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Biochemistry, the study of chemical transformations occurring within living 
organisms, impacts all of the life sciences, from molecular crystallography and 
genetics, to ecology, medicine and population biology. Biochemistry studies 
macromolecules - proteins, nucleic acids, carbohydrates and lipids –their building 
blocks, structures, functions and interactions. Much of biochemistry is devoted 
to enzymes, proteins that catalyze chemical reactions, enzyme structures, mech-
anisms of action and their roles within cells. Biochemistry also studies small sig-
naling molecules, coenzymes, inhibitors, vitamins and hormones, which play roles 
in the life process. Biochemical experimentation, besides coopting the methods 
of classical chemistry, e.g., chromatography, adopted new techniques, e.g., X-ray 
diffraction, electron microscopy, NMR, radioisotopes, and developed sophisticat-
ed microbial genetic tools, e.g., auxotroph mutants and their revertants, fermenta-
tion, etc. More recently, biochemistry embraced the ‘big data’ omics systems.
Initial biochemical studies have been exclusively analytic: dissecting, purifying 
and examining individual components of a biological system; in exemplary words 
of Efraim Racker, (1913 –1991) “Don’t waste clean thinking on dirty enzymes.” 
Today, however, biochemistry is becoming more agglomerative and comprehen-
sive, setting out to integrate and describe fully a particular biological system. The 
‘big data’ metabolomics can define the complement of small molecules, e.g., in a 
soil or biofilm sample; proteomics can distinguish all the proteins comprising e.g., 
serum; metagenomics can identify all the genes in a complex environment e.g., the 
bovine rumen.  
This Biochemistry Series will address both the current research on biomolecules, 
and the emerging trends with great promise.
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Preface

Phytochemistry, the study of phytochemicals, has witnessed rapid and remarkable 
progress over the past few decades. As scientific inquiry into plant-based compounds 
expands, researchers have uncovered new and powerful natural products with applica-
tions across medicine, agriculture, and environmental sustainability. The current book 
on Recent Advances in Phytochemical Research delves into these cutting-edge developments, 
 offering a comprehensive overview of the latest discoveries and their implications for 
future applications.

The phytochemicals, particularly bioactive compounds such as alkaloids, flavonoids, 
terpenoids, and polyphenols, have revealed their diverse roles in human health, from anti-
oxidant and anti-inflammatory properties to anticancer and antimicrobial effects. This 
book explores how the latest genomics, metabolomics, and bioinformatics methodologies 
enhance our understanding of plant secondary metabolites and their pharmacological 
potential. Through these technological innovations, researchers can now identify new 
bioactive molecules more efficiently and accurately than ever before.

This volume highlights the intersections between traditional knowledge and modern 
scientific advancements. Many of the discoveries discussed here build upon ancient 
wisdom, validating the therapeutic potential of plants that have been used for centuries 
in indigenous and folk medicine. Integrating ethnobotany and modern phytochemistry 
fosters a more holistic approach to plant research, where cultural heritage and scientific 
rigor coexist.

The chapters in Recent Advances in Phytochemical Research not only present a snapshot of 
the field’s current state but also anticipate future directions. With ongoing advancements 
in analytical techniques and a deeper understanding of plant genomics, the frontier of 
phytochemical research is poised for further groundbreaking discoveries. The research 
featured in this book is a testament to the untapped potential of plants and their powerful 
contributions to the health and well-being of humanity.

This book is intended for researchers, academics, and students alike, offering an up-to-date 
review of the field and a source of inspiration for future work in phytochemical sciences. 
By exploring the many facets of phytochemical research, we aim to inspire continued 
exploration of the natural world and highlight plant-based science’s critical importance in 
tackling some of the most pressing challenges of our time.

