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Abstract: Many phytochemicals and their derived metabolites produced by plants are extensively employed in

commercial goods, pharmaceutical products as well as in the environmental and medical fields. However, these

secondary metabolites obtained from plants are in low amounts, and it is difficult to synthesize them at the industrial

level. Despite these challenges, they may be utilized for a variety of medicinal products that are either available in the

market or are being researched and tested. Secondary metabolites are complex compounds that exhibit chirality.

Further, under controlled conditions with elicitors, desired secondary metabolites may be produced from plant cell

cultures. This review emphasizes the various aspects of secondary metabolites including their types, synthesis, and

applications as medicinal products. The article aims to promote the use of plant secondary metabolites in the

management and treatment of various diseases.

Introduction

Small chemical compounds known as secondary metabolites
(SMs), which generally have molecular weights of less than
3000 Da, are produced during the stress developed in plants
from primary metabolites [1]. Different plant species have
different metabolite types and compositions. While
secondary metabolites comprise most of the metabolites in
natural plant products, there does not seem a significant
difference between primary and secondary metabolites,
making their definition difficult to understand. Secondary
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metabolites are intriguing for various reasons, including
their structural variety, potential as therapeutic candidates,
and efficacy as antioxidants. Plant metabolites are complexes
that the industry cannot create since they have few examples
of their chemical variety [1].

Since 2600 BC, plant metabolites have been utilized for
various purposes, with most of these applications falling
under the categories of food, medicine, and poison.
Morphine was the first naturally occurring substance to be
extracted from the opium poppy (Papaver somniferum),
ushering in a new era in the study of secondary metabolites
[2]. It was later determined that the action of plant extracts
depends on the single chemical molecule with distinct
identity and isolation ability [3]. As a result, these findings
served as the foundation for natural product research.
Bioactive substances have pharmacological or toxicological
impacts on humans and other animals [4]. According to
multiple pharmacological research, bioactive substances
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provide a wide range of health advantages and aid in the
prevention of different diseases and metabolic disorders [5].
Plant secondary metabolites play a significant role in
pharmaceutical development, as demonstrated by the studies
where not less than 30% of drugs are derived directly or
indirectly from natural sources [6,7]. The availability of
cutting-edge research tools has led to a tremendous
expansion in plant metabolite research during the last 100
years. The analytical techniques of mass spectrometry (MS)
and nuclear magnetic resonance (NMR), and metabolomics
are required for the screening of plant natural products,
quality control, and drug discovery in the field of
phytomedicine [8]. Due to the typically low quantities of
metabolites in plants, their biological activities were mostly
unknown earlier, and they were only understood to be
metabolic waste or detoxifying products. However, over the
last forty years, the knowledge of secondary metabolites has
increased. Initially recognized for their harmful effects on
animal cells, they are today recognized for their ecological
significance and many additional advantages [9]. Various
types of extraction strategies are used to extract the
bioactive compounds of plants and these strategies depend
on different properties such as structure, relative solubility,
the nature of the source matrix, and chemical properties
(bioactive compound and solvents), temperature, pressure,
pH, etc. [10]. In addition to the standard laboratory-level
Soxhlet extraction method, maceration, and decoction have
both also been extensively employed in the extraction of
essential oils and other bioactive substances at a home scale
[11]. However, these techniques have certain drawbacks,
including prolonged extraction durations and the use of
bulk solvents. Further, maceration needs two to seven days
for successful extraction, and in the case of decoction, the
solvent-to-crude extract ratios might range from four to
even fifty to one [12]. The extraction of thermally unstable
chemicals is not suited for some techniques that need
elevated temperatures. To get over these limitations, many
techniques have been devised [13]. The yield and extraction
speed have been increased by using aqueous two-phase
systems, deep eutectic solvents, and ionic liquids [14]. With
the main objective of cell wall rupture or degeneration,
aided extraction employing pulsed electric fields,
microwaves, pressurized liquids, and ultrasound is the
fundamental premise of unconventional extraction methods
[15]. This review emphasizes the various aspects of
secondary metabolites, such as their types, synthesis, and
applications as medicinal products.

