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Abstract

Plants produce phenolic compounds as part of their secondary metabolism. They are essential for
plant growth, development and protection. Phenolic compounds have many types such as flavo-
noids, tannins, lignans, stilbenes and many more. They occur in many structural forms and are
produced through specific biosynthetic pathways. These pathways by which phenolic acids are
produced are shikimic acid pathway and aceto-malonate pathway. These pathways supply the nec-
essary precursors for a diverse range of phenolic compounds in plants and microorganisms. Plant
phenolic compounds exhibit a dual role attracting symbiotic microbes and pollinators while sim-
ultaneously repelling pests and herbivores. Plants use phenolic compounds to protect them against
abiotic stress by collecting them in response to factors like drought, oxidative stress, salinity and
extreme temperatures. Because of their high antioxidant characteristics, these compounds are most
abundantly used in pharmaceutical, cosmetics, and textile and food industries.
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Graphical Abstract:
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BIOSYNTHESIS, FUNCTIONS AND APPLICATIONS oL,

Plants produce phenolic compounds as part of their secondary metabolism.

They are essential for plant growth, development and protection.
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precursors for a diverse range of
phenolic compounds in plants and
microorganisms.
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¢ Phenolic compounds are vital natural products that contribute to plant survival and have immense potential for diverse industrial applications. &

1: Introduction

Plants are producing an incredible diversity of
natural products and the most important are
phenolic compounds. They are the stout out-
come in kingdom plantae. Humans have been
aware of their existence from centuries, be-
cause they were product of interest and play
important role in plant nutrition, growth, fertil-
ity and protection. These are the most common
allelochemicals in the ecosystem used as anti-
herbivore chemicals (Pratyusha, 2022). These
compounds are universally found in Kingdom
Plantae. Phenolic are unusually found in algae,
fungi and also in bacteria. Plant phenolic are a
diverse group of natural organic molecules
characterized by an aromatic ring with one or
more hydroxyl groups attached to the ring.
Phenolic compounds exhibit a wide structural
diversity spanning from simple, low molecular
weight molecules with a single aromatic ring,

to large, intricate tannins and other derived
polyphenols (Kumar et al., 2023). Phenolic
compounds are located in vacuole in the cell.
However, in young plant tissues, whose cells
have vacuoles which are weakly developed,
phenolic compounds are found in chloroplasts
and nucleus. The formation of phenolic sub-
stances is the fundamental part of plant metab-
olites (Babenko et al., 2019). Plant phenolics
are a chemically diverse and heterogeneous
group. Phenolic compounds exhibit varied sol-
ubility; while some, such as carboxylic acid
and glycosides are water soluble, the majority
are only soluble in organic solvents. Other
groups of phenolics form insoluble polymers.
Phenolic compounds are generally found in
many plant parts such as nuts, vegetables leg-
umes, grains, spices and fruits, playing im-
portant roles in numerous physiological mech-
anisms such as plant quality, pigmentation, fla-
vor, and adaptive responses to stress (Zhang,
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et al., 2022). Plant phenolic protect plant from
viruses, predators and parasites as well as ul-
traviolet (UV) rays and are significant because
they give colors to plants. Fruits (berries, ap-
ples, and strawberries), vegetables (Broccoli,
onions, and spinach), herbs and spices are rich
in phenols. It has been determined that about
2% of carbon fixed through photosynthesis in
plants is used for the production of flavonoids
or structurally related compounds. Higher
plants create a wide variety of phenolic com-
pounds and the known count of these com-
pounds is always growing. Leaves of vascular
plants contain diverse array of soluble com-
pounds such as amides, esters and glycosides
derived from hydroxycinnamic acids; they also
contain glycosylated Flavonoids, particularly
flavones; along with proanthocyanidins and
their related compounds. Examples of phe-
nolic-containing polymers in plants are suberin,
pollen sporopollenin and lignin. Chlorogenic
acid is a soluble phenolic and is commonly
found across different species.

1.1: Classes of phenolic compounds

Phenolics are classified into different classes
based on their fundamental carbon skeleton
which includes simple phenols to complex
phenols. Benzoquinone is a chemical structure
contain 6 carbon aromatic ring. Phenolic ac-
ids contain 6 carbon aromatic ring and one car-
bon side chain (C6—C1). Acetophenone, and
phenylacetic acid (C6—C2) contain one aro-
matic ring and 2 carbon side chain. Hy-
droxycinnamic acid, phenylpropanes, chro-
mones and coumarins contain one aromatic
ring and three carbon side chain. Naphthoqui-
nones contain one aromatic ring and 4 carbon
side chain. Xanthones contain 2 aromatic rings
linked by single carbon atom. Stilbenes and
anthraguinones consist of two aromatic rings
linked by two carbon atoms. Flavonoids, iso-
flavonoids, neoflavonoids contain 2 aromatic
rings linked by 3 carbon atoms. These are pre-
sent universally throughout higher plants.
Low-molecular-weight  phenolics include
compounds that are widespread across various
species as well as those that are unique to a sin-
gle species. Condensed tannins have high mo-
lecular weight and are also called proanthocy-
anidins. They are most common phenols and
are characteristics of woody plants and largely

absent from herbaceous ones. Polyphenols
also present in woody plants.

1.2: The functions of Phenols in the King-
dom Plantae:

Polyphenols are distributed across entire king-
dom plantae, with its occurance varying by
phylum. Bryophytes are known to regularly
produce phenolic including bioflavonoids;
however, it is within tracheophytes that the
complete spectrum of phenolics has been iden-
tified. This phenolic compounds have per-
sisted through natural selection and have
evolved over time in terms of types and func-
tions. Taxonomists frequently utilize these
compounds to distribute and differentiate plan-
tae specie. Unlike animals, plant manufacture
this Polyphenols as a means of chemical de-
fense against predators, given their stationary
nature which prevents them from fleeing. The
initial accepted function of Polyphenols are
ecologic with few exhibiting two or even nu-
merous functions. Numerous research have
demonstrated the significant amount of com-
partmentalization of polyphenols and enzyme
participate in the biogensis which exist
through various route (Pratyusha, 2022).

Polyphenol fulfill a dual role by both force and
captivate various living thing in the vicinity of
the plantae These function as protector re-
strain, natural poisonous to animals, and pest
resisting living thing such a vegetarian round-
worm  phytophagous insects, and fungous
and bacteria infectious agen. Simple carbolic
acids, complicated tannic acid and phenolic
formaldehyde resins present on the plant
emerge deter fowl by interacting along their in-
testinal flora and impairing their gastrointes-
tional tract capabilities. Additionally, the scent
and colorotion provided by down molecular-
weight 1-phenyl-1-propanol first-hand capti-
vate coordinated microbes, cross pollinate and
creature that help in the scattered of fruits
(Bhattacharya et al., 2010).

A diverse range of both easy and complicated
polyphenols accumulate in herbage serviette
serving as phytoalexins, phytoanticipins, and
roundworm opposition geophilous infectious
agents and herbivore bug. As a result, Polyphe-
nol existed presented for a long time as effec-
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tive alternatives to chemical methods for man-
aging agricultural crop pathogens. polyphenol
are produced when plant patterning identifi-
cation receptors identify theoretical infectious
agent through saved pathogen-associated mole
within cular patterns (PAMPs), which acti-
vates pathogen-associated mole within cular
patterns triggered immunity.This mechanism
effectively restricts the spread of infection
long Before the pathogen can completely es-
tablish itself the plantae.(Bhattacharya et al.,
2010)

1.3: The function of phenols in growth of
plants:

The majority of Polyphenols perform signifi-
cant function in promoting plant growth aiding
in the formation of cell walls. Phenylpropano-
ate, particularly 4-hydroxycinnamic acid and
Fumalic acid have been located within nonsol-
uble or cell wall as ester. The reservoirs of
wall-bound polyphenol act as a source of phe-
nylpropanoid units necessary for lignin bio-
genesis, or they may signify the early stages of
lignified. These esters, which encompass a
considerable number of bound particles, are
essential for the transmission of light energy,
directing to alter in the structure of plant cell
walls, water movement, hydrostatic pressure,
and overall development. Auxin, and 3-indole-
acetic acid an important growth regulating hor-
mone, is crucial in the regulation of plant de-
velopment (Pratyusha, 2022).

