anthraquinone derivatives in Rheum
emodi. J Chromatogr A 1077:202-206

Singh RS, Gara RK, Bhardwaj PK et al (2010) Expression of 3-hydroxy-3-methylglutaryl-CoA
reductase, p-hydroxybenzoate-m-geranyltransferase and genes of phenylpropanoid pathway
exhibitspositive correlation with shikonins content in arnebia [Arnebiaecuchroma (Royle)
Johnston]. BMC Mol Biol 11:88

Singh S, Singh SK, Chowdhury I, Singh R (2017) Understanding the mechanism of bacterial
biofilms resistance to antimicrobial agents. Open Microbiol J 11:53-62

Skorupinska-Tudek K, Poznanski J, Wojcik J et al (2008) Contribution of the mevalonate and
methylerythritol phosphate pathways to the biosynthesis of dolichols in plants. J Biol Chem
283(30):21024-21035

Socaciu C (2007) Food colorants. Chemical and Functional Properties (CRC Press, Boca Raton

Sofowora A (1993) Medicinal plants and traditional medicine in Africa. John Wiley and sons, pp
112-142

Sokha V, Nikolaeva L, Pank F (1996) The shikonin production in plant tissue culture: selection of
cell lines with high productivity. Proc Int 2:322-326

Soladoye MO, Chukwuma EC (2012) Quantitative phytochemical profile of the leaves of Cissus
populnea Guill. & Perr. (Vitaceae)—an important medicinal plant in Central Nigeria. Arch Appl
Sci Res 4:200-206

Sommer S, Kohle A, Yazaki K et al (1999) Genetic engineering of shikonin biosynthesis hairy root
cultures of Lithospermum erythrorhizon transformed with the bacterial ubiC gene. Plant Mol
Biol 39:683-693

Sreelatha T, Hymavathi A, Babu KS et al (2009) Synthesis and insect antifeedant activity of
plumbagin derivatives with the amino acid moiety. J Agric Food Chem 57(14):6090-6094

Srinivasan V, Ryu DDY (1992) Enzyme activity and shikonin production in Lithospermum
erythrorhizon cell cultures. Biotechnol Bioeng 40:69-74

Suboj P, Babykutty S, Valiyaparambil Gopi DR et al (2012) Aloe emodin inhibits colon cancer cell
migration/angiogenesis by downregulating MMP-2/9, RhoB and VEGF via reduced DNA
binding activity of NF-kappaB. Eur J Pharm Sci 45(5):581-591

Subramaniya BR, Srinivasan G, Sadullah SS (2011) Apoptosis inducing effect of plumbagin on
colonic cancer cells depends on expression of COX-2. PLoS One 6(4):¢18695

Suleyman H, Demirezer LO, Kuruuzum A et al (1999) Anti-inflammatory effect of the aqueous
extract from Rumex patientia L-roots. J Ethnopharmacol 65:141-148

Suleyman H, Demirezer LO, Kuruuzum-Uz A (2004) Effects of Rumex patientia root extract on
indomethacine and ethanol induced gastric damage in rats. Die Pharm 59:147-149

Sun J, McKallip RJ (2011) Plumbagin treatment leads to apoptosis in human K562 leukemia cells
through increased ROS and elevated TRAIL receptor expression. Leuk Res 35(10):1402-1408

Sun YL, Zhang XY, Zheng ZH et al (2014) Three new polyketides from marine-derived fungus
Penicillium citrinum SCSGAF 0167. Nat Prod Res 28:239-244

Suzuki M, Amano M, Choi J et al (2006) Synergistic effects of radiation and beta-lapachone in
DU-145 human prostate cancer cells in vitro. Radiat Res 165(5):525-531

Syktowska-Baranek K, Pietrosiuk A, Gawron A et al (2012) Enhanced production of antitumour
naphthoquinones in transgenic hairy root lines of Lithospermum canescens. Plant Cell Tiss Org
Cult 108:213-219