Medicinal Plant Metabolites

Natural chemical compounds produced by plants and utilized
for their growth and development include a wide range of
substances. Primary metabolites provide the materials for
activities like photosynthesis, translocation, and respiration.
Secondary metabolites (SMs) are the byproducts of central
metabolites that are not directly related to growth and
development. They are synthesized by biosynthetic
modifications such as methylation, glycosylation, and
hydroxylation and are often the byproduct of primary
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metabolites. Compared to primary metabolites, secondary
metabolites are unquestionably more complicated in terms
of their side chains and structural makeup. Fig. 1 represents
the different types of secondary metabolites.

Phenolic Compounds

Plant defense against parasites and pests depends on a class of
SMs known as phenolic compounds, which are abundant in
plants and foods made from plants [16]. They may be
recognized by their structure, which includes at least one
phenol ring. They include a variety of structural elements,
such as polyphenols, and simple substances like vanillin,
gallic acid, and caffeic acid. Depending on their chemical
structures, phenolic compounds may be classified into
subgroups (Fig. 2) and are often found in soluble or bound
forms. Furthermore, bound phenolic substances are
produced when soluble phenolic substances are transferred
to the cell wall and bind with cell wall components via
glycosidic and ester linkages [17]. Typically, soluble phenolic
substances are formed in the endoplasmic reticulum (ER)
and stored in vacuoles.

1. Phenolic Compounds
o Coumarin

* Lignin

* Furanocoumarins
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FIGURE 1. Types of secondary metabolites.
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FIGURE 2. Phenolic compounds and their subgroups.
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Coumarin

Coumarins (2H-benzopyran-2-one) are simple phenolic
substances that are comprised of a substantial phenolic
molecule synthesized by the combination of a benzene ring
and a-pyrone ring. They are often found in vascular plants.
They were found in the tonka bean (Dipteryx odorata) and
more than 150 additional species from thirty distinct
families [18]. Since then, early thirteen hundred coumarins
have been discovered in plants as SMs. They are used by
various species for a variety of functions, mostly in plant
defense [19]. Coumarins have anti-bacterial activity and
protective properties against fungi and herbivores due to a
specific bioactive group of chemicals. While all plant parts
contain them, the seeds contain the maximum level of these
molecules. These can be classified into six groups based on
their chemical makeup: simple, dihydrofurano, furano,
phenyl, linear-type, and bicoumarins [20].

Lignin

After cellulose, lignin is the second most prevalent biopolymer,
comprising around 30% of the organic carbon in the biosphere.
Lignin is one of the cell wall components. It is a high-
molecular-weight complex racemic heteropolymer. Lignin is
an important SM that stimulates tolerance against various
factors, tissue and organ development, plant growth, and the
ability to withstand biotic and abiotic stress. Lignification
improves the physical hardness of plant tissues, rendering
them indigestible to insects and other herbivores while also
functioning as a plant defense mechanism against diseases
and herbivores [21].

Furanocoumarins

Furanocoumarins are known for their phytotoxicity and are
typically found in Apiaceae and Rutaceae species. The
phenylpropanoid and mevalonate pathways combine
dimethylallyl pyrophosphate and 7-hydroxycoumarin to
create furanocoumarins in part. When these materials are
exposed to UV-A radiation, which activates a higher
electron energy state, they often become toxic.
Furanocoumarins penetrate the double helix of DNA, bind
to pyrimidines, and induce transcriptional inhibition,
resulting in cell death [22]. They also have mutagenic and
carcinogenic effects. Furanocoumarins have comparable
effects on the physiological growth and food preferences of
several insects. They are primarily found in plant roots,
leaves, and fruits and are preserved as essential oils. They
may dramatically increase the cells sensitivity to ultraviolet,
visible light, and solar light [23].

Flavonoids

Flavonoids are phytonutrients that are abundantly present in
plants. They have low molecular weights and are an important
part of the human diet. They belong to one of the most well-
known categories of secondary metabolites in higher plants.
The chemical structure of flavonoids generally consists of a
heterocyclic ring, a phenyl ring, and a 15-carbon skeleton.
Flavonoids have a critical role in the pigmentation and
defense mechanisms of plants. They also perform several
health-promoting tasks and are a vital component of several
cosmetic products, medicines, and pharmaceuticals. They
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may alter crucial cellular enzymatic processes due to their
anticarcinogenic, antioxidative, anti-inflammatory, and
antimutagenic properties [24].