Plants are generally fixed in their locations and
are unable to move, however, they do display
various forms of movement. The leaf move-
ment characterized by circadian rhythm refferd
as nyctinastic has been documented in all legu-
minous species. The movement of leaves ex-
hibiting  nyctinastic is triggered by expand-
ing and contractions of motor cell located in
pulvini, which are situated at joints of the
leaves and are considered to be regulated by
Schildknecht turgorins, which are responsible
for the leaf-closing actions in these plants.
These turgorins constitute a new class of plant
hormones that influence the hydrostatic pres-
sure in plants. Among the recognized polyphe-
nols turgorins include gallic acid 4-O-(-D-
glucopyranosyl-6'-sulfate) and gentisic acid 5-
O-B-D-glucopyranoside, both present in the
pulvini of Mimosa pudica L. Additionally, cis-

p-coumaric acid 4-o0-B-D-glucopyranoside is
found in Cassia mimosoides L., while cis-p-
coumaroylagmatine has been recognized in
Albizia julibrissin Durazz. Consequently, pol-
yphenols perform role in movement of plants.
In seeds that sprout quickly, there is a higher
concentration of coumaric acid B-glucoside,
while seeds that do not germinate, like Meli-
lotus alba, possess a notable amount of free
coumarins. Furthermore, ferulic acid, which is
another naturally occurring phenolic com-
pound, acts as an inhibitor supress of seed de-
velopment. These phenolic compounds serve
as growing suppress by hindering the transfer
of amino acids and the synthesis of protein
within seed (Pratyusha, 2022).

1.4: The function of phenols in signaling of
plant:

Allelochemicals are acknowledged for their in-
teractions among dual plants. Polyphenols af-
fect various natural and artificial nutriments in
their surroundings. They impact the break
down rate and perform a function in the nutri-
tion cycle by either prohibit or facilitating
spore formation. Polyphenols act as potent al-
lelochemicals afford in whole parts of plant.
Phenolic leaf allelochemical include propano-
ate, particularly 4-hydroxycinnamic acid, as
well as how rhizosphere and root secretion that
contain juglone, quercetin sorgoleone, and cat-
echin compound. Polyphenols, found within
the vacuoles of plants, engage with cytoplas-
mic proteins to create polyphenol-protein com-
plexes. This complicate elevate the aging pro-
cess of plants tissue and is responsible for the
brown hue seen in aging leafage. Bioflavo-
noids, including rac-eriodictyol and apigenin-
7-Oglucoside, extracted from pea root give off,
have been identified as contributors to the trig-
gered gene expression of nod. Additionally,
natural bioflavonoids such as chalcones, hes-
peritin, naringenin, and isoflavonoids like
genistein and daidzein, which are free by leg-
ume plants, stimulate nod genetic observation.
Phenols, especially those found in significant
flavonoids, participate to the coloring of fruits
and flowers in plants, facilitating pollinator
and the scattering of seeds. For example,
kaempferol, apigenin, quercetin, luteolin and
myricetin generate cream, lemon, and pasty
hues in specific areas within plantae
(Pratyusha, 2022).
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2: Materials and Methods:

Study was performed a systematic literature
search from 2000 to 2026 on PubMed, Scopus,
Web of Science, Google Scholar and Science
Direct. The keywords used were:Aceto-ma-
lonate pathway; Abiotic stress; Flavonoids;
Phenols; tannins; Symbiotic microbes:

Only original papers, review articles and book
chapters published in English were included.
Animal waste studies, abstracted papers and
papers with limited access were not included.
Titles, abstracts and full texts were screened by
two independent reviewers. Disagreements
were resolved by discussion or consultation
with a third reviewer. The data obtained were
collected in a standardized form through the
collections of waste type, bioactive com-
pounds, extraction methods, bioactivity, and
business models.

A narrative synthesis methodology was
used because of the heterogeneity of stud-
ies. The quality assessment criteria were
experimental design, protocol reproduci-
bility and relevance. No human or animal
subjects were used and so no ethical ap-
proval was needed.

3: Results and Discussion

3.1: Types and structure of phenolic com-
pounds:

Phenolic compound are a class of organic mol-
ecules characterized by the presence of one or
more hydroxyl group directly bonded to ben-
zene ring, leading to a variety of distinct chem-
ical structure. Phenolic compounds are divided
into different groups: phenolic acids, flavo-
noids, tannins, stilbenes, and lignans (Albu-
querque et al., 2021)

3.2: Phenolic acid:

Phenolic acid is divided into two groups. One
is hydroxybenzoic acid and second is hy-
droxycinnamic acid. Hydroxybenzoic acid is
obtained from benzoic acid and hy-
droxycinnamic acid is obtained from cinnamic
acid. Some common phenolic acid are caffeic
acid and ferulic acid which is present in berries,

olives and coffee beans. (Albuquerque et al.,
2021)

3.3: Flavonoids:

Flavonoids, are a significant class of secondary
metabolites commonly present thought out the
plant kingdom. Over 10,000 different flavo-
noids compound have been isolated and iden-
tified with widespread occurrence in fruits,
vegetables, defensive herbs, nuts, cereals,
flowers, stem and seed. (Chen et al., 2023)
Flavonoids are a series of compounds with di-
phenylpropanes (C6—C3-C6) as the basic skel-
eton and two benzene rings bonded to each
other through the central 3-carbon bridge.
(Chen et al., 2023). In higher plants, Flavo-
noids are responsible for the vibrant colors in
flowers and fruits, which helps attract pollina-
tors and seed dispersers.

Flavonoids help the plant form beneficial rela-
tionships with certain soil bacteria (symbiotic
relationships). Flavonoids protect the plant
from diseases caused by pathogens and from
being eaten by insects. Flavonoids act as a nat-
ural filter to block harmful UV radiation from
the sun. (Kumar et al., 2020)

Flavonoid is known for its anti-inflammatory
and anti-allergic effects, antioxidant, an-
tithrombotic and vaso protective properties.
Some flavonoids have antibacterial and anti-
fungal properties. Flavonoids also function as
a natural defense mechanism, protecting plants
against microbial infections and insect infesta-
tions.

3.3.1: Properties of Flavonoids:

Flavonoids typically dissolve well in water and
alcohol, though they are insoluble in organic
solvents. Their genin components, however,
dissolve only slightly in water but are soluble
in ether. When flavonoids are mixed with al-
kalis, they create a characteristic yellow solu-
tion; adding acid to this solution will cause it
to lose its color and become transparent again.
Flavonoids have various subdivision, which
include chalcones, flavones, flavonols and iso-
flavones. These subdivision have specific
sources. For example, Apples, berries, and red
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cabbage are key dietary sources of the benefi-
cial plant compounds known as flavonols and
flavones. (Panche et al., 2016)

3.3.2: Flavones:

Their structure is just like flavonols, but hy-
droxyl group is not present on the C3 and the
double bond is present between C2 and C3
(Albuquerque et al., 2021).The main flavo-
noids of this group are rutein, leutein, and lu-
teolin glycosides. Apigenin and chrysin are
prominently found as primary constituents in
plant belongings to the Ochnaceae family (Fig
1). The major dietary sources of flavones are
leafy green vegetables, spinach along with
herb such as mint and chamomile. They are
found in several plants such as Aloe vera, Men-
tha longifolica of Lamiaceae family, and

Momordica charantia of Cucurbitaceae. (Roy
et al., 2022)

3.3.3: Isoflavones:

