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Abstract: Secondary metabolites, also known as phytochemicals, natural products or plant constituents are responsible for medicinal
properties of plants to which they belong. The role they play in the plant is not, to date, well known or understood, but it may be beyond
the protection. Their classification is based on chemical structure, composition, their solubility in various solvents, or the pathway by
which they are synthesized. The main classification system includes three major groups: terpenoids, alkaloids and phenolics. For each
one, we find subclasses with complexity in structure. In this review, we deal with the description of second metabolites, their
biosynthesis, function, and the current pharmacological findings. Natural products are an important source of drug candidates in
pharmaceutical industry, more deeply we understand them, the easier it is for scientists to intervene in alleviating different kind of
diseases. The recent references have been consulted for presenting updated information, but also showing the new potentialities of plant
second metabolites in drug research and development.
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1. Introduction extremely diverse; thousands of them have been

. . identified in several classes. Each plant family, genus,
Humans have used medicinal plants throughout their . o ]
. ) ) and species produce a characteristic mix of these
history life, and long time before, good records were . .
. ) chemicals, and they can sometimes be used as
kept about herbs use [1]. Texts from ancient China and ) ) o
. . taxonomic characters in classifying plants [8].
India provide a good example of very early use of o . .
o . o Many scientific sources state that their role is not
medicinal herbs. They contain prescriptions of ) o ]
. . crucial for living cells in normal growth, development,
countless plant-derived medicines [2, 3]. In modern . .
) ) and reproduction [9], but they act in defense purposes
times, natural products from plants have been isolated . .
) . to protect a plant from any possible harm in the
for drug discovery and development. During the last 20 . . . .
i ecological environment [10] and other interspecies
to 30 years, the analysis of secondary plant products . .
. protection [11]. Therefore, they are usually synthesized
has progressed a lot [4]. The use of modern analytical . . . .
. . . in plants for particular needs, while the primary
techniques like chromatography, electrophoresis, . . .
. . ) metabolites have generally the shared biological
isotope techniques and enzymology have succeeded in . .
o purposes across all species. Secondary metabolites
the elucidation of exact structural formulas and the ) )
. . . may often be created by modified synthetic pathways
most important biosynthetic pathways [5, 6]. . . .
. . from primary metabolite, or share substrates of primary
The secondary metabolites from plants, which are . o )
S . ) . metabolite origin. Plants have been evolving to adapt
distinguished from primary metabolites such as nucleic ] ) ) )
. . . the environment with genetic encoding of useful and
acids, amino acids, carbohydrate, fat, etc. [7] are i i
diverse synthases for secondary metabolites [12]. In
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In most references, it is stated that the secondary
metabolites extracted from plants are subdivided in

three major classes: terpenoids, alkaloids and phenolics.

They contain numerous natural products with
interesting pharmacology activities [13, 14].
In this

metabolites classified in three main groups mentioned

review, we highlight the secondary
above, showing pharmacological activities leading to
drug discovery and development. Plant constituent
should be regarded as a complex mixture of several
unwanted chemicals, refined of the objective of
identifying and isolating an active principle. In order to
study the activity of a given medicinal plant, it is often

necessary to purify it or to isolate a specific compound [15].

However, some drug resistance cases observed in
infectious diseases or cancer, the approach of synergy
therapy is applied to overcome the challenge and
improve the treatment [16].

2. Biosynthesis

The pathways of biosynthesis are responsible for the
occurrence of both primary and secondary metabolites
[17, 18]. Biosynthetic reactions are energy consuming,
fuelled by the energy released by glycolysis of
carbohydrates and through the citric acid cycle.
Oxidation of glucose, fatty acids and amino acids
results in ATP (adenosene triphosaphate) formation,
which is a high-energy molecule formed by catabolism
of primary compounds. ATP is recycled in fuel
anabolic reactions involving intermediate molecules on
the pathways. Whereas, catabolism involves oxidation
of starting molecules, biosynthesis or anabolism
involves reduction reaction. Hence, the need of

reducing agent or hydrogen donor, which is usually the

NADP (nicotinamide adenine dunucleotide phosphate).