Isoflavonoids

Isoflavonoids, sometimes known as dietary antioxidants,
belong to a group of phenolic compounds that include
pterocarpans, isoflavones, and isoflavones. They are made
up of a phenyl ring fused with a heterocyclic C-ring and
another B-ring fused at the C3 position [25]. Isoflavonoids
are usually found in leguminous species. They are
naringenin derivatives that are essential for the growth of
symbiotic rhizobia and nitrogen-fixing nodules [26]. When
plants and microorganisms interact, isoflavonoids may
help to produce phytoalexins [27]. It has also been
hypothesized that certain isoflavonoids are found in
microorganisms.

Tannins

These are the third most important phenolic group that are
common in oligos and polymers and may produce various
compounds through various interactions with starch,
cellulose, proteins, and minerals. There are two subgroups
of tannins: condensed and hydrolyzable tannins, with
molecular weights ranging from 600 to 3000. Tannins are
often poisonous compounds that may affect the growth and
survival of grazing species [22]. Two tannins crucial for
plant disease resistance are chlorogenic acid and
protocatechuic acid. The quantity of CO, in the atmosphere,
temperature, light, and nutrients are only a few
environmental factors that affect the level of tannins that
plants produce [28].

Terpenes

Terpenes or terpenoids (Fig. 3) are present in plants that are
derived from glycolytic or acetyl-CoA intermediates. They
can dissolve in lipids and have an enormous range of
structural configurations [29]. Terpenes are the basic
building blocks of several complex pigments, sterols, and
phytohormones. The physiological functions and fragrances
of these compounds are also based on terpenes. While
certain terpenes have a pleasant aroma and attract
pollinators, the majority of them serve as protective toxins
and herbivore deterrents.

Monoterpenes

A large class of terpenes known as monoterpenes is linked to
the ten-carbon isoprenoids and is utilized extensively in
culinary and  pharmaceutical  products.  Natural
monoterpenes and their derivatives have powerful
anticancer, antiviral, anti-aggregating, antifungal, anti-
inflammatory, anti-bacterial, antispasmodic, and local
anesthetic effects [30]. Insects are harmed by monoterpene
derivatives that collect in the resin ducts of twigs, needles,
and trunks. They can also help with growth regulation and
thermal tolerance. Monoterpenes give certain plants a
distinctive presence in their surroundings. For example,
citral gives lemons their unique aroma and thymol adds to
the flavor of mandarin oranges. While certain monoterpenes
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FIGURE 3. Terpenes and their subgroups.

are present in flower smells and may attract pollinators to
plants, others are predator deterrents [31].

Sesquiterpenes

Sesquiterpenes are a significant additional family of terpenes,
which may be found in cyclic and acyclic forms and include
three units of isoprene. They occur in oxygenated and
hydrocarbon forms, such as alcohols, lactones, aldehydes,
and ketones. The plant kingdom has more than 5000
different sesquiterpene compounds, with the Asteraceae
family having the greatest quantities of molecules like
bisabolene and caryophyllen. Sesquiterpenes differ from
costunolides by having a lactone ring with five members
[32]. They are renowned for being able to defend themselves
against herbivores [33]. Sesquiterpenes may function as
transcriptional activators and have a regulatory role in
developing and maintaining bud and seed dormancy [34].

Diterpenes
Plants, animals, and fungi synthesize diterpenes through the
isoprenoid pathway. Diterpenes are composed of two terpene
units. They are classified as linear, bicyclic, tricyclic,
tetracyclic, pentacyclic, and macrocyclic forms. These
compounds are the precursors of various metabolites,
including phytol, retinol, and retinal. These metabolites
exhibit anti-inflammatory and anti-bacterial properties. Some
of them like paclitaxel and ingenol-3-angelate have important
biological impacts in a wide range including effective cancer
treatments. Other diterpenes including carnosic acid,
forskolin, triptolide, salvinorin A, and ginkgolide B exhibit
antioxidant,  cardioprotective,  analgesic, ~and  anti-
inflammatory activities [35]. Gibberellins (diterpenes) play a
crucial role in the germination of seeds, stomatal
conductance, CO, fixation, and biomass production [22].
Triterpenes are a group of terpenes made up of 6 isoprene
units. Twenty thousand different terpenes have been identified
so far [36]. Triterpenes contain thirty carbons and may be
linear, dicyclic, tricyclic, tetracyclic, or pentacyclic. They are
mostly made from squalene [37]. The main constituents of
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Polyterpenes
this group  exhibit anti-inflammatory, anticancer,
antioxidant, anti-bacterial, antiviral, and antifungal

properties [38]. They are also found in food, cosmetic, and
pharmaceutical products, and they are essential for
managing diseases and pests as well as maintaining the
quality of the food supplied by agricultural plants [39].