Isoflavonoids are a specialized class of flavo-
noids (Fig 1). Some isoflavones have also been
isolated from pea pods, seeds, and seed coats.
Isoflavones have effective role in treating a
number of disease. It has also been used to reg-
ulate hormone levels, as it binds to estrogen re-
ceptors and acts as a selective and agonist of
estrogen receptors. It regulates the concentra-
tion and receptor of Endogenous estrogen and
the identification of target tissues. And the bi-
ological effect of isoflavonoids on intestinal
bacteria was studied, because bacterial en-
zymes in the intestine convert isoflavonoids
into Different metabolites. Known as Phytoes-
trogens. (Sabah, 2021)

(A) (B)

©) 3

(F)

Figure 1. Basic structural frameworks of plant phenolic compounds. Benzoic acid and cin-
namic acid represent the principal hydroxybenzoic and hydroxycinnamic acid backbones,
respectively, while flavan, flavone, isoflavone, and flavonol illustrate the major flavonoid
subclasses derived from the C6-C3-C6 carbon skeleton

Flavonols, also known as flavan-3-ols, are
the most complex class of flavonoids, oc-
cur as simple monomers and also as oligo-

3.4: Flavonols.
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mers or polymer. Flavan -3-ols are charac-
terized by a hydroxyl group at the 3 posi-
tion.(Albuquerque et al.,2021) They are the
building blocks of proanthocyanins (Fig 1).
These compounds are abundant in a vari-
ety of vegetables and fruits such as onions,
turnips, lettuce, tomatoes, apples, grapes
and berries, in addition to their presence in
herbs. It has broad health benefits, acts as
an antioxidant and reduces the risk of vas-
cular disease. (Sabah, 2021).

3.5: Anthocyanin:

They are water-soluble pigments found in the
sap of the neonate cells and excreted by the
secondary metabolism of plants. They give
fruits, vegetables, flowers and leaves a multi-
graded color from orange to Blue. Aglycone
anthocyanins are referred to as anthocyanidins.
While 17 natural anthocyanidins exist in na-
ture, the most common species include: cya-
nidin, delphinidin, petunidin, peonidin, and
malvidin.(Albuquerque et al.,2021).Anthocya-
nins possess beneficial health properties and
have been widely used as natural colorants,
primarily within the food industry.

3.6: Lignans and lignin:

Lignin, a significant plant polymer that rein-
forces cell walls by forming a matrix around
cellulose microfibrils, is an important example
of an untapped resources for aromatic material
(Fif 2). The most effective method found for
making these useful products more accessible
is through the action of wood-rotting fungi.
Lignin itself is created through the process of
phenolic  oxidative coupling of hy-
droxycinnamoyl alcohol monomers, a reaction
facilitated by peroxidase enzyme. Lignans are
organic compounds formed when the side-
chain carbons of two phenylpropane deriva-
tives link together. While many of these com-
pounds demonstrate properties that inhibit cell
growth (cytostatic) and cell division (antimi-
totic)—their most widely known bioactivity—
only hemisynthetic derivatives of podophyllo-
toxin (extracted from the rhizomes of the
American mandrake plant, Podophyllum pelta-
tum) have been explored for therapeutic use.
(Asif, 2015).

3.7: Stilbenes:

Stilbenes are natural phenolic compounds
characterized by a C6-C2-C6 chemical struc-
ture, which features two benzene rings con-
nected by a central double bond. The specific
arrangement of this double bond classifies
them into different isomers, typically cis and
trans configurations. Generally, the biological
activity of a specific stilbene is reduced when
its isomerization type changes. There are cur-
rently more than 400 known stilbenes.
Resveratrol is one of the most known stil-
bene.(Albuquergue et al.,2021). Stilbenes act
primarily as phytoalexins in plants, function-
ing as a natural defense against pathogens and
environmental stressors. These compounds
also serve as allelochemicals (chemical signals
in plant-plant interactions) and have signifi-
cant applications in various industries. Indus-
trially, stilbenes are used to produce scintilla-
tors, dyes, phosphors, luminescence sources,
dye lasers, and optical brighteners. They are
also widely utilized in the pharmaceutical,
food, and cosmetic sectors for their beneficial
properties, such as antioxidant, anti-inflamma-
tory, and anti-aging effects. (Chong et al.,
2009)

3.8; Tannins:

Tannins are large, water-soluble polyphenol
compounds that primarily function by binding
to proteins, although they also interact with
other organic molecules like saponins, nucleic
acids, alkaloids, and various polysaccharides.
With a molecular weight generally ranging
from 500 to 3000 Da, they remain soluble in
water under typical temperature conditions
(20-35 °C), with the exception of some highly
complex structures. Within plants, tannins are
strategically compartmentalized within vacu-
oles, a mechanism that prevents them from in-
terfering with the plant’s own cellular metabo-
lism (Fig 2). Plant secondary metabolites,
which include various phenolic compounds
such as caric acid, are a class of compounds
that feature both condensed and hydrolys-
able tannins, each performing distinct bio-
logical functions. Hydrolysable tannins are
further categorized structurally into gallo-
tannins and ellagitannins, which are de-
rived from gallic acid. Condensed tannins
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are composed of procyanidin and prodel-
phinidin monomers. Their accumulation
within plant cells is notable for playing a
protective role against herbivore and insect
attacks. (Igbal and Poor, 2025).

3.9: Biosynthesis of Phenolic compounds

Phenolic compounds are a major group of sec-
ondary metabolites that are widely found in
plants. (Santos-Sanchez et al., 2019) These
compounds mainly form through the shikimate
pathway, which operates in both higher plants
and microorganisms. (Santos-Sanchez et al.,
2019) Phenolics belong to the class of second-
ary aromatic metabolites and are produced ei-
ther through the shikimate/phenylpropanoid
route or the polyketide acetate/malonate path-

way (Kumar et al., 2023). In plants, these com-
pounds originate from the shikimic acid path-
way or from the pentose phosphate pathway,
both of which contribute to phenylpropanoid
metabolism (Table 1). Basic metabolic pro-
cesses like and the pentose pathway supply im-
portant molecules like PEP and E-4-P, which
start the production of PC (Zagoskina et al.,
2023). Both Phosphoenolpyruvate and E4P
generate shikimic acid by shikimate pathway
(Kumar et al., 2023). Amino acids including
phenylalanine, tyrosine, and tryptophan act as
key precursors, for the formation of many sec-
ondary metabolites (Kumar et al., 2023). The
shikimate pathway has particular characteris-
tics that occur only in bacteria, fungi, and
plants.The 7 steps of this pathway are illumi-
nated the compounds formed in this pathway
forefather of P compounds (Santos-Sanchez et
al., 2019)

A) (B)

() COOH i

HO

OH
HO

©
OH

OH

OH

OH

Figure 2. Representative chemical structures of selected plant-derived polyphenolic com-
pounds. (A) Flavonol skeleton, (B) Anthocyanidin (flavylium cation) skeleton, (C) Stilbene
(resveratrol-type) skeleton, (D) Gallic acid (3,4,5-trihydroxybenzoic acid), and (E) Triterpe-
noid skeleton.

metabolic processes like and the pentose path-
way supply important molecules like PEP and
E-4-P, which start the production of PC

(Zagoskina et al., 2023). Both Phosphoenolpy-
ruvate and E4P generate shikimic acid by shi-
kimate pathway (Kumar et al., 2023). Amino
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acids including phenylalanine, tyrosine, and
tryptophan act as key precursors, for the for-
mation of many secondary metabolites (Kumar
et al., 2023). The shikimate pathway has par-
ticular characteristics that occur only in bacte-
ria, fungi, and plants. The 7 steps of this path-
way are illuminated the compounds formed in
this pathway forefather of P compounds (San-
tos-Sanchez et al., 2019).