These catalysts are known as coenzymes and the most
widely occurring is CoA (coenzyme A) made up of
ADP (adenosine
phosphate [19].
The most common pathways taken for biosynthesis

diphosphate) and pantetheine

are performed through the pentose for glycosides,

polysaccharides; shikimic acid for phenols, tannins,
aromatic alkaloids; acetate-malonate for phenols and
alkaloids and mevalonic acid for terpenes, steroids and
alkaloids [20]. As showed in the Fig. 1, the scheme
outlines how metabolites from the process of
photosynthesis, glycolysis and Krebs cycle are tapped
off from energy-generating process to provide
biosynthetic intermediates. By far, the important
building blocks employed in the biosynthesis of
secondary metabolites are derived from acetyl-CoA
(acetyl coenzyme A), shikimic acid, mevalonic acid

and 1-deoxylulose 5-phosphate [21].
3. Structure and Classification

As said previously, the classification of secondary
metabolites consists of terpenoids, alkaloids and
phenolics [13]. Glycosides, tannins and saponins are
part of them according their specific structure.

3.1 Terpenoids

Terpenoids  constitute a large family of
phytoconstituents of little functional and structural
common ground. Steroids, carotenoids, and gibberelic
acid are just some of its members. They are composed
by the most important group of active compounds in
plants with over than 23,000 known structures. They
are polymeric isoprene derivatives and synthesized
from acetate via the mevalonic acid pathway. During
their formation, the isoprene units are linked in head
and tail fashion. The number of units incorporated into
a particular terpene serves as a basis for their
classification. Many of them have pharmacological
activity and are used for diseases treatment both in
humans and animals. According to Tada et al. cited by
Ref. [22], diterpenes tend to be most abundant in
Lamiaceae family and have antimicrobial and antiviral
properties.

Some interesting compounds are extensively used in
the industry sector as flavors, fragrance, spices [23, 24].
of molecules

Several thousand different types

from very different plant groups have been isolated and
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Fig. 1 Biosynthesis scheme of plants secondary metabolites [21].

characterized. Despite their varied structures, all of

them are synthesized by only a few pathways as shown

below in Fig. 2.
3.1.1 Functions
Plants tissues are related to adaptation

to both abiotic

and biotic stressors such herbivores and pathogens.
However, the high volatility and reactivity of some
terponoids may also affect the atmosphere composition [25].
Volatility of terpenoids provides, for sessile plants, a

tool for communication with other organisms such as

neighboring plants, pollinators and foes of herbivores,
via air-bone infochemicals. From a physiological
standpoint, briefly, plant volatiles are involved in three
critical processes, namely plant—plant interaction, the
and the

attraction of pollinating insects. Their role in these

signaling between symbiotic organisms,

“housekeeping” activities underlies agricultural
applications that range from the search for sustainable
methods for pest control to the production of flavors

and fragrances [26].
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Fig. 2 Example of sterol synthesis (source: weekpedia, February 13, 2014).

3.1.2 Pharmacological Activities
Extensive biological investigations have been
carried out within the group and these studies have
revealed a broad spectrum of pharmacological and
physiological properties. Some of them have led to a
number of terpenoids gaining medicinal applications [26].
The that

nitrogenous terpene derivatives possess the potent

recent findings demonstrate certain
anti-hypertensive activity and may indicate a new era
in medicine through the synthetic terpenoids path. The
antimicrobial and insecticidal properties of other
terpenoids have led to their utilization as pesticides and

fungicides in agriculture and horticulture [27, 28].
3.2 Essential oils

Essential oils are natural aromatic and volatile

compounds found in the parts of plants. Interest in

essential oils has revived in recent decades with the
popularity of aromatherapy, a branch of alternative
medicine that claims that essential oils and other
aromatic compounds have curative effects. According
several findings of research, they are reputed to have
various pharmacological effects such as antibacterial,
antifungal and antiviral [29].