Polyterpenes

Tetraterpenes contain many isoprene units due to which they
have a high molecular weight and belong to polyterpene
groups. Multiple repeating isoprene units make up the
polyterpene polymer known as rubber. They are found in
laticifers, where they aid in wound healing and act as a
defense mechanism against herbivores [40]. Like waxes,
polyterpenes serve as co-tackifiers and viscosity diluents [41].

Secondary Metabolites Containing Sulfur

The very modest group of secondary metabolites from sulfur-
containing plants consists of around 200 compounds. This
category consists of the well-known glucosinolates (Fig. 4)
and the byproducts of their breakdown, including
oxazolidinethiones, epithionitriles, isothiocyanates, and
thiocyanates [42]. Sulfur-containing secondary metabolites
are essential for protein synthesis; hence, protein synthesis is
hampered when sulfur levels are low. Only young leaves of
plants are impacted by sulfur deficiency, and its symptoms
are similar to those of nitrogen deficiency [43]. Sulfur-
containing secondary metabolites are critical influencers of
plant health because plants cannot properly use nitrogen
without adequate sulfur [44]. According to research, the
availability of sulfur and nitrogen affects sulfur- and
nitrogen-containing secondary metabolites. Further, the
proper balance of both, respectively, increases the plant’s
ability to withstand various environmental conditions.
Sulfur-containing SMs that are either directly or
indirectly related to the plant defense system include
defensins, allicin, phytoalexins, thionins, glycosphingolipid,
and glutathione [22].
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Secondary Metabolites Containing Nitrogen

The structures of plants often include nitrogen. Glucosinolates,
cyanogenic glycosides, alkaloids, and nonprotein amino acids
are the four main classes of secondary metabolites that
contain nitrogen. These secondary metabolites are formed
from common amino acids. The biological functions of SMs
in diverse plant species are listed in Table 1.

Biosynthesis of Secondary Metabolites in Plants

Plants synthesize a variety of secondary metabolites. More
than 100,000 secondary metabolites are synthesized by

R—S—C=N
Thiocyanate

FIGURE 4. Secondary metabolites containing sulfur.

metabolic pathways. The growth environment has a
significant impact on both the quality and quantity of these
chemicals [77].

Plants employ various metabolic pathways to synthesize
a variety of secondary metabolites. For example, mevalonic
acid and 2-C-methylerythritol 4-phosphate pathways are
two important mechanisms to produce terpenes [78,79].
Malonic acid and shikimic acid pathways are also used by
plants to synthesize phenolic chemicals [80]. Upon exposure
to salinity and UV-B, plants synthesize the alkaloids via the
action of transcription factors such as WRKY6 [81], and
various enzymes like hyoscyamine 6-hydroxylase and
tryptophan decarboxylase [82]. Fig. 5 represents the general

plants under unfavorable conditions through several pathway of some secondary metabolites.
TABLE 1
Medicinal plants and secondary metabolites (SMs)
Plant name Secondary metabolites Structure of secondary metabolites References
All land plants Pinoresinol “°‘J:j\ o [45]
e
Allium cepa/Allium porrum/Brassica oleracea var. Quercetin o [46]
HO. O 0. |
'OH
OH 0
Almonds/Apricot/Cherries/Peaches Amygdalin o [22]
Ammi majus Bergaptene [47]
Anacardium occidentale Agathisflavone [48]

(Continued)
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Table 1 (continued)

Plant name

Secondary metabolites Structure of secondary metabolites References

Apium graveolens/Thymus vulgaris

Artemisia annua L.

Asclepias syriaca

Brassica campestris L.

Brassica oleracea

Cabbage/Radish/Lettuces

Calliandra

Camelina sativa

Catharanthus roseus

Chrysanthemum morifolium

Chrysanthemum morifolium/Conifers

Citrus

Citrus fruits

Cucumis melo L.