3.10: Shikimate Pathway

The name of this route takes from shikimic
acid, which associated with formation of

amino acids and Phenolic compounds.
(Zagoskina et al., 2023) SHK acid also called
by the name of flower shikimi, through which
it was build. SHK route made up of 7 reaction
steps start by PEP with the help of glycolytic
route and D-E4P by the PP cycle to form
3DAHP. The 7 enzymes that perform the route
are called Shikimate-k, 5-enolpyruvyl-S3PS,
3DAHPS, 3DHQS,3(DHQ\SDH) and CS.
(Santos-Sanchez et al., 2019)

Table 1. Major classes of plant phenolic compounds, their primary dietary sources, and bi-

ological properties

.Phenolic compound Primary sources Properties Ref.
Hydroxybenezoic acids | Fruits, Nuts Vegeta- Anti-fungal, antialgal, (Bhattacharya et al.,
bles, grains , herbs and | and antimicrobial 2010)

spices

Hydroxycinnamic acids

Beverages, cereals,
grains , fruits and vege-
tables

Photoprotective, Anti-
oxidant, antimicrobial,

(Bietal., 2014)

Flavones Leafy green vegetables, | Anti-allergic, hepato- (Durazzo et al., 2019)
orange, tea and wheat protective, and anti-
sprouts cancerous

Isoflavones Legumes, soybeans, Neuroprotective, and (Durazzo et al., 2019)
nuts and coffee phytoestrogenic

Flavanols Berries, leafy green Cardioprotective, anti- | (Durazzo et al., 2019)

vegetables, and capers.

viral and anti-inflam-
matory properties

Anthocyanins

Apples, pomegranates,
cabbage, sweet pota-
toes, and raddish

Anti-diabetic effects,
cardiovascular and
Anti-cancerous activi-
ties.

(Durazzo et al.,2019)

Tannins Cacoa, barley, Antioxidant, anti-in- (Calejaetal., 2017)
flammatory and wound
Kola nuts, and beers healing properties.
Stilbenes Pine tree, mulberry, Anti-cancerous, (Durazzo et al., 2019)
grapes, and peanuts.
Antimicrobial and neu-
roprotective
Lignans Flaxseed, grains , nuts | Hormones modulating, | (Mark et al.,2019)

fruits and beverages

cardio protective and
anti-microbial

Primary metabolic processes like EMP and the
PP pathway deliver molecules PEP and E4P

which begin the formation of phenolic com-
pounds. (Kumar et al., 2023) Both compounds
combine to form shikimic acid through the shi-
kimate P. (Kumar et al., 2023) DAHP drops Pi
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and going through aldolization changed into 3-
DHQ) (Santos-Sanchez et al., 2019) This is
then desicate to form 3- DHS that have dual C.
By the action of chemical processes DHS can
be converted into protocatechuic acid or gallic
acid C6-C1. DHS do redox reaction with re-
duced NADPH. In next step by operation of
Shi acid with ATP by the help of Sk to produce
shikimate-3-phosphate (S3P).By the insertion
of phosphoenolpyruvate with S3P by the help
of enzyme EPSPS creates 5-enolpyruvylshiki-
mate-3-phosphate (EPSP).In the final step of S
Pathway CS converts into chorismic acid
(CHA. Chorismic acid is the end of S route is
a major branching point, giving rise to L-phe-
nylalanine , L-tyrosine , and L-tryptophan
(Santos-Sanchez et al., 2019) In addition, shi-
kimic acid can be converted into gallic acid
with the help of the enzyme shikimate dehy-
drogenase (SDH) (Kumar et al., 2023)

3.11: Phenylpropanoid Pathway

The motive of shikimic acid is to distribute
amino acid L-phenylalanine (L-Phe) and L-
Tyr.By the removal of amino group of (L-Phe)
with the help of enzyme phenylalanine ammo-
nia-lyase (PAL) this transformed into trans-
cinnamic acid. That reaction is considered the
starting point in the phenylpropanoid pathway.
Trans-cinnamic acid is think of the initial PC
formed in plant cells connect aromatic amino
acid metabolism with phenolic biosynthesis.
Another enzyme, tyrosine ammonia-lyase
(TAL), can convert the amino acid L-tyrosine
(L-Tyr) into trans-cinnamic acid as well.
(Zagoskina et al., 2023)

In monocot plants, the PAL enzyme can act on
both L-phenylalanine and L-tyrosine, func-
tioning as a dual-purpose enzyme, although it
works more slowly with tyrosine. (Zagoskina
et al., 2023)Trans-cinnamic acid then under-
goes several hydroxylation reactions, forming
different hydroxycinnamic acids including
caffeic, ferulic, and chlorogenic acids. These
intermediate acids rarely remain in their free
form because they quickly move into addi-
tional reactions. Depending on the pathway
branch, these compounds may undergo Beta-
ox to form HB acids, be reduced to create cin-
namyl Al involved in lignin development, or
be transformed into esters such as chlorogenic

acid. They may also be converted into couma-
rins and other phenolic derivatives. All these
transformations contribute to the formation of
the major phenylpropanoid compounds, which
form the core of natural phenolic biosynthesis
in plants. (Zagoskina et al., 2023).

3.12: Enzymes Involved in Phenolic Biosyn-
thesis

The shikimate pathway relies on seven major
enzymes to carry out its reactions, including 3-
deoxy-D-arabino-heptulosonate-7-phosphate
synthase (DAHPS), 3-dehydroquinate syn-
thase (DHQS), 3-dehydroquinate dehydra-
tase/shikimate dehydrogenase (DHQ/SDH),
shikimate kinase (SK), 5-enolpyruvylshiki-
mate-3-phosphate synthase (EPSPS), and
chorismate synthase (CS) (Santos-Sénchez et
al., 2019) The obtained phenylalanine is trans-
formed into key acids coumaric, CA , and F
acids through the enzymatic affair of
PAL,C4H, and 4CL. (Kumar et al., 2023). The
shikimic acid play role in the formation of gal-
lic acid with the help of enzyme shikimate de-
hydrogenase (SDH) (Kumar et al., 2023).
Formed gallic acid change into GG with the
help of UGT which helps to generate tannins
such as gallotannins and ellagitannins (Kumar
etal., 2023). The development of Nar-Chal oc-
cured by the reaction of p-Cou-CoA with 3
Mal-CoA molecules with the help of chalcone
synthase (CHS) (Kumar et al., 2023). The
compound Nar-Chal is then changed into
naringenin through the activity of chalcone
isomerase (CHI) and then into DHK (Kumar et
al., 2023). DHK split for formation of fla-
vanones, flavanols, and anthocyanins (Kumar
et al., 2023).

3.13: Aceto-Malonate (Polyketide) Pathway:

The aceto-malonate pathway is another key
route in the formation of PC. Within the higher
plants, this pathway combine with the PP path-
way is important for flavonoid production. In
flavonoid structures, the B-ring arise from the
shikimate pathway (via hydroxycinnamic ac-
ids), and the A-ring is arise by the aceto-malo-
nate pathway. (Zagoskina et al., 2023) The p-
Cou-CoA reacts with 3 Mal-CoA and act as
beginning compounds and generate Chal.
(Zagoskina et al., 2023) This step is created by
the enzyme chalcone synthase (CHS), which is
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considered a important enzyme in flavonoid
formation. (Zagoskina et al., 2023) Produced
Chal naringenin is then changed into F
naringenin by the help of CHI (Zagoskina et
al., 2023) After going through oxidation of the
ring of naringenin becomes the starting
point for the formation of many flavonoid fam-
ilies, including flavan-3-ols, flavanones, fla-
vones, anthocyanins,excluding chal and dihy-
dro Chal (Zagoskina et al., 2023).