They are known to be characterized by both
beautifully and powerfully fragrant. Thus, they provide
protection to the plants against predators and disease
and play a role in plant pollination [30]. Although they
are fat soluble, they do not include fatty lipids or acids
found in vegetables and animal oils. Single or
combined extract stimulate the olfactory nerve,
sending messages to the brain’s limbic system (the seat
of memory, learning, and emotion) that are said to
(e.g., eucalyptus

trigger physiological responses
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relieves congestion, lavender promotes relaxation, and
menthe piperita promote exercise performance) [31, 32].
The use of oils and their solutions have been shown to
have certain effects but are not standardized. The few
risks involved include allergic reactions [33, 34].

3.3 Alkaloids

The alkaloids present the group of secondary
metabolites that contain basic nitrogen atoms. Some
related compounds with neutral and weakly acid
properties are also included in the alkaloids. In addition
to carbone, hydrogen and nitrogen, this group may also
contain oxygen, sulfur and rarely other element such as
chlorine, bromine and phosphorus [18]. Alkaloids are
produced by a large variety of organisms, such as
bacteria, fungi, animals but mostly by plants as
secondary metabolites. Most of them are toxic to other
organisms and can be extracted by acid-base. They

Table 1 Important molecules of terpenoids [35].

have diverse pharmacological effects [48], and have a
long history in medication [49].
alkaloids

compounds is not

The boundary between and other
nitrogen-containing natural
clear-cut [21]. Compounds like amino acids, proteins,
peptides, nucleotides, nucleic acid, and amines are not
usually called alkaloids.

Compared with most other classes of secondary
metabolites, alkaloids are characterized by a great
structural diversity and there is no uniform classification
of them [13]. First classification was based on the
common source because no information about chemical
structure was yet available. Recent classification is
based on similarity of the carbon skeleton [14].
Alkaloids are biosynthesized from amino acids such as
tyrosine [50]. The typical example is the biosynthesis of
morphine that includes a phenol coupling reaction

involving a benzylisoquinoline alkaloid.

Number of carbone Name Example

Cs Hemiterpene Isoprene, prenol, isovaleric acid

Cio Monoterpene Limonene, eucalyptol, pinene

Cis Sesquiterpene ABA (abscisic acid)

Cy Diterpene Gibberellin

Cys Sesterterpenes

Csp Triterpene Brassinosteroids, squalen, lanosterol

Cyo Tetraterpene Carotenoids, lycopen

Cs a0 Polyterpenes Ubuquinones, rubber, cytokonines, vitamine E

Table 2 Summary of some terpenoids properties.

Name of terpenoid Location Pharmacological activity References

Isoprenol Synthesis Act as alcohol [36]

Isovaleric acid Essential oils Anticonvulsant agent in valeria, used largely in 37, 38]
perfumery

Limonene Essential oils Fragrant, bf)tanlcgl 1nsecF101de, anti [39, 40]
carcinogenic, anti bacterial

Linalool Essential oils Antibacterial, exert effect on CNS (centre [41,42]
nervous system)

ABA Anti transpirant [43]

. Synthesized plants at areas of Anti oxidative effects, antimicrobial, anti tumor
Phytoalexins ) . .
pathogen infection and neurotrophic effects

Gibberlin Gibberella fujikuroi Promoting growth and elongation of plant cells [44, 45]

Brassinosteroids Lychnis viscaria, Brassicanapus  Involved in plant protection [46, 47]

sterols Natural in plants, animals and fungi Nutritional supplements and medicinal

. Carrots, chloroplasts and Antioxidants, sunlight protection, immune
Carotenoids