Daucus carota

Leteolin P o [49]
" 7 B
OH O
Artemisinin [50]
Sterols [51]
Brassinin (52]
Sinigrin N op (53]
/M\O/S\OH
HO' 0 S
HO" "OH
OH
Cyanidin o [54]
ZoH
OH
Pipecolic acid H o [55]
N
O)LOH
Camalexin = [52]
=N
N
NG
Vincristine e (56]
e, J
/ EOQ’;, Uie
i ndo—inmko
Pyrethroids UK (571
I
=
IR
§
a-pinene HaG [57]
20
CHg3
Tangeretin ~o ‘ o [49]
:O O O‘
© 0 0o
Limonoids 'S (57]
Citrulline 9 2 (58]

Retinol 40, § i [59]
:{\)\/\)\Am
Tt

(Continued)
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Table 1 (continued)
Plant name Secondary metabolites Structure of secondary metabolites References
Eucomis autumnalis/Scrophularia ningpoensis Iridoids H [60]
: O
o)
H
Ginko biloba Gikolides [61]
Juglans regia Juglone [62]
Legumes Canavanine NHz 2 [22]
HzN/KN/O OH
NH,
Lotus japonicus Linamarin [63]
Mangifera indica Mangiferin [64]
Mentha spicata L./Arabidopsis thaliana Menthol [65]
Mentha spicate/Thymus vulgaris L. Cineole [66]
Olea europaea Oleuropein [67]
Olea europaea/Avena sativa Apiaceae/Asteraceae/Fabaceae  Umbelliferone m [68]
HO o "0
Oryza sativa Ferulic acid Gt o) [69]
o N
WOH
HO
Panax quinquefolius Ginsenosides Koo [70]
< gk
K e
LI
Panax quinquefolius Pyrrolizidine C@ (71]
N
Quercus robur/Tsuga/Lotus corniculatus/Legumes Gallotannin [72]

(Continued)
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Table 1 (continued)

Plant name Secondary metabolites Structure of secondary metabolites References
Salvia miltiorrhiza Tanshinone [73]
Salvia officinalis L. Carnosic acid [74]
Vitis vinifera L./Chrysanthemum morifolium Ferulic acids [75]
HO
Wasabia japonica Wasalexins [76]

Precursor and Inducer-Assisted Induction of Plant
Secondary Metabolism

There have been attempts to market the production of SMs for
human benefit due to their medical and therapeutic properties
[83]. Biochemical synthesis of SMs at a large commercial level
is difficult due to complex metabolic pathways, the chirality of
compounds, and the fact that most plants accumulate SMs in
small amounts in specific tissues throughout their life cycles.
Given these challenges, numerous methods are being used
to increase the synthesis of such metabolites. The expression
of secondary metabolites is primarily controlled by the
transcriptional activities of gene cassettes encoding specific

/% Photosynthesis

enzymes in the biosynthetic pathway for the desired
products. As a result, the catalytic activities of the genes or
enzymes are kept at very low levels, and the active genes are
triggered using elicitors. Plant cells may accumulate
secondary products due to exposure to elicitors or
precursors [84]. The most often utilized and studied elicitors
include tryptophan, phenylalanine, methyl jasmonate,
jasmonic acid, and its methyl ester, as well as molecular
derivatives of arachidonic acid [85]. Elicitors govern the
biosynthesis of secondary metabolites as well as increase the
synthesis rate through the upregulation of the biochemical
pathways. It is important to understand how elicitors are
identified by plants and how signals are changed in plant

Primary Carbon Metabolism

7 N

Erythrose-4-phospahte Phosphoenolpyruvate Pyruvate 3-Phosphoglycerate
Tricarboxylic acid Acetyl CoA
cycle
Aliphatic
Shikimic amino acids Mevalonic Mevalonic
acid pathway acid pathway acid pathway MEP pathway
Aromatic amino
acids Nitrogen-containing
secondary metabolites
1
Phenolic Terpenes FIGURE 5. Biosynthesis of
Compounds secondary metabolites.
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cells to activate and control the production of associated genes
that are responsible for the synthesis of secondary metabolites.
The secondary metabolite biosynthesis pathways should be
investigated to answer these problems.

The remaining alternative, if chemical synthesis cannot
be scaled up to make the metabolite, is to augment cell
cultures and treat them with elicitors, precursors, and
signaling substances to produce the metabolite. For example,
when phenylalanine was added to cell suspension cultures of
Salvia officinalis and Taxus (driven by the formation of
taxol and rosmarinic acid), it acted as a precursor and
intermediate to a secondary metabolite via metabolic
pathways [86,87]. Elicitors improve the availability of SMs
through signal triggering [88].