Dr. Muhammad Kamran Khan
Department of Food Science,

Government College University Faisalabad,
Faisalabad, Pakistan
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Chapter 1

The Biomarker Flavonoid 
“Rutin” in Morus Species: 
Isolation, Identification, and 
Characterization
Nikki Huria, Aparna A. Saraf, Divya Lobo Padinjarekutt, 
Liviya Gaikwad, Neha Mourya, Dwijalee Deo,  
Shubham V.U. Tanpathak and Shubham Burande

Abstract

Rutin, a quercetin-3-O-rhamnoglucoside, is a naturally occurring flavonol ubiq-
uitous in plants, especially Morus species. Rutin, with its antioxidant, antibacterial, 
and radical scavenging properties, is a promising anti-inflammatory and anticancer 
agent, potentially improving cardiovascular well-being by reducing inflammation and 
enhancing blood vessel functionality. Mulberry leaves, rich in nutrients and bioactive 
components, are used in medicine, human consumption, and animal rearing for their 
ability to reduce inflammation and act as potent antioxidants. Flavonoids, particularly 
rutin, possess strong therapeutic and antioxidant properties but have not been fully 
characterized, necessitating further research to understand their components and 
pharmacological characteristics. High-performance thin-layer chromatography, high-
performance liquid chromatography, nuclear magnetic resonance spectroscopy, mass 
spectrometry, and crystal isolation can be used to isolate and characterize Rutin, a 
prevalent flavonoid in Morus species. These methods in combination allow for quanti-
tative assessment of rutin content in Morus species, uncovering significant variations 
and highlighting the need for comprehensive phytochemical studies.

Keywords: rutin, HPTLC, HPLC, NMR, FTIR, characterization, 
isolation of rutin crystals, Morus species

1.  Introduction

Flavonoids are an important group of bioactive phytochemicals that are widely 
acknowledged for their varied biological effects and widespread occurrence in the 
plant world. The compounds possess a phenolic structure and are ubiquitous in a 
variety of sources, such as fruits, vegetables, cereals, bark, roots, stems, flowers, tea, 
and wine. Flavonoids play a crucial role in the pigmentation and pollination processes 
of plants, contributing to the vibrant colors observed in various fruits and flowers. 
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In addition to their visual attractiveness, flavonoids serve vital functions in plant 
defense systems against UV radiation, pests, and diseases, underscoring their impor-
tance in ecological interactions and plant adaptation processes [1, 2].

Scientific interest in flavonoids extends beyond their roles in plants, as they 
exhibit potential health benefits for humans. Research suggests that flavonoids pos-
sess antioxidant, anti-inflammatory, and immune-modulating properties, which may 
contribute to their protective effects against chronic diseases such as cardiovascular 
disorders and certain cancers. The therapeutic potential of flavonoids has spurred 
investigations into their dietary intake and bioavailability, aiming to understand 
how these compounds might promote human health and disease prevention through 
dietary interventions and pharmaceutical applications [3–5].

Flavonoids are synthesized within plants through the phenylpropanoid pathway, a 
complex metabolic process involving multiple enzymatic steps and regulatory mecha-
nisms. Flavonoids are synthesized through the conversion of phenylalanine into cin-
namic acid, by the action of the enzyme phenylalanine ammonia-lyase, and cinnamic 
acid undergoes transformations using enzymes such as cinnamate 4-hydroxylase and 
4-coumarate CoA ligase. This leads to the formation of chalcone, an intermediary 
in the synthesis of flavonoids. The enzyme chalcone isomerase converts chalcone 
into naringenin, which is the precursor for various flavonoids, including flavones, 
flavonols, flavanones, anthocyanins, and isoflavonoids [6]. The pathway diverges in 
several directions based on the particular enzymes involved and external variables, 
which impact the synthesis of distinct kinds and concentrations of flavonoids in 
various plant tissues and under different circumstances. The knowledge of flavonoid 
biosynthesis becomes essential for comprehending their functions in plant physiology 
and adaptations, as well as for implementing their potential advantages in agriculture, 
nutrition, and medicine [7].

Flavonoids are a diverse group of plant secondary metabolites characterized by 
their common structure consisting of 15 carbon atoms arranged into two aromatic 
rings joined by a heterocyclic ring. This basic structure is known as the flavonoid skel-
eton, which can undergo various modifications such as hydroxylation, methylation, 
glycosylation, and prenylation. These modifications lead to the extensive structural 
diversity observed among flavonoids, giving rise to numerous subclasses including 
flavones, flavonols, flavanones, flavan-3-ols (catechins), anthocyanidins, and iso-
flavonoids [8].