chromoplasts of plants

function
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Fig. 3 The Biosynthesis of morphine [51, 52].
Table 3 Pharmacological effects of some well known alkaloids.
Alkaloid name  Source Pharmacological activity References
. Atropa belladonna, Darura stramonium, Competitive antagonist of muscarinic acetylcholine
Atropine . . . . . . . [53, 54]
Mandragora officinarum receptors, anti cholinergic, anti myopia effects
Berberis species, Hydrastis, Canadensis, .. . o
Xanthorhiza simplicissima, Phellodendron gnt;;$:$itg‘;}; dazfllﬁbgic;isglc/\;ﬁl’br;‘;effllctgl
Berberine amurense, Coptis chinensis, Tinospora P . . [55-58]
P - effects on cardiovascular system and anti cancer and
cordifolia, Argemone mexicana and . . .
- e others disorders such as intestinal
Eschscholzia californica
Codeine Papaver somniferum Analgesw, antltussn'/e, anti dla}rrheal, antidepressant, [59-62]
sedative and hypnotic properties
Coniine Conium macularum, Sarracenia flave Neurotoxin, poisonous [63, 64]
Cytisine . )
S Labum and cytisus of Fabaceae family, most . . . .
(baptltgxme, extracted from seeds of Cytisus laborinum Acetylcholine agonist, smoking cessation drug [65, 66]
sophorine)
Act on CNS (central nervous system), on myenteric
Morphine Papaver somniferum and poppy derivatives plexus, acute pulmonary edema and reduce the [67-69]
shortness of breath
Nicotine Solanaceae plants family Stlmulant, antiherbivore, insectide, anti [70-73]
inflammatory
Quinine Cinchona succirubra, C. calisya, c. ledgeriana, Antimalarial, antpyretic, analgesic, [74-77]
plants of Rubiaceae family. anti-inflammatory, antiarrhythmic, bacteriostatic
. Solanum tuberosum, s. lycopersiam, s. igrum,  Antifungal, antipesticide, sedative, anticonvulsant,
Solanine . . - . - [78-81]
plants of Solanaceae family anticarcinogenic, anti inflammatory
Strychnine ?;:I)l/ﬁf;nos nux-vomica, loganiaceac plants Persticide, strong poisonous, Convulsant [82-85]
Thebaine ; i
(paramorphine) Papaver bracteatum Analgesic, not therapeutically used. [86-89]
Tomatine Green parts of tomato plants Immune effects, anticancer, antifungal, poisonous  [90-92]
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3.4 Phenolics

Phenolic compounds from plants are one of largest
group of secondary plants constituents synthesized by
fruits, vegetables, teas, cocoa and other plants that
possess certain health benefits. They are characterized
by the
anti-carcinogenic and other biological properties, and

antioxidant, anti-inflammatory,
may protect from oxidative stress and some diseases
[93]. Simple phenolics are bactericidal, antiseptic and
anthlemintic. Phenol itself is a standard for other
antimicrobial agents [94]. They are distributed in
almost all plants and subject to a great number of
chemical, biological, agricultural, and medical
studies [95, 96].

They are diverse in structure, and present in common
the hydroxylated aromatic rings (e.g., flavan-3-ols).
Most of phenolic compounds are polymerized into
larger molecules such as the PA (proanthocyanidins;
condensed tannins) and lignans. Furthermore, phenolic
acids may occur in food plants as esters or glycosides
conjugated with other natural compounds such as
flavonoids, alcohols, hydroxyfatty acids, sterols, and
glucosides [95]. Hydroxybenzoic and
hydroxycinnamic acids present two main phenolic
compounds found in plants. In tea, coffee, berries and
fruits, the total phenolic comounds could reach up to
103 mg/100 g fresh weigh [97].

3.3.1 Classification and Structure

The approach to classifying plant phenolics are
based on: (1) a number of hydroxylic groups. So, they

may be divided on 1-, 2- and polyatomic phenols.

OH OH

OH
Phenol

Hydroquinone

Phenolic compounds containing more than one
OH-group in aromatic ring are polyphenols; (2)
chemical composition: mono-, di, oligo- and
polyphenols; (3) substitutes in carbon skeleton, a
number of aromatic rings and carbon atoms in the side
chain. According to the latter principle, phenolic
compounds are divided into four main groups:
phenolics with one aromatic ring, with two aromatic
rings, quinones and polymers.

Phenolic compounds with one aromatic ring: a large
number of compounds, among them are simple phenols
(C¢), phenol with attached one (C¢-C,), two (Cs-Cs)
and three (C4-C3) carbon atoms.