Enhanced Biomass and Secondary Metabolites in the
Culture Environment: Applied Methods for Metabolite
Isolation and Structure Elucidation

Obtaining highly concentrated secondary metabolites requires
careful attention to physical factors (such as light,
temperature, and pH), plant growth regulators, and culture
media [89,90]. It is vital to choose source explants as
inoculums to produce a high level of SMs. Even though it is
widely utilized, there are more effective ways to induce
secondary metabolites, given that medium standardization is
known to have an impact on the biomass synthesis of
secondary metabolites.

Several traditional and modern high-tech methods have
been developed to extract metabolites. Conventional

Dried powdered form
of plant part

(/)
Plant part with
medicinal value

=y

Y

< /

Medicinal Plant

Extréction

characterization and qualitative
analysis of dried extract
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methods include the use of water and organic solvents like
hexane, acetone, and methanol. The process is conducted at
ambient temperature, which significantly permits the
dissolution of the soluble metabolites into the solvent
throughout the development stages. The effectiveness of this
approach depends on the interaction between heat, mixing,
and the solvent extraction capacity, which is required to
differentiate active components by employing the right
solvents.  Several cutting-edge extraction techniques,
including ultrasound-assisted extraction, supercritical fluid
extraction, microwave-assisted extraction, and pressurized
liquid extraction have been developed. These methods
increase yield while decreasing solvent volume and
extraction time [91].

Techniques for Identification and Characterization

A pure molecule is separated from the mixture and identified
using chromatographic approaches and non-
chromatographic techniques to study vital SMs. The active
components in a mixture may be separated from one
another or identified using chromatographic procedures.
Chromatographic methods are used in various syntheses to
separate and purify the products on an industrial scale or
for academic reasons. There are many different
chromatography ~ methods, from  basic  thin-layer
chromatography to sophisticated gas chromatography and
liquid chromatography with mass spectroscopy [92]. Fig. 6
represents the scheme of extraction of bioactive
phytochemicals and their [93]. Table 2

applications

vapourization of

- liquid extract
Filtration of plant

extract l

—

Collection of dried
extract powder

lAppIication

W
L\

Antioxidant Anticoagulant
S, & 7. 0 "'.
) y7) . @ PRy
Anticancer Antimicrobial  Antiinflammatory Antidiabetic

FIGURE 6. Extraction of bioactive phytochemicals and their applications.
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represents the various methods for the screening of secondary
metabolites.

Secondary Metabolites: Their Purpose and Uses

Plant extracts have historically been considered detoxifying or
waste products [94]. Most studies were carried out when
technology was used to investigate the uses of SMs for the
biological tasks for which they were designed in nature.
However, the great majority of secondary metabolites still
have unclear biological roles. The most significant
applications for secondary metabolites are as constituents in
medications, food additives, and cosmetics.

Plants as Potential Sources of Medicinal Products

A plant product may be as basic as a skeleton or as
complicated as compounds that are not even feasible to
create in a lab. These metabolic products exhibit extremely
specialized actions through distinct mechanisms. Further,
human genome sequencing is used to investigate the
potential application of secondary metabolites as therapeutic
drugs [95]. Quinine was isolated and discovered, which
marked a turning point in the field of pharmacognosy. After
this report, numerous active components were isolated from
plants and studied [96]. According to research done in a
Japanese cohort, eating more fruits and vegetables is
associated with a decreased chance of mortality [97]. For the
maintenance of balanced gut microbiota, phytochemicals are
crucial [98,99]. It has been well-documented how
polyphenols like quercetin affect the gut microbiome. These
polyphenols are metabolized by gut bacteria, which in turn
alters the composition of the microbiome [100]. In a study,
when Akkermansia muciniphila and quercetin  were
administered together, A. muciniphila colonized in the
mouse stomach and modified the makeup of the gut
microbiota, which decreased obesity and non-alcoholic fatty
liver disease by changing bile acid metabolism [101].
Additionally, quercetin prevented fat in mice administered
sodium glutamate. Another study demonstrated the
interaction between quercetin and inulin, which reduced
metabolic syndrome in a high-fat-fed mice model and
resulted in  significant  weight reduction  [102].
Administration of quercetin also reduces hyperlipidemia,
metabolic syndrome [103], and nonalcoholic steatohepatitis
[104].