Flavonoids obtained from plant species of the genus Morus, commonly known as 
mulberry, have been reported for their significant antioxidant capacity. This genus 
belongs to the family Moraceae. There are around 68 species in the genus Morus, with 
most of them being cultivated in Asia. The significance of mulberry leaf flavonoids 
lies in their antioxidant, physiological, and pharmaceutical properties. The presence 
of flavonoids such as rutin, iso-quercitrin, astragalin, kaempferol, and quercetin has 
been demonstrated to improve animal performance and promote overall health [9]. 
Metabolic pathways are modulated by these substances, specifically those involved in 
energy balance. Additionally, they exhibit anabolic properties similar to estrogenic 
hormones [10]. The administration of mulberry leaf extract in mice resulted in an 
upregulation of glycolytic enzyme expression and a downregulation of gluconeogenic 
enzyme expression, thereby effectively modulating glucose balance. The extract 
derived from mulberry leaves demonstrated a significant reduction in lipid peroxida-
tion and adipocyte size within the liver. The combination of mulberry leaf and fruit 
extract has been found to effectively reduce inflammation and oxidative stress caused 
by obesity [11]. The findings indicate that extracts from mulberry leaf and fruit could 
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be used as potential therapeutic treatments for metabolic disorders such as obesity 
and diabetes. In addition, the extracts’ anti-inflammatory and antioxidant properties 
may lead to enhanced animal health and performance [12].

Rutin, also known as vitamin P, rutoside, quercetin-3-O-rutinoside, and sophorin, 
is a flavonol glycoside found in Ruta graveolens, commonly known as rue. It is found in 
various plant species, including buckwheat, apples, citrus fruits, and berries, and is 
known for its antioxidant properties and potential health benefits, including inflam-
mation reduction and cancer prevention [13]. This compound is widely studied for its 
antioxidant, anti-inflammatory, and vaso-protective properties. Rutin, a commonly 
found flavonoid in the diet, is a naturally occurring compound that is generally con-
sidered to be non-toxic. The displayed attributes of rutin encompass a diverse range 
of valuable biological properties. These include its capacity to defend against cancer, 
function as an antioxidant, manage blood sugar levels, minimize inflammation, fight 
against bacterial and fungal infections, safeguard the brain and nervous system, 
promote cardiovascular wellness, protect kidneys and liver function, maintain blood 
health, mitigate symptoms of arthritis, display anthelmintic characteristics, and 
provide protection to the male reproductive organs. Additionally, this compound has 
demonstrated potential in enhancing cognitive function and supporting brain health. 
Furthermore, scientific studies have indicated that it possesses potential anti-aging 
properties and may play a role in promoting longevity [14].

1.1  Structure and biosynthesis

Rutin’s chemical structure consists of two main components: a flavonol back-
bone and a rutinose sugar moiety. The flavonol backbone, quercetin, is a flavonoid 
compound with a characteristic structure of a diphenyl propane skeleton, hydroxyl 
groups at positions 3, 5, 7, 3′, 4′, and 5′, and a double bond between carbons 2 and 3 in 
the C ring. The rutinose sugar, attached via a glyosidic bond at position 3 of quercetin, 
provides solubility and stability to the molecule (Figure 1) [16].

Rutin biosynthesis in plants involves the conversion of the precursor compound 
quercetin to rutin through the addition of a rutinose sugar group catalyzed by specific 
glycosyltransferases. This process occurs in various plant tissues, particularly in the 

Figure 1. 
Chemical structure of rutin [15].
Synonyms: Rutoside, Quercetin 3-rutinoside, Vitamin P, etc.
Chemical formula: C27H30O16;
Molecular weight: 610.518;
Chemical class: Flavonol.
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leaves, flowers, and seeds, where rutin serves protective roles against UV radiation 
and oxidative stress [17].

1.2  Sources and dietary intake

Rutin is abundantly found in dietary sources such as buckwheat (Fagopyrum 
esculentum), citrus fruits, apples, onions, tea, and some medicinal herbs like Ginkgo 
biloba. The dietary intake of rutin varies depending on cultural dietary habits and 
food preferences but is estimated to range from a few milligrams to several hundred 
milligrams per day in typical diets rich in fruits and vegetables.

1.3  Pharmacological effects and health benefits

The pharmacological effects of rutin are extensive. Rutin is a significant ingredi-
ent found in apples that serves multiple biological functions, thereby supporting the 
well-known adage “an apple a day keeps the doctor away.” The extensive investigation 
of rutin, a vital phytochemical, is necessary to establish a safe profile for its medicinal 
use in humans.