3.14: Phenolic compounds Biosynthesis in
response to plant injury

Phenolic compounds can be found in varying
amounts in fruits, vegetables, and cereals. Phe-

nolic compounds are plant produced Second-
ary metabolites. Along with its high pharma-
cological value, it also exhibits other biologi-
cal activities as the primary contributors to
fruits and vegetables overall antioxidant ca-
pacity. Fresh-cut processing method causes a
notable rise in antioxidant and phenolic con-
tent. Plant injury initiates the phenylpropanoid
metabolic pathway, a major route responsible
for the biosynthesis of phenolic acids, flavo-
noids, anthocyanins, and many other aromatic
metabolites (Fig 3). The process begins with
the shikimate pathway, which produces pre-
cursors such as shikimic acid and phenylala-
nine. Reactive oxygen species (ROS) play a
major role as signaling molecules during
wounding stress. (Hu et al., 2022).
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[ Phosphoenol pyruvate + D-erythrose-4-phosphate J
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Figure 3. Biosynthetic pathways of major plant phenolic compounds derived from the shi-
kimate and acetate—malonate pathways.

The general phenylpropanoid pathway con-
tributes to many aromatic metabolites, such as

coumarins, and is not limited to the biosynthe-
sis of lignin or flavonoids. The first step in phe-
nylpropanoid biosynthesis begins with the
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plant shikimate pathway. (Vogt, 2010)During
chopping or cutting, fruit and vegetable tissues.
This mechanical injury stimulates glycolysis
and the pentose phosphate pathway, leading to
increased production of erythrose-4-phosphate
(E4P) and phosphoenolpyruvate (PEP). E4P
and PEP are two intermediary and these are es-
sential forerunner for shikimate pathway. They
can eventually create the shikmic acid and phe-
nylalanine.

The phenylalanine act as a chief base for the
PPA pathway. Phenylalanine ammonia-lyase
(PAL), cinnamate-4-hydroxylase (C4H), and
4-coumarate-CoA ligase (4CL) are important
enzymes. Phenylalanine is altered into numer-
ous phenolic acids as well as ferulic acid, caf-
feic acid and chlorogenic acid. At the begin-
ning the catalyzed reactions take place for dif-
ferent branches of phenol containing com-
pounds synthesis as well as the development of
isoflavanones, flavonoids, anthocyanin and
other phenolic metabolites.

These poly phenols are manufactured by the
plants by using carbon obtain from the break-
down of glucose and PP pathway (Poly phenol
pathway). Because there is higher level of phe-
nolic compounds, anthocyanin, carotenoids,
Vitamins and other antioxidant molecules in
plant injured tissues (Fig 4). Injury triggered
metabolism can be used as productive method
to increase the manufacturing of functional
compounds in fresh cut plants. Poly phenols
such as Sinapic acid, inamic acid and caffeic
acid have described to escalate the antioxidant
properties in wounded plant tissues like broc-
coli. In addition to compounds such as querce-
tin, caffeic acid and vanillic acid act as a vital
antioxidant donators in injured plant tissues
(Hu et al., 2022).

When plants experience wounding stress, they
release secondary metabolites. Numerous of
these metabolites have antimicrobial, flavoring,
and colorant properties in addition to prevent-
ing chronic diseases. Reactive oxygen species
(ROS), ethylene (ET), and jasmonic acid (JA)
are examples of signaling molecules that me-
diate the wound-induced production of sec-
ondary metabolites in plants. ROS are im-
portant signaling molecules that activate pri-
mary and secondary metabolism in response to

wounds, while ET and JA are necessary to con-
trol ROS levels. (Jacobo-Veldzquez et al.,
2015).

3.15: Role of plant phenolic in abiotic stress:

Plants adapt and grow in response to environ-
mental shifts by endlessly producing second-
ary metabolites. The type and amount of these
metabolites, particularly phenolic compounds,
are directly linked to the specific growth con-
ditions and metabolic pathways activated by
various environmental cues and stresses.
(Chowdhary et al., 2021).

Plants face various non-living stresses like
drought, temperature shifts, salinity, alkalinity,
and UV rays, alongside disease agents, all of
which harm the plants. (Zafari et al., 2016). In
plants, stress from biotic (pathogens) and abi-
otic (drought, salinity) factors boosts Reactive
Oxygen Species (ROS), causing oxidative
damage; plants counter this with enzymatic an-
tioxidants (like SOD, CAT) and non-enzy-
matic ones (like flavonoids, vitamins) to de-
toxify ROS, which are also crucial signaling
molecules for growth and adaptation, high-
lighting their dual role as harmful byproducts
and essential regulators. (Dehghanian et al.,
2022). Phenols protect plants from harmful ox-
idative stress, which damages essential bio-
molecules like DNA, proteins, and fats.
(Zhang et al., 2021). Phenolic compounds act
as scavengers; examples include phloretin,
found in tea and apples, and pelargonidin,
found in brown rice. (Kumar et al., 2023)

3.15.1: Stress of salt:

Salt stress causes water to leave plant cells due
to osmotic disruption, shrinking the vacuoles
and cytoplasm and dehydrating the cells.
(Acosta-Motos et al., 2017). Salt stress triggers
the phenylpropanoid biosynthetic pathway,
which in turn enhances the biosynthesis of var-
ious phenolic compounds.(Valifard et
al .,2024). Increased salinity leads to higher
polyphenol content in various plant tissues.

3.15.2: Drought:

This mechanism helps plants mitigate the ad-
verse effects of drought by acting as potent an-
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tioxidants that neutralize harmful reactive ox-
ygen species (ROS) produced during stress,
stabilizing cell membranes, and contributing to
osmotic adjustment. The increased concentra-
tion of these compounds provides a vital de-
fense mechanism, enhancing the plant's overall
resilience.(Naikoo et al., 2019). Drought trig-
gers increased production of flavonoids in
plants, boosting their resistance to dry condi-
tions. (Nakabayashi et al., 2019). Drought
stress triggers the biosynthesis of phenolic
compounds and flavonoids, ultimately result-
ing in increased plant yield. (Rezayian et al.,
2014)

Drought conditions increase the activity of
several genes responsible for producing bene-
ficial plant compounds (polyphenols) in potato
tubers. Specifically, the expression of genes
and is significantly elevated when potatoes ex-
perience drought stress. This suggests that
drought triggers a natural defense mechanism
in the plant, potentially increasing the nutri-
tional or stress-response compounds within the
tuber itself. (André et al., 2009)
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Figure 4. Biosynthetic pathways of phenolic secondary metabolites in plants.

3.15.4: Heavy metals:

Heavy metals represent a significant abiotic
stress factor that hampers growth and physio-
logical processes by inducing oxidative stress.
(Naikoo et al., 2019)

These metals cause alterations in both meta-
bolic and photosynthetic activities in plants.
Metals such as lead, nickel, silver, cadmium,
and arsenic increase the production of second-
ary metabolites, aiding plants in managing
stress. (Rezayian et al., 2018). Heavy metals

possess numerous electrons in their outer shell,
which, under cellular conditions, react with na-
tive oxygen, resulting in highly reactive oxy-
gen species.