In 2001, the FDA authorized the use of galantamine, an
alkaloid derived from Galanthus woronowii, as a therapy for
Alzheimer’s disease [105]. The different methodologies for
the screening of secondary metabolites are mentioned in
Table 2. Galantamine modifies the nicotinic acetylcholine
receptor (nAChR) and inhibits acetylcholinesterase (AChE).
Since at least 2000 years ago, artemisinin from Artemisia
annua has been used as an antimalarial medication.
Sesquiterpene lactone, found in artemisinin, possesses
bioactivity that has been shown to cure Plasmodium
falciparum-induced malignant cerebral malaria [96]. Due to
the low bioavailability of artemisinin, a drug derivative
called artemether was subsequently created that had a
higher bioavailability [95,113]. Paclitaxel, a highly
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TABLE 2

Various methods for the screening of secondary metabolites

Secondary metabolite Name of the test References
Alkaloid Dragendorff’s test [106]
Wagner test [107]
TLC method 2 [108]
Anthraquinone Borntrager’s test [106]
Borntrager’s test [109]
Cardiac glycosides Kellar-Kiliani test [110]
TLC method [108]
Flavonoid Shinoda test [106]
TLC method [108]
NaOH test [109]
Phenol Phenol test [106]
Reducing sugar Fehling test [111]
Saponin Frothing test/foam test [110]
TLC method [108]
Steroid Liebermann-burchardt test [106]
Tannin Braemer’s test [110]
Terpenoid Liebermann-burchardt test [106]
Salkowski test [112]

oxygenated tetracyclic diterpenoid derived from Taxus
brevifolia, is an antimitotic drug that prevents tubulin from
polymerizing to create microtubules. It was later authorized
for many cancer therapies and is also used as a successful
medicine against ovarian and breast malignancies [113].
Due to the enormous market demand for paclitaxel and the
low natural availability of this drug, many methods have
been developed to synthesize it from raw materials such as
bacchatin III and 10-deacetylbacchatin III. It was also
synthesized in large volumes by the second method utilizing
cell cultures of Taxus plants in addition to chemical
synthesis. The plant Calophyllum lanigerum was utilized to
produce Calanolide A. This dipyranocoumarin inhibits
zidovudine (AZT)-resistant strains of HIV and type-1
HIV by acting as a non-nucleoside reverse transcriptase
inhibitor [95].

Metabolic Engineering Approaches to Enhance Bioactive
Compound Production

There are several metabolic pathways present in plants that
are necessary for the synthesis of bioactive compounds.
Numerous biotechnological approaches have been used to
improve the synthesis of bioactive compounds including
lipid based vascular drug delivery systems [114,115]. Given
such findings, plant-based natural product derivatives are
often used as medicinal treatments (Table 3). Gene editing
methods are the latest development to enhance the
production of bioactive compounds [119]. To fulfill the
demand for medicinal plants, tissue culture techniques offer
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TABLE 3
Drugs derived from medicinal plant and their health benefits
Medicinal plant Drug Pharmacological health benefits References
Alpinia officinarum Crude extract Anti-microbial and anti-inflammatory [57]
Amorpha fruticosa Crude extract (monoterpenes  Anti-bacterial, insecticidal, cytotoxic [61]
and sesquiterpenes)
Berberis species Berberine Anti-bacterial, antiviral, anti-inflammatory, anticancer  [46]
and anti-diabetic
Brassica napus, Lychnis viscaria Brassinosteroids Plant protection [67]
Calophyllum lanigerum Calanolide A Type-1 HIV [41]
Chloroplasts, carrots, and Carotenoids Antioxidants [67]
chromoplasts of plants
Essential oils Isovaleric acid Anticonvulsant and used in perfumery [70]
Essential oils Limonene Fragrant, anti-carcinogenic, and anti-bacterial [51]
Galanthus woronowii Galantamine Alzheimer’s disease [60]
Galega officinalis Metformin Anti-diabetic [44]
Naturally found in plants, fungi, Sterols Medicinal effects and nutritional supplements [67]
and animals
Ocimum basilicum Crude extract Anti-inflammatory activity [116]
Papaver bracteatum Thebaine (paramorphine) Analgesic [117]
Papaver somniferum Codeine Analgesic, antidepressant, antitussive, anti-diarrheal, [47]
sedative, and hypnotic properties
Sarcotheca griffithii Crude extract Cough (73]
Solanaceae Nicotine Insecticide, anti-inflammatory and stimulant, and [48]
antiherbivore
Taxus brevifolia Paclitaxel Antimitotic agent-various cancers [66]
Lycopersicon esculentum Tomatine Anticancer immune effects, and antifungal effects [118]

additional benefits over traditional methods of propagation
[120]. Through the cell culture of plants, valuable
metabolites can be produced [121]. The cell culture
approach is used for the culturing of plant cells at a large
scale for the mass production of bioactive compounds. For
example, the mass production of geraniol was accomplished
by the utilization of cell culture [122]. Cell culture has
shown to be a manageable, economically feasible technology
for the synthesis of natural products [123]. This method is
independent of environmental or climatic factors and
enables cells to proliferate at faster growth rates in a closed