Tabolacci C, Lentini A, Mattioli P et al (2010) Antitumor properties of aloe emodin and induction
of transglutaminase 2 activity in B16-F10 melanoma cells. Life Sci 87(9-10):316-324

Tan W, Lu J, Huang M et al (2011) Anticancer natural products isolated from Chinese medicinal
herbs. Chinas Med 6(1):27

Tian L, Yin D, Ren Y et al (2012) Plumbagin induces apoptosis via the p53 pathway and generation
of reactive oxygen species in human osteosarcoma cells. Mol Med Rep 5(1):126-132

Tong YR, Su P, Zhang M et al (2015a) Cloning and expression analysis of 2-C-methyl-D-erythritol
4-phosphate cytidylyltransferase gene in Tripterygium wilfordii. Zhongguo Zhong Yao Za Zhi
40(22):4378-4383



14 In Vitro Production of Quinones 373

Tong Y, SuP, Zhao Y et al (2015b) Molecular cloning and characterization of DXS and DXR genes
in the terpenoid biosynthetic pathway of Tripterygium wilfordii. Int J Mol Sci 16(10):
25516-25535

Tong YR, Su P, Zhao YJ et al (2015c) Cloning and expression analysis of 4-(cytidine-5-
diphospho)-2-C-methyl-D-erythritol kinase gene in Tripterygium wilfordii. Zhongguo Zhong
Yao Za Zhi 40(21):4165-4170

Tong Y, Zhang M, Su P et al (2016) Cloning and functional characterization of an isopentenyl
diphosphate isomerase gene from Tripterygium wilfordii. Biotechnol Appl Biochem 63(6):
863-869

Tripathi B, Bhatia R, Pandey A et al (2014) Potential antioxidant Anthraquinones isolated from
Rheum emodi showing Nematicidal activity against Meloidogyne incognita. J Chem 2014:
652526

Vitali M, Chitarra W, Galetto L, Bosco D, Marzachi C, Gullino ML, Spanna F, Lovisolo C (2013)
Ann Appl Biol 162(3):335-346. https://doi.org/10.1111/aab.12025

Wang CC, Chiang YM, Sung SC et al (2008) Plumbagin induces cell cycle arrest and apoptosis
through reactive oxygen species/c-Jun N-terminal kinase pathways in human melanoma A375.
S2 cells. Cancer Lett 259(1):82-98

Wang Z, Liu T, Gan L et al (2010) Shikonin protects mouse brain against cerebral ischemia/
reperfusion injury through its antioxidant activity. Eur J Pharmacol 643(2-3):211-217

Weaver MG, Pettus TRR (2014) Synthesis of Para- and ortho-quinones. Comprehensive organic
synthesis II, vol vol. 7, pp 373-410. https://doi.org/10.1016/B978-0-08-097742-3.00717-5

Widhalm JR, Rhodes D (2016) Biosynthesis and molecular actions of specialized
1,4-naphthoquinone natural products produced by horticultural plants. Hortic Res 3:16046

Woo CC, Loo SY, Gee V et al (2011) Anticancer activity of thymoquinone in breast cancer cells:
possible involvement of PPAR-gamma pathway. Biochem Pharmacol 82(5):464-475

Wu SJ, Qi JL, Zhang WIJ et al (2009) Nitric oxide regulates shikonin formation in suspension-
cultured Onosma paniculatum cells. Plant Cell Physiol 50:118-128

Wu Y, Li W, Chuan-shu W Y-h, Zhang X (2012a) Characterization and expression of gene
encoding HMGR from Tripterygium wilfordii. J Northwest A & F Univ 40(11):103-111

Wu YY, Wan LH, Zheng XW et al (2012b) Inhibitory effects of beta, beta-dimethylacrylshikonin
on hepatocellular carcinoma in vitro and in vivo. Phytother Res 26(5):764-771