The antitumor activity of the combination of rutin and cisplatin against murine 
ascites Dalton’s lymphoma (DL) has been discovered. This combination enhances 
cytotoxicity and induces apoptosis in DL cells. The described intervention enhances 
the ability of the host to withstand stress and decreases the levels of glutathione in 
cancerous cells [18].

A study by Calzada et al. has discovered that rutin derived from Schinus molle 
exhibits anticancer properties. These properties have been observed specifically 
against the U-937 cell line, which is a type of human leukemic monocyte lym-
phoma [19].

Patil et al. have determined in their research that rutin and quercetin have the 
ability to safeguard human lymphocytes from DNA damage caused by radiation. This 
protective effect is attributed to rutin’s antioxidant properties, which enables it to 
effectively neutralize free radicals and inhibit oxidative stress [20].

A study by Hunyadi et al. reported that rutin, which is the primary constituent of 
Morus alba L. leaf extract, exhibits an antidiabetic effect in vivo in type II diabetic rats 
(Figure 2) [22].

Figure 2. 
Health benefits of rutin [21].
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Rutin exhibits a range of pharmacological effects that contribute to its health 
benefits: [23].

1. Antioxidant activity: Rutin acts as a potent antioxidant, scavenging free radicals 
and protecting cells from oxidative damage. This property is attributed to the 
hydroxyl groups on the quercetin backbone, which stabilizes free radicals and 
inhibits lipid peroxidation.

2. Anti-inflammatory properties: Studies have shown that rutin can suppress 
inflammatory mediators such as cytokines and prostaglandins, thereby reducing 
inflammation in various experimental models.

3. Vasoprotective effects: Rutin is known for its beneficial effects on vascular 
health. It strengthens capillaries and blood vessels, improves microcirculation, 
and reduces the risk of vascular permeability and edema.

4. Anticancer potential: Research suggests that rutin may have potential anticancer 
effects, attributed to its antioxidant properties and ability to induce apoptosis in 
cancer cells.

2.  Isolation of rutin

The extraction and isolation of phytochemicals, which contribute to biologic 
activity, is a crucial step in identifying and characterizing plant drugs. Various 
methods have been used for years, depending on the nature of the phytoconstituent 
to be isolated and the best isolation technique for the plant drug [24]. Rutin, a phe-
nolic flavonoid, is the rhamno-glucoside of quercetin and precisely follows phenolic 
compound isolation protocols; after extraction, isolation is typically conducted using 
chromatographic techniques for further characterization [25]. Different techniques 
used for the extraction of rutin from various bioresources have been enumerated in 
the previous studies given below.

One of the main methods that have been used for the isolation entails the 
exhaustive soxhlation of the powdered/ground plant material with alcohol [26–28]. 
Thereafter, filtration and evaporation and then subsequent mixing with distilled 
water (mostly hot) and extraction with petroleum ether and/or chloroform. The 
aqueous layer is let to stand for up to 72 hours, and the yellow precipitate obtained 
is separated from solution. After filtering, the precipitate is cleaned using a suit-
able solution (like chloroform: ethyl acetate: ethanol-50:25:25), and the undissolved 
portion is dissolved in methanol and filtered; the filtrate is then dried by evaporating 
to get yellow powder, which is a flavonoid solution containing rutin [29–31]. This 
flavonoid-rich solution can then be subjected to chromatographic techniques like 
HPLC [32–34] for further concentration (Figure 3).

An alternate method involves taking the impure solution after alcoholic soxhlation 
to be further refined through modest amounts of cold alcohol extraction, repeated 
crystallization from aqueous pyridine and/or diluted acetic acid (1%), and/or hot 
water to give rutin crystals [35].

Another method involves obtaining the hexane extract, and the dried sample is 
first extracted with hexane at room temperature (25 ± 2°C) for 10 days. The ethanolic 
extract is then produced by macerating the vegetable material that had been extracted 
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using hexane with ethanol. Additionally, rota-evaporation and filtration are used to 
concentrate the ethanolic extract, producing a yellow-green material yield. It can then 
be examined using infrared, 1H, and 13C nuclear magnetic resonance spectroscopy. 
Rutin (99% purity) can be obtained by recrystallization of this material with  
methanol [36].