Metal toxicity primarily stimulates the produc-
tion of flavonoids, including anthocyanins and
flavones. (D.; EImasta et al., 2016).Activating
the phenylpropanoid pathway leads to the syn-
thesis of non-enzymatic compounds such as
flavonoids, coumarins, and lignans. (Dutta et
al .,2018).
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3.15.5: UV radiation:

The quality of light and UV radiation also in-
fluence the synthesis of secondary metabolites
in plants. (Castellarin et al., 2019). (Taibi et al.,
2016). UV radiation disrupts protein structure
and induces changes in the genome that are
detrimental, leading to the generation of reac-
tive oxygen species in plants. . An increased
concentration of secondary metabolites, such
as alkaloids, terpenoids, and phenolic com-
pounds, offers protection against UV radiation.
(Bistgani et al., 2019)

There is a significant accumulation of phenolic
compounds due to the introduction of genes in-
volved in the flavonoid biosynthesis pathway
under conditions of high light and UV radia-
tion. Flavonoids serve as effective scavengers
of reactive oxygen species, particularly those
flavonoids that possess a catechol group in the
B-ring of the flavonoid structure (e.g., querce-
tin derivatives). An excess of light or UV-B ra-
diation stimulates the biosynthesis of dihy-
droxy B-ring-substituted flavonoids (e.qg., lute-
olin derivatives) at the expense of other less ef-
fective flavonoids (e.g., kaempferol deriva-
tives) (Del Valle et al., 2020)

The essential biosynthesis pathway genes for
flavonoids, including CHS, CHI, FLS, DFR,
FHT, FGT, and PAL, are activated by UV ra-
diation. Concurrently, acylated anthocyanin
absorb UV radiation and confer tolerance to
UV stress in plants. (Zhang et al., 2018)

3.15.6: Other abiotic stress:

Abiotic factors, including nanoparticles, aero-
sols, temperature, and pesticides, also stimu-
late the production of phenolic compounds in
plants. These phenolic compounds serve to
protect plants from the phytotoxic impacts of
such abiotic stresses. (Sharma et al., 2019).
Additionally, plants generate and accumulate
greater quantities of anthocyanins, flavonoids,
flavanols, and phenolic acids in response to
temperature stress, and these metabolites safe-
guard plant cells from damage inflicted by
these stressors. (Ancillotti et al., 2015; Wang
et al., 2019; Zlotek et al., 2015)

Furthermore, it has been observed that the
plant Festuca trachyphylla, when subjected to

heat stress, exhibits an increase in the biosyn-
thesis of phenolic compounds, including 4-hy-
droxybenzoic acid, benzoic acid, caffeic acid,
coumaric acid, cinnamic acid, gallic acid,
homo-vanillic acid, ferulic acid, and salicylic
acid. (Wang et al., 2019). The incorporation of
these compounds enhances plant resistance by
detoxifying reactive oxygen species generated
under heat stress conditions. (Cingoz et al.,
2016)

Moreover, the plant synthesizes additional
phenolic compounds such as suberin or lignin,
which fortify the plant cell wall and assist in
preventing damage from chilling. (Naikoo et
al., 2019)

3.16: Extraction of phenolic compound (PC)

Phenolic compounds are established in plants
as aglyconesorglycosides, but depending on
the solidity of the substance, they can also ar-
rise as matrix or free-bound molecules(Del
Valle et al., 2020).Because most samples are
complicated, the method of their preparation
usually impact the result of entire separation
process. Filtration, grinding, drying, homoge-
nization, are a few typical sample preparation
techniques used prior to extraction. In most sit-
uations, a hydrolysis step is also added to make
it easier for chemicals to be released by se-
lected context.

Although extraction of solvent methods are
frequently familiar to produce raw elicit, aided
extraction techniques, such as those that incor-
porate utilization of microwaves, UAE, and
SFE have been frequently employed to obtain
PC chemicals from plant substance (Alara et
al.,2021). The speed at which phenolic com-
pounds are extracted from plant samples can
be impacted by inappropriate extraction meth-
ods and onestep extraction. Therefore, select-
ing the appropriate extraction method is cru-
cial to extracting the intended phenolic
compounds. (Dini et al., 2022).

3.16.1: Liquid Liquid separation / extrac-
tion (LLE):-

Investigators, investigate and evaluated the
phenolic compound’s extraction and pro-
cessing from the numerous part of the plants,
such as seed, leaves using a range of solvent.
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They successfully elicited a variety of phenolic
mixture from plants, depending upon the cost-
efficient and clearness of this method of ex-
traction, as well as the capability to utilize dif-
ferent solvent temperature, polarities and pH
levels (Dini et al., 2022).

The liquid liquid extraction supplies three di-
vergent technique for phenolic compound’s
extraction; soxhlet extraction (SE), maceration
and hydro distillation. The kind and polarity of
the dissolving agent, their T (temperature ) and
duration of the extraction and ratio along with
chemical and physical properties of the re-
sources are essential aspect influencing these
extraction (Zhang et al .,2018) . For example,
ethanol and methanol along with ethyl acetate
and acetone are constantly used in the phenolic
compound’s separation from citrus peel. In-
vestigator applied soxhelt extraction and mac-
eration system to analyze the complete flavo-
noids, and reduce tannins of phenolic com-
pound in diverse solvents with different polar-
ity (Zhang et al., 2022).

Generally, 1-30g of PCs can be pulled to uti-
lize the LLE within 6-24 hours. The benefits
of liquid liquid separation method contain
genuine extraction processes and capability to
extracts numerous phenolic compound (PCs)
using organic solvent with different polarities;
though the disadvantages encompass high sol-
vent usage, extended extraction time low ex-
traction production display to organic vapours
and the potential degradation for the object
compound during the process of extraction
(Quitério et al., 2022).

3.16.2: Ultrasound assisted Extraction:-

Ultrasound assisted extraction is of the proce-
dure that exposes capacity of obtaining plants
from biologically active compound is the use
of UA in the procedure of extraction
(Hwabejire et al., 2023).due to its excellent
and utilize lesser dissolving agent and T (time),
UAE persists in accepted form while green
separation . UAE is too suitable for com-
pounds that are sensitive to temperature (Me-
hta et al., 2022).

Ultrasound assisted extraction is divided into
direct UAE and indirect. UAEplaced directly
onto the solvent mixture sample following the

engulfment of an inert acoustical tool (sono-
trode).Indirect UA radiation is applied to the
sample-dissolving agent combination using an
ultrasonic bath that can utilized at the same
time for several specimen called indirect ultra-
sonic assisted extraction.( Ndudi et al., 2024).
Ultrasound innovation has been successfully
used to extract polyphenols, carotenoids, fla-
vors, and polysaccharides from both whole
plant and their byproducts (Del Valle et al.,
2020).1t is essential to control ultrasound As-
sisted Extraction connected parameters such as,
duty cycle, time, frequency, power, solvent
type, temperature, liquid solid ratio for the bet-
ter achievement of extraction, several studies
have research on the effect of those parameters
the pair of separately and collectively on the
separation of biologically active substances by
derivatives of vegetables and fruits (Ahmed
etal., 2021).

The bioactive compound within cells are liber-
ate when cavitation, frequently known as sono
operation, generate pores in the cell membrane
(Fotsing Yannick Stéphane et al., 2022) More-
over the arrangements and breakdown of cavi-
tation bubble include disorder and extend in
the strain in fluent (liquid which spoils the ex-
tracellular wall and acid in the distribution of
biologically active compound. Ultrasound not
only makes the greater diffusivity of bioactive
substances but also increases the water absorp-
tion of the pomace, consequently enhancing
the solvent's availability for the extraction of
the necessary bioactive compound (Egues et
al., 2021).

3.16.3:
(MAE):

Microwave-assisted  extraction

Magnetism radiation with a frequency between
30 and 300 MHz is known as a microwave.
They produce heat because of the stimulation
of molecular movement, which disintegrates
the cell wall and releases the mobile ingredi-
ents. Polar solvent molecules, for example wa-
ter accelerate and enhance the effectiveness of
phenolic chemical extraction because they
have a higher dielectric constant and can ab-
sorb more energy than non- polar solvents. The
two categories of MAE systems available for
the separation of PCs are open and closed ves-
sel.
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Phenolic compounds are separated in an open
vessel method at atmospheric pressure, but
they are extracted in a closed vessel method at
elevated pressure and temperature (Zhang et
al., 2022). Another important benefit of this
extraction method, which uses MAE to elicits
PCs from fragrant plants utilize a variety of
dissolving agent, is the capacity to swiftly and
concurrently extract many compounds. MAE
was conceivable through conclude that separa-
tion by microwave aid perhaps result in ele-
vated separation products, compact separation
periods, and lesser dissolving agent consump-
tion by comparing these results with conven-
tional reflux extraction. Additionally, a re-
searcher investigated the antioxidative proper-
ties, flavonoid content and identity of flower
and leaves of Cassia angustigolia (Pavlic et al.,
2023).