Phenolic compounds with two aromatic rings: this
group includes benzoquinones and xanthones (Cq-C1-Cg)
containing two aromatic rings which are linked by one
carbon atom; stylbenes (Cs-C,-Cg) which are linked by
two carbon atoms; and flavonoids, containing three
carbon atoms (Cs-C;3-Cg). Flavonoids, depending on the
structure of propane unit and an attaching place of side
chain B, are divided into flavonoids in strict sense,
which are derived from chromane or chromone,
isoflavonoids and neoflavonoids.

Polyphenolics are more than 8,000 different
compounds identified to date. That is why the
terminology and classification of polyphenols is
complex and confusing. Although all polyphenols have
similar chemical structures, there are some distinctive
differences. Based on these differences, polyphenols
can be subdivided into two classes: flavoinoids and non

flavonoids, like tannins [98].

OH
HO OH

Pyrogallol acid

Fig. 4 Examples of simple phenolics, Cq (phenol, hydroguinone and pyrogallol acid).
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Fig. 8 Some phenolics with two aromatic rings (xanthones: Cq-C;-Cg; stylbenes: Cq-C,-Cg and flavonoids: Cg-Cs3-Cg)
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Fig. 9 Main groups of quinines: benzoquinones, naphtoquinones, and anthraquinones polyphenolics (flavonoids, tanins,

glycosides, saponins).

Structure of the flavone

Isoflavone structure

Fig. 10 Basic structures of flavonoids.
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Fig. 11 Tannic acid, type of tannins.

3.4 Flavonoids

Flavonoids stand as the first class of polyphenols.
They are water-soluble pigments found in the vacuoles
of plant cells. They can also be divided into three
groups: anthocyanins, flavones and flavonols. They are
widely distributed in plants, fulfilling many functions
such as flower coloration, producing yellow, red or

Neoflavonoids structure

Ooh
OH
OH
C!\ |
O
OH

blue pigmentation in petals designed to attract
pollinator animals. In higher plants, flavonoids are
involved in UV (ultraviolet) filtration, symbiotic
nitrogen fixation and floral pigmentation. They may
also act as chemical messengers, physiological
regulators, and cell cycle inhibitors. Flavonoids are
secreted by the root of their host plant Rhizobia help in

the infection stage of their symbiotic relationship with
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legumes like peas, beans, clover, and soy [99].
Rhizobia living in soil are able to sense the flavonoids
and this triggers the secretion of nod factors, which in
turn are recognized by the host plant and can lead to
root hair deformation and several cellular responses
such as ion fluxes and the formation of a root nodule.
Some flavonoids have inhibitory activity against
organisms that cause plant disease, for example,
Fusarium oxysporum [100].

They have become very popular because their health
benefits. Some of the activities attributed to them
include: anti-allergic, anti-cancer, antioxidant,
anti-inflammatory and anti-viral [101, 102]. The
flavonoids quercetin is known for its ability to relieve
high fever, eczema, asthma and sinusitis.
Epidemiological studies have illustrated that heart
diseases are inversely related to flavonoid intake.
Studies have shown that flavonoids prevent the
oxidation of low-density lipoprotein thereby reducing
the risk for the development of atherosclerosis [103,
104]. The contribution of flavonoids to the total
antioxidant activity of components in food can be very
high; for instance red wine contains high levels of
flavonoids, mainly quercetin and rutin. The high intake
of it by the French might explain why they suffer less
from coronary heart disease than other Europeans,
although their consumption of cholesterol rich foods is
higher (French paradox) [105]. Many studies have
confirmed that one or two glasses of red wine daily can
protect against heart disease [106]. Their antioxidant
activities in chemical and biological assays are
undisputed, and many are associated with the
health-promoting effects of fruits and vegetables.
However, extending these effects to entire organisms,
and clinical outcomes in human disease in particular,
remains a controversially discussed topic in nutrition
science and disease prevention [107]. Recently, it has
been mentioned that growing consensus for the
hypothesis that the specific intake of food and drink
containing relatively high concentrations of flavonoids

may play a meaningful role in reducing the risk of

CVD (cardiovascular disease). The reviewers stated
that research to date has been of poor quality. The large
and rigorous trials are needed to better investigate the
possible adverse effects associated with excessive
polyphenol intake. Currently, a lack of knowledge
about safety suggests that polyphenol levels should not
exceed that which occurs in a normal diet [108].