Yet in another alternate method the raw plant material is repeatedly extracted 
using methanol and 0.1% concentrated hydrochloric acid; then, the filtered extract 
is concentrated under low pressure and refined by partitioning against ethyl 
acetate [37].

3.  Characterization of rutin using various analytical techniques

The characterization of flavonoid structures is closely linked to the elucidation 
of their spectroscopic spectra, which are obtained using techniques such as nuclear 
magnetic resonance (NMR), mass spectrometry (MS), spectrophotometric ultravio-
let (UV), and infrared (IR). These techniques offer valuable insights into the chemical 
bonds, functional groups, and overall structure of flavonoids [38].

The characterization of rutin from the leaves of Morus species can be conducted 
using various analytical methods. The identity and purity of isolated rutin were 
confirmed through the use of HPTLC, HPLC, FTIR, NMR, LCMS, and ultraviolet-
visible (UV-vis) spectroscopy techniques. The results obtained from these analyses 
can offer valuable insights for potential applications of rutin in the pharmaceutical or 
nutraceutical industries [39].

3.1  Characterization of rutin by ultraviolet-visible (UV-vis) spectrophotometry

Ultraviolet-Vis spectrophotometry is a widely recognized technique for identify-
ing and characterizing phenolic compounds, particularly flavonoids. It provides rapid 
and easily interpretable results, making it advantageous in natural product chemistry. 

Figure 3. 
Diagrammatic representation of method commonly used for isolation of rutin [30].
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It expedites the evaluation of bioactive phytochemicals in plant extracts and provides 
valuable information about the purity and quantity of phenolic chemicals, making it 
an essential tool for researchers in various scientific disciplines [40].

UV spectroscopy reveals two prominent absorption bands in the presence of 
flavonoids in methanol spectra. Band I, typically 300–380 nm, is associated with the 
B-ring cinnamoyl system, while Band II, 240–280 nm, is associated with the A-ring 
benzoyl system. These bands aid in identifying and quantifying flavonoids in plant 
extracts. Researchers can compare UV spectra of unknown samples to recognized 
standards to assess flavonoids’ classes and quantities. Flavonoids are classified 
based on the presence of hydroxyl groups in the A and B rings of the flavonoid 
structure [41].

The ultraviolet spectrum of rutin in methanolic solution reveals three main 
absorption bands at 236, 257, and 358.5 nm, indicating a flavonol structure [29]. 
Savale et al. reported that the rutin solution in methanol exhibited maximum 
absorption at 257 nm, which was reported as λmax [42]. Hunyadi et al. found that 
the antidiabetic activity of Morus alba L. was attributed to the identification of rutin 
and chlorogenic acid as biomarkers through UV-vis and HPLC-DAD analysis, which 
improved glucose tolerance and reduced blood glucose levels in diabetic rats [43].

Pitchaya et al. analyzed the UV spectra of mulberry leaves, revealing rutin as 
the main flavonoid compound with λmax values at 256 and 353–354. This finding 
aligns with previous studies, which also identified rutin as a significant flavonoid in 
mulberry leaves. Rutin is known for its antioxidant and anti-inflammatory properties, 
suggesting mulberry leaves could be a promising health benefit source [44].

Zhang et al.‘s study analyzed rutin’s UV spectra to identify its characteristic 
absorption wavelength for HSCCC detection and HPLC analysis. The chosen wave-
length was 257 nm. The results showed rutin had a significant absorption peak at 
257 nm, making it suitable for both techniques. This could improve the precision and 
effectiveness of rutin analysis in diverse samples (Figure 4) [45].

Taraba et al. studied UV-visible spectra of rutin in EtOH, revealing two absorp-
tion bands at 356 nm (band I) and 258 nm (band II), which is similar to the earlier 

Figure 4. 
UV spectra of rutin [4].
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reported studies. Band I correspond to cinnamoyl system between two rings of the 
flavonoid structure, while band II to the benzoyl moiety. The addition of Triton 
X-114 (TX114) to the Ru-EtOH combination reduced the intensity of both absorption 
bands, suggesting interactions between the components [46].

UV absorption is a powerful analytical tool for identifying and characterizing 
phenolic compounds, particularly flavonoids, in industries such as pharmaceuticals, 
food and beverage, and cosmetics, providing prompt, interpretable results and 
quantifying flavonoid concentrations in samples.