Five methods were used to extract flavonoids:
microwave, Soxhlet, reflux, condensation,
marinating, and sonication extractions. Opti-
mal choice were determined, through analyz-
ing the overall flavonoid amount of various
separation technigue by the microwave extrac-
tion method (CalderonOliver et al., 2021). The
extraction technique using the antioxidant ac-
tivity and greatest quantity was found to be the
one that produced the most flavonoids (Nwa-
chukwu et al., 2024).

3.16.4: fluid extraction

(SFE):-

Supercritical

Supercritical fluid extraction (SFE) is an ad-
vanced procedure that offers various ad-
vantages better than traditional extraction tech-
nique. Supercritical fluid extraction usually
appear ahead of high-performance liquid chro-
matography examine. (Usman et al., 2023).
Low temperatures are one of those that gives a
benefit when analyzing material that are heat
sensitive. Further benefits include high selec-
tion, a clear decline in the quantity of the sol-
vent required for extraction, and a small
amount of substance required, smallest extrac-
tion time, mechanization capacity, both alter-
nating hookup using majority chromato-
graphic methods Gas chromatograph (GC) lig-
uid chromatography (Emakpor et al.,2024).
Due to its cheap, harmless and CO2 is com-
monly used in the supercritical fluid extraction
for extraction process. However its direction is

minimize than that of phenolic compound (PC),
it doesn’t the suitable dissolving agent when it
occur to PC (Waseem et al., 2023). Scientist
used carbon dioxide to separate phenolic com-
pounds from Psidium gujava L.seeds which
are part of the Myrtaceae family. Capability of
SFE based upon various components. SFE are
divided into 2 classification. (Dias et al.,
2021).The first contains variables such as T
(temperature), P(pressure), t(time), W(weight),
S(sample), and strength that are pertinent to
performing the extraction. The other includes
matrix-related parameters such as analytic
shape, uniformity, solubility, and desorption
capability.

Furthermore, the SFE process is impacted by
pH. Its variations could affect the pace at
which the analyte is extracted from an aqueous
phase as well as its extraction yield.SFE is
widely used in the medicinal, food, and cos-
meceuticals industries (Capuzzo et al., 2013).
Supercritical fluid extraction can be familiar-
with to recover bioactive substance from plant
matter, especially those that traditional solvent
extraction cannot separate.

3.17: Biochemical properties of Phenols
3.17.1: Anti-oxidant properties of phenlos

Polyphenols are vital in the methods of antiox-
idation. Those task by catch or offset reactive
oxygen species which assist decrease the re-
acted injury. This reformer impose on unit
with chemical structure. Reactive oxygen spe-
cies are steady atoms identify before unstable
electrons. Some excess of unstable molecules
may outcome in strike on biomolecules like li-
pid bilayer, polypeptides and poly nucleotide
playing a part to harmful effects like cell se-
nescence, multiple disorders also the growth of
tumor.

Specific intracellular proteins generate oxi-
dants, specifically superoxide radicals and ni-
trogen monoxide like a feature of their enzy-
matic activity. Increased quantities either ex-
tended occurrence of those reactive species
may elevate cellular stress at tissues whose
may be trigger fabric trauma with lead into the
appearance by situation. Including lesion, in-
sulin resistance also high blood pressure.
Hence, Analyzing it cellular signaling using
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who flavonoids quench harmful molecules re-
mains super key. (Hu et al., 2024)

3.17.2: Polyphenols Phytochemicals effects
look unstable molecules and oxidative spe-
cies.

Below factors of physical stress, varied plant
compounds notably enhance for fortifying
plant. Adaptability, via of them phytochemi-
cals traits during stressful. Specific potential of
phenolic compounds towards stabilize. Cell
damaging agents. Mine analysis reveals the
definite phenolic substances. Like, plant pig-
ment, luteola, trans- ferulic acid, sodium
caffeate over various herbage (Rao et al.,
2025). This flora provides similar to a rich
sourced of natural products which preserve
anti-natural and external obstacles. Compris-
ing disease- causing agents, beams, drowning,
metalloids with atmospheric conditions. Mul-
tiple kinds among them cellular products are
detected. For instance carbolic acids, plant ba-
ses, essential oils, fatty acids with starches.
Those molecules show a wide range of medic-
inal values. In people including oxidative
stress reducer, carcinostatic, virucidal , glu-
cose- lowering, cardio- beneficial together
with brain protective impacts.plant derived
compounds include specified through pos-
sessing a phenolic ring in addition to span
around 8000 different structural arrangements.
Multiple plant families such as Asteraceae,
Rosaceae and Lamiaceae are identified as
abundant providers of phenolics. (Merecz-Sa-
dowska et al., 2021)

Phenolic polymers spanning sourced from its
sophisticated chemical architectures to their
varied biological functions, are among the
most widespread groups of metabolites in na-
ture, found nearly everywhere. This type in-
cludes many naturally present phenolic,
namely cinnamic acids, benzoic acids, flavo-
noids, pro anthocyanidins , coumarins, lignans ,
lignins and stilbenes.(Mafe et al., 2024)

3.18: Industrial Applications:

Phenolic compounds possess countless bio-
technological applications across various in-
dustry. Their utilization is mostly assign to
their antioxidant, antimicrobial, and coloring

effects, among others, which are extremely re-
search for food preservation by food and pack-
aging industries, as well as in cosmetics and
textile sectors. (Albuquerque et al., 2021)

3.18.1: Food industry:

Phenolic compounds are usually used in many
food products because they naturally slow
down oxidation and help control the growth of
microbes. Foods that consist of a lot of fat like
as meat, dairy items, and cooking oils spoil
rapidly when exposed to air or light. Plant
compounds like phenolic acids and flavonoids
extend shelf life by stopping free radicals from
causing spoilage. In this way, they protect the
food from becoming rotten and help to main-
tain its freshness for a longer time. These com-
pounds also impact the taste, aroma, and col-
our of drinks like tea, coffee, and wine. Their
strong antioxidant effect has made them prom-
inent as natural options to replace artificial pre-
servatives, particularly in products aimed at
health conscious consumers (Shahidi et al.,
2015). With growing misgivings about artifi-
cial preservatives, there is increasing curiosity
among researchers in discovering plant de-
rived alternatives.

Among these natural options, phenolic com-
pounds (PC) are considered highly valuable.
They are generally recognized for two im-
portant roles:

1. Antioxidant effect: They prevent or
slow the oxidation of fats, which is the
chief reason of rancidity.

2. Antimicrobial effect: They suppress
the growth of fungi, bacteria and other
spoilage causing micrograms.

With these properties, phenolic compounds
can act as natural preservatives and help to en-
large the shelf life of different foods. For ex-
ample, when phenolic take away from the
outer covering of Litchi chinensis was added to
sheep meat nuggets, it displayed almost the
same ability to control fat oxidations the syn-
thetic antioxidant BHT (Das et al., 2016). An-
other study showed that phenolic obtained
from the residues of Olea europaea L. that
helped to reduce oxidation in frying oil at
180 °C during the preparation of French fries.
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This extract protected oil based vitamins (to-
copherols) for many hours, lowered the for-
mation of harmful compounds like acrolein
and hexanal, and distinctive BHT did not in-
crease acrylamide formation. These findings
clearly show why natural phenolic compounds
(PC) are considered a better and safer choice
compared to synthetic preservatives (Sordini et
al., 2019).

3.18.2: Textile industry:

The textile industry is known for producing
heavily contaminated waste water, principally
due to the chemical dyes used during the col-
ouring process. As well as polluting water, var-
ious synthetic dyes have been described to ac-
tivate allergic reactions or skin irritation in
sensitive individuals (Bonet-Aracil et al.,
2016).Due to these issues, there is growing fo-
cus in using dyes made from plants, which sug-
gest a more eco-friendly and safer option as
opposed to chemical dyes.