Activation of Plant

Biotic and Abiotic | _ Defence

and controlled environment [124]. The most important
stage in the commercialization of natural products is the
expansion of the cell culture from a laboratory to an
industrial scale. Therefore, it is crucial to choose a
bioreactor that can meet the culture’s technical requirements
as well as its biological requirements. The optimization of
fundamental culture characteristics, such as nutrition
availability, low-shear environment, proper mixing, and
lowering mass transfer for enhanced oxygen, is necessary for
the scaling-up phase from shaking flask cultures to
bioreactors [125]. Air-life bioreactors (ALB), bubble column
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FIGURE 7. Flowchart for the process of metabolic engineering to enhance the production of bioactive compounds.
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bioreactors (BCB), standard stirred-tank bioreactors (STR),
hollow fiber bioreactors, wave bioreactors, membrane
bioreactors, and rotating drum reactors can be used to
cultivate plant cells [126]. Fig. 7 represents the flowchart for
the process of metabolic engineering to enhance the
production of bioactive compounds.

Nanotechnology-Based Drug Delivery Systems for
Phytochemical Compounds

The literature states that 70% of the active components
derived from plants are hydrophobic [127]. The
bioavailability and bioactivity of phytochemical substances
have been increased by the application of new technologies.
For example, lipid-based and polymer-based delivery
mechanisms boost the bioactivity of phytochemical
substances [128,129]. The various nanocarriers for the
delivery of phytochemicals were explained by the (Lipid-
based carrier systems, which include vesicular systems, lipid
particulates, and nanoemulsions have attracted interest in
increasing the bioactivity, bioavailability, and stability of
phytochemical compounds [130,127]. Vesicular drug
delivery methods are characterized as highly organized
assemblies made up of single or multiple concentric bilayers
that self-assemble in the presence of water. The lipid cores
of solid lipid nanoparticles (SLN) and nanostructured lipid
carriers (NLC), two different types of nanoparticle systems,
are made of solid lipids or mixes of liquid lipids [15]. The
bioavailability of hydrophobic compounds was shown to be
increased using nanoemulsions [131]. The most investigated
nanocarriers are lipid-based nanosystems. When compared
to polymer based-carriers, these carriers often have a
reduced toxicity profile and a more affordable price [132].
The delivery of liposomes and phytosomes is regarded as
one of the most successful strategies [133]. Liposomes
provide the potential to enhance the solubility, effectiveness,
and bioavailability of medications due to their excellent
biocompatibility and biodegradability. Bioactive compounds
that are both hydrophilic and lipophilic can be enclosed in
liposomes [134,135].

Conclusion and Future Prospects

A remarkable library of bioactive molecules with a wide range
of activities in the context of parasites, fungi, bacteria, and
human cells can be found in plants. These secondary
metabolites are sometimes lethal at high concentrations and
very specialized, making them very crucial. Intense efforts
have been made to investigate secondary metabolites for
economic reasons, which have helped establish various
branches of photochemistry. The primary objective of this
review article was to outline the various secondary
metabolite-related aspects, manufacturing syntheses, and
plant-based sources for such medicinal metabolites.
Therefore, this article will serve as a comprehensive resource
for readers or researchers who are interested in secondary
metabolites.

It is crucial that the Food and Drug Administration
(FDA), World Health Organisation (WHO), European
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Medicines Agency (EMA), the pharmaceutical industry,
biotech firms, and numerous other regulatory bodies
worldwide coordinate and work together in order to provide
clear guidelines for the research and development of herbal
drugs and to make the most of the enormous potential of
traditional medicines for the synthesis of drugs for various
diseases. Only a portion of the medicinal plants and their
phytochemical qualities have been studied, despite the fact
that they serve as potential sources for new drug discoveries.
With the use of databases and multidisciplinary team
activities, the complete molecular characterization of the
therapeutic substances must be explored and evaluated. The
development of drugs that are effective and less toxic will
ultimately help the entire global population.
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