Xiang L, Zhao K, Chen L (2010) Molecular cloning and expression of Chimonanthus praecox
farnesyl pyrophosphate synthase gene and its possible involvement in the biosynthesis of floral
volatile sesquiterpenoids. Plant Physiol Biochem 48:845-850

Xiao B, Guo J, Liu D, Zhang S (2007) Aloe-emodin induces in vitro G2/M arrest and alkaline
phosphatase activation in human oral cancer KB cells. Oral Oncol 43(9):905-910

Xin J, Zhang RC, Wang L, Zhang YQ (2017) Researches on transcriptome sequencing in the study
of traditional Chinese medicine. Evid Based Complement Alternat Med 2017:7521363

Xu KH, Lu DP (2010) Plumbagin induces ROS-mediated apoptosis in human promyelocytic
leukemia cells in vivo. Leuk Res 34(5):658-665

Xu HL, Yu XF, Qu SC et al (2010) Anti-proliferative effect of Juglone from Juglans mandshurica
maxim on human leukemia cell HL-60 by inducing apoptosis through the mitochondria-
dependent pathway. Eur J Pharmacol 645(1-3):14-22

Xu HL, Yu XF, Qu SC et al (2012) Juglone, from Juglans mandshruica maxim, inhibits growth and
induces apoptosis in human leukemia cell HL-60 through a reactive oxygen species-dependent
mechanism. Food Chem Toxicol 50(3—4):590-596

Xu C, Li H, Yang X et al (2016) Cloning and expression analysis of MEP pathway enzyme-
encoding genes in Osmanthus fragrans. Gene 7(10):78

Xuan Y, Hu X (2009) Naturally-occurring shikonin analogs—a class of necroptotic inducers that
circumvent cancer drug resistance. Cancer Lett 274(2):233-242

Yamamoto H, Inouye K, Li SM, Heide L (2000) Geranylhydroquinone 3-hydroxylase, a cyto-
chrome P-450 monooxygenase from Lithospermum erythrorhizon cell suspension cultures.
Planta 210:312-317


https://doi.org/10.1111/aab.12025
https://doi.org/10.1016/B978-0-08-097742-3.00717-5

374 E. M. B. Mahdy et al.

Yamamoto H, Zhao P, Yazaki K, Inoue K (2002) Regulation of lithospermic acid B and shikonin
production in Lithospermum erythrorhizon cell suspension cultures. Chem Pharm Bull 50:
1086-1090

Yamamoto M, Kensler TW, Motohashi H (2018) The KEAP1-NRF2 system: a thiol-based sensor-
effector apparatus for maintaining redox homeostasis. Physiol Rev 98:1169-1203

Yan J, Zheng MD, Zhang DS (2014) Chrysophanol liposome preconditioning protects against
cerebral ischemia-reperfusion injury by inhibiting oxidative stress and apoptosis in mice. Int J
Pharm 10:55-68

Yang F, Chen Y, Duan W et al (2006) A new synthesized shikonin derivative, exerting its potent
antitumor activities as a topoisomerase inhibitor. Int J Cancer 119(5):1184-1193

Yang H, Zhou P, Huang H et al (2009) Shikonin exerts antitumor activity via proteasome inhibition
and cell death induction in vitro and in vivo. Int J Cancer 124(10):2450-2459

Yang L, Yang C, Li C et al (2016) Recent advances in biosynthesis of bioactive compounds in
traditional Chinese medicinal plants. Sci Bull 61(1):3-17

Yao Y, Zhou Q (2010) A novel antiestrogen agent shikonin inhibits estrogen-dependent gene
transcription in human breast cancer cells. Breast Cancer Res Tr 121(1):233-240

Yu HJ, Oh SK, Oh MH et al (1997) Plant regeneration from callus cultures of Lithospermum
erythrorhizon. Plant Cell Rep 16:261-266

Zakhlenjuk OV, Vidmachenko TV, Kunakh VA et al (1993) Comparative characteristics of
shikonin accumulating Arnebia euchroma suspension culture and p-fluorophenylalanine-resis-
tant variant. Acta Hortic 330:293-298