3.5 Tannins

Tannin is the name derived from French “Tanin”
(tanning substance) and used for a range of natural
polyphenols. The tannins are the phenolic compounds
that precipitate proteins. They are composed by a very
diverse group of oligomers and polymers. They can
form the complex with proteins, starch, cellulose and
minerals. They are synthesized via shikimic acid
pathway, also known as the phenylpropanoid pathway.
The same pathway leads to the formation of other
phenolics such as isoflavones, coumarins, lignins and
aromatic aminoacids. Tannins are water soluble
compounds with exception of some high molecular
weight structures. They are usually subdivided in two
HT (hydrolysable tannins) that include
gallotannins, elligatannins, complex tannins, and PA,
also known as condensed tannins [16].

The tannins also constitute the active principles of

groups:

plant-based medicines. According the literature, the
tannins containing plants are used as astringents
against diarrhea [109], adiuretic against stomach and
duodenal tumors [110], and anti-inflammatory [111].

3.6 Glycosides

Glycosides may be phenol, alcohol or sulfur
compounds. They are characterized by a sugar portion
or moiety attached by a special bond to one or
non-sugar portions. Many plants store chemicals in the
form of inactive glycosides, which can be activated by
enzyme hydrolysis [112]. For this reason, most
glycosides can be classified as prodrugs since they
remain inactive until they are hydrolyzed in the large

bowel leading to the release of the aglycone, the right
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H OH
H O

H @)
H OH
OH OH

Fig. 12 Salicin, a glycoside type related to aspirin.

HO
OH

HO "OH
OH

Fig. 13 Type of saponin: solanine chemical structure.

active constituent.

The classification of glycosides is based on the
nature of aglycone, which can be any of a wide range of
molecular types including phenols, quinines, terpenes
and steroids. They are heterogeneous in structure,
therefore, they are not easy to learn as specific group
and are described here in this review for the
convenience. Glycosidic bonds are of great
significance, since they link monosaccarides together
to form oligosaccharides and polysaccharides [113,
114]. Concerning the therapeutic actions in different
studies, it has been shown that glycosides are
anticancer [115], expectorant [116], sedative and

digestives properties [117, 118].
3.7 Saponins

Saponins are compounds whose active portions form
colloidal solutions in water, which produce lather on
shaking and precipitate cholesterol. They occur as
glycosides whose aglycone is tripenoid or steroidal
structures. The combination of lipophilic sugars at the
end gives them the ability to lower surface tension,
producing the detergent characteristic or soap-like

effect on membranes and skin [119].

They are largely distributed in plant kingdom, which
have many physicochemical (foaming, emulsification,
solubilization, sweetness and bitterness) and biological
properties (haemolytic, antimicrobial, antioxidant,
moluscacide, insecticide and ichthyocide), exploited in
many applications in food, cosmetics, pharmaceutical

industries and soil bioremediation. Among the
saponins properties, CMC (critical mi cellar
concentration), maximum surface density and

aggregation number (number of monomers in a micelle)
are of great importance for application as surfactants
and foaming agents. These are influenced by variables
such as temperature, salt concentration, aqueous phase
pH, solvent concentration and type, such as ethanol or
methanol.

4. Conclusions

Investigating the secondary metabolites remains the
largest area of research where a lot of work related to
their functions, pharmacological properties must be
and will still be carried out. Skills, knowledge
embedded in the natural sciences such as botany,
chemistry or biochemistry and pharmacology is
required. The knowledge of individual class
constituents is essential for developing assurance
quality methods, extraction procedures, understanding
of pharmacological activity, pharmacokinetics and
most importantly the potential toxicity and interactions
with pharmaceutical drugs. As this review summarized
the complexity of second metabolites, each group or
class, may have a specific study for more information
in order to preview the perspectives in new drugs
research and development. Therefore, for some, such
as glycosides, they seem to present difficulties in
learning them specifically because of heterogeneity
and complexity in their structure. In addition, the
functions of second metabolites on plants are not well
understood, but at least people such as scientists and
herbalists still appreciate how much they contribute to
relief and heal human and animal ailments.
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