Plant dyes, usually those rich in phenolic com-
pounds, are getting attention because they
break down easily in nature and are much reli-
able. For instance, dye made from the bark of
oak (Quercus species) contains natural com-
pounds like gallotannins, ellagitannins, and
guercetin. When this dye is applicable to Tus-
sah silk, it helps the fabric block harmful UV
rays. Tea extracts either from red, black, or
green tea show similar UV-protective effects
when used on cotton. Another advantage of
oak bark dye is that it can slow the growth of
bacteria such as E. coli and S. aureus, making
it a useful and environmentally friendly alter-
native to chemical dyes.(Jia et al., 2017).

3.18.3: Packaging industry:

Some phenolic compounds are being used in
food packaging because they can fight oxida-
tion and microbial growth (Zeng et al., 2019).
Anthocyanin, for Example, are important for
their bright colors and strong antioxidant ef-
fects. When combine into packaging films,
they help to protect olive oil from spoiling
(Wang et al., 2019). Their colour also changes
with pH: red in acidic conditions (around pH 2)
and green in alkaline conditions (around pH
11). This property makes it possible to make
smart films that show how fresh food is spoil.

For example, a film made of gelatin and poly-
vinyl alcohol with anthocyanin from mulberry
(Morus sp.) can show the freshness of fish by
changing the colour over time.

The changes from purple for fresh fish to
brown after 18 hours and then to dark green af-
ter 24 hours, showing the fish is spoiled (Zeng
et al., 2019). Phenolic acids, like gallic and
caffeic acids, have also been added to chi-
tosan-based films. These acids help to stop
growth of Bacillus subtilis and Staphylococcus
aureus while enhance the film’s strength and
its resistance to water vapour and oxygen
(Wang et al., 2019). Tannins, which naturally
bond with proteins, have been used in protein-
based biofilms. These tannin-containing films
not only fight Escherichia coli and Listeria in-
nocua but also provide antioxidant protection,
that making them useful for safer and more
natural packaging. (Cano et al., 2020)

3.18.4: Cosmetic Industry:

The cosmetics industry has been transition to-
ward using natural ingredients instead of arti-
ficial ones (Cherubim et al., 2020). Phenolic
compounds are proving effective products for
skin and hair (Soto et al., 2015). They help to
protect the skin from the effects of sunlight,
pollution, and aging. Compounds like ferulic
acid, gallic acid, resveratrol, and polyphenols
from green tea can calm inflammation, support
collagen, and prevent dark spots. You can dis-
cover them in sunscreens, serums, anti-aging
creams, and brightening products. They also
help to keep the products stable, so they stay
effective and last longer. ( Dziato et al , 2016)
Hydroxycinnamic acids, including p-hy-
droxybenzoic, p-coumaric, incorporated and
protocatechuic acids, have demonstrated sig-
nificant stability over a prolonged period (6
months) when into a semi-solid base cream.
They retain their anti-tyrosinase, anti-inflam-
matory, and antimicrobial properties, which
makes them promising candidates for research
as multifunctional cosmeceutical constituents.
(Taofiq et al., 2019).

3.18.5: Pharmaceutical Industry:

Many phenolic compounds indicate therapeu-
tic properties and have long been used in med-
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icine. Salicylic acid, a simple phenolic com-
pound, became the basis for aspirin, which is
still one of the most generally used pain-reliev-
ing drugs. Current research show that polyphe-
nols like as Quercetin, catechins, and curcumin
may help to reduce inflammation, protect the
heart, and limit the effects of oxidative stress
related diseases. Phenolic compounds are also
used as intermediates in drug synthesis and as
stabilizers in pharmaceutical conceptualiza-
tion to prevent the breakdown of active ingre-
dients during storage. (Pandey et al., 2009).

Phenolic compounds (PC) are plant based mol-
ecules that Promote health and are known for
playing an important role in minimizing dis-
ease risk like cancer, Alzheimer’s disease, and
diabetes (Caleja et al., 2017). The number of
diabetes patients is increasing worldwide and
may cross 400 million by 2030. One important
factor behind this disease is oxidative stress,
which occurs when reactive oxygen species
(ROS) accumulate and body cannot control
them. This imbalance leads to inflammation
and disturbs insulin activity. Because phenolic
compounds have strong antioxidant power,
they help to lower ROS levels, stabilize the
body’s redox system, and protect pancreatic
cells, making them useful in managing and
preventing diabetes (Bahadoran et al., 2013).

3.19. Challenges and Future Perspectives of
Phenolic Compounds

Challenges in the Sustainable Production of
Phenolic Compounds

Despite the remarkable biological and indus-
trial importance of phenolic compounds, sev-
eral challenges hinder their sustainable pro-
duction and large-scale commercial applica-
tion. Among these, low bioavailability and
poor stability are the most significant limita-
tions.

Low Bioavailability:

Many phenolic compounds exhibit limited bi-
oavailability due to their poor aqueous solubil-
ity, low permeability across biological mem-
branes, and instability during gastrointestinal
digestion, and extensive metabolism in the di-
gestive tract and liver. Consequently, only a

small proportion of the ingested phenolic com-
pounds reaches systemic circulation in their bi-
ologically active form, thereby reducing their
therapeutic efficacy. Improving the bioavaila-
bility of phenolics through advanced delivery
systems, structural modification, Nano encap-
sulation, and formulation strategies remains a
major research priority.

Poor Stability:

Phenolic compounds are highly susceptible to
degradation during processing, storage, and
transportation. Environmental factors such as
temperature, light exposure, oxygen, moisture,
and pH can induce oxidation, hydrolysis, and
structural modifications, resulting in reduced
biological activity and shortened shelf life.
Therefore, developing effective preservation
techniques, including microencapsulation,
nanoencapsulation, controlled-release systems,
and optimized storage conditions, is essential
to maintain their chemical stability and func-
tional properties.

Future Perspectives

Phenolic compounds possess a broad spectrum
of pharmacological activities, including anti-
oxidant, anti-inflammatory, antimicrobial, an-
tiviral, anticancer, antidiabetic, and cardiopro-
tective effects. Growing scientific evidence
suggests that these naturally occurring phyto-
chemicals have considerable potential for the
prevention and management of numerous
chronic diseases, including cardiovascular dis-
orders, cancer, diabetes, neurodegenerative
diseases, and inflammatory conditions.

Future research should focus on overcoming
the limitations associated with the extraction,
stability, bioavailability, and large-scale pro-
duction of phenolic compounds. The integra-
tion of green extraction technologies, meta-
bolic engineering, synthetic biology, plant cell
culture, and biotechnological approaches of-
fers promising opportunities for the sustaina-
ble production of high-value phenolics while
minimizing environmental impacts. In addi-
tion, advances in nanotechnology and novel
delivery systems are expected to enhance the
stability, targeted delivery, and therapeutic ef-
ficacy of these bioactive compounds.
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The demand for naturally derived functional
ingredients is continuously increasing across
the food, pharmaceutical, nutraceutical, cos-
metic, textile, and agricultural industries. Phe-
nolic compounds represent attractive alterna-
tives to synthetic antioxidants and preserva-
tives because of their safety, multifunctionality,
and consumer acceptance. Their incorporation
into functional foods, dietary supplements, ac-
tive packaging materials, and cosmeceutical
formulations is expected to expand signifi-
cantly in the coming years.

Furthermore, the application of artificial intel-
ligence, machine learning, metabolomics, and
systems biology is anticipated to accelerate the
discovery of novel phenolic compounds, opti-
mize biosynthetic pathways, predict biological
activities, and facilitate precision formulation
of phenolic-rich products. Continued interdis-
ciplinary research combining plant science, bi-
otechnology, food technology, pharmacology,
and computational biology will further unlock
the full therapeutic and commercial potential
of phenolic compounds, supporting their tran-
sition from laboratory research to sustainable
industrial applications.
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