Zare K, Nazemiyeh H, Movafeghi A et al (2010) Bioprocess engineering of Echium italicum L.:
induction of shikonin and alkannin derivatives by two-liquid-phase suspension cultures. Plant
Cell Tiss Org Cult 100:157-164

Zare K, Khosrowshahli M, Nazemiyeh H et al (2011) Callus culture of Echium italicum L. towards
production of a shikonin derivative. Nat Prod Res 25:1480-1487

Zenk MH, Shagi HEL, Schulte U (1975) Anthraquinone production by cell suspension cultures of
M. citrifolia. Planta Med 28:79-101

Zhang Y, Qian RQ, Li PP (2009) Shikonin, an ingredient of Lithospermum erythrorhizon, down-
regulates the expression of steroid sulfatase genes in breast cancer cells. Cancer Lett 284(1):
47-54

Zhang W, Zou A, Miao J et al (2011) LeERF-1, a novel AP2/ERF family gene within the B3
subcluster, is down-regulated by light signals in Lithospermum erythrorhizon. Plant Biol 13:
343-348

Zhang P, Wang F, Zhu C (2013) Influence of fungal elicitor and macroporous resin on shikonin
accumulation in hairy roots of Arnebia euchroma (Royle) Johnst. Chin J Biotechnol 29:214-223

Zhang J, Yan C, Wang S et al (2014) Chrysophanol attenuates lead exposure-induced injury to
hippocampal neurons in neonatal mice. Neural Regen Res 9:924-930

Zhang M, Su P, Zhou Y] et al (2015) Identification of geranylgeranyl diphosphate synthase genes
from Tripterygium wilfordii. Plant Cell Rep 34(12):2179-2188

Zhang Y, Zhao Y, Wang J et al (2020) The expression of TwDXS in the MEP pathway specifically
affects the accumulation of triptolide. Physiol Plant 169(1):40—48

Zhao L, Chang W-c, Xiao Y, Liu H-w, Liu P (2013) Methylerythritol phosphate pathway of
isoprenoid biosynthesis. Annu Rev Biochem 82:497-530

Zhao YJ, Chen X, Zhang M et al (2015a) Molecular cloning and characterisation of farnesyl
pyrophosphate synthase from Tripterygium wilfordii. PLoS One 10(5):e0125415

Zhao YJ, Zhang M, Liu YJ et al (2015b) Cloning and expression analysis of a acetyl-CoA
U-acetyltransferase gene (TWAACT) from Tripterygium wilfordii. China J Chin Mater Med
40(5):847-852

Zhao YM, Fang YL, Li JC et al (2016) Neuroprotective effects of chrysophanol against inflamma-
tion in middle cerebral artery occlusion mice. Neurosci Lett 630:16-22

Zhou J, Zhang Y, Hu T et al (2018) Functional characterization of squalene epoxidase genes in the
medicinal plant Tripterygium wilfordii. Int J Biol Macromol 120:203-212



	14: In Vitro Production of Quinones
	14.1 Introduction
	14.2 Biosynthesis Pathway
	14.3 In Vitro Production Methodology
	14.4 Scale-up Techniques and Bioreactors
	14.5 Extraction and Detection Techniques
	14.5.1 Extraction and Isolation of Quinone Compounds
	Box 14.1 Extraction of Quinone Derivatives

	14.5.2 Determining Quinone
	Box 14.2 Anthraquinone Determination

	14.5.3 Genetic Approaches to Detect Quinones

	14.6 Biological Activities (Major)
	14.6.1 Chrysophanol
	14.6.2 Aloe-Emodin (AE)
	14.6.3 Juglone
	14.6.4 β-Lapachone
	14.6.5 Plumbagin
	14.6.6 Shikonin
	14.6.7 Thymoquinone

	14.7 Commercial Utilization and Prospects
	14.8 Conclusions and Recommendations
	References