3.2  Characterization of rutin by Fourier transform infrared spectroscopy (FTIR)

Flavonoids can be identified using chromatographic techniques and mass spec-
trometry, but Fourier Transform Infrared (FT-IR) spectroscopy is a cost-effective and 
user-friendly alternative. It eliminates the need for complicated sample preparation 
and additional reagents [47]. However, interpreting the spectra can be challenging, 
so a spectrum library or expert consultation may be necessary. These methods can 
differentiate functional groups, analyze bond structure, and examine conformation, 
making them valuable for identification and quantification [47]. Understanding the 
structure of flavonoids is important for determining their antioxidant and antibacte-
rial/antifungal properties, and FT-IR spectroscopy can help analyze their chemical 
composition and detect substituents that affect functionality [48]. The extracts 
of medicinal plants are combined with KBr salt using a mortar and pestle, and 
then compressed into a thin pellet. The pellet is subsequently subjected to infrared 
spectroscopy for the purpose of identifying the functional groups that are present 
in the plant extracts. The infrared spectra and peak values are generally recorded 
using a Fourier transform infrared (FTIR) spectrometer, within the range of 4000 to 
400 cm−1. The fingerprint region is characterized by prominent absorption bands in 
the 1500–500 cm−1 range, and the FTIR bands within the 4000–1500 cm−1 range indi-
cate the presence of a functional group. The observed peaks in the spectra correspond 
to the vibrations of distinct functional groups, enabling the identification of specific 
compounds present in the plant extracts.

Fourier transform infrared (FT-IR) spectroscopy is a widely employed analyti-
cal technique that enables the examination of structural variations among different 
samples. However, the interpretation of FT-IR spectra can be challenging when 
the samples exhibit similar structural characteristics. An example of this is that all 
spectra include bands that are specific to the stretching vibrations of the C〓C ring. 
However, these bands are found at slightly varying wavenumbers. The vibrational 
frequency of flavonoids is consistently observed at approximately 1650–1560 cm−1. 
Additionally, all flavonoid groups, except flavanols, exhibit a C‒C ring vibration band 
within the range of 1560–1465 cm−1. The spectral peak observed at the wavenumber 
range of 1475–1400 cm−1 is attributed to the presence of the C‒C bond in flavonols 
and anthocyanins compounds. The vibrational (C‒C) band of the ring is detected 
within the range of 1310–1200 cm−1 for all flavonoid groups, with the exception of 
anthocyanins. The presence of the band at 1225–1180 cm−1 is exclusive to the spectra 
of isoflavones, flavonols, and flavanols. The presence of a band at 1046–970 cm−1 is 
exclusively detected in the spectra of isoflavones, flavonols, and anthocyanins. The 
spectral bands below 970 cm−1 display distinct characteristics for each flavonoid 
group, primarily determined by their ascription rather than their position [49].

The rutin molecule is distinguished by the replacement of the 
C3 hydroxyl group of quercetin with the disaccharide rutinose 
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(α-L-rhamnopyranosyl-(1 → 6)-β-D-glucopyranose). The primary differences in 
IR spectra are attributed to the vibration of the C ring and the pyranosyl rings. The 
presence of a carboxylic acid in rutin can be identified by a distinct band observed 
between 3550 and 3400 cm−1, which corresponds to the O‒H bond. This bond is 
known to contribute to the formation of strong intermolecular hydrogen bonding. 
The band observed in the range of 1700–1600 cm−1 is associated with the stretching 
vibration of the C〓O bond. The presence of a distinct peak in the wavenumber range 
of 1500–1400 cm−1 indicates the presence of C‒O and O‒H bonds. The rocking vibra-
tion frequencies of the C‒H bonds in rhamnopyranosyl and glucopyranosyl rings 
are observed at 1121 and 1168 cm−1, respectively. The infrared (IR) spectra exhibit 
peaks at 1041 and 1093 cm−1, indicating the oscillation of the C‒O bond between 
rhamnopyranosyl and glucopyranosyl rings [50]. The infrared (IR) band observed at 
999 cm−1 can be attributed to the combined wagging vibrations of the C‒H bonds in 
the rhamnopyranosyl ring and the linkage between the rhamno- and glucopyranosyl 
rings. Additionally, the presence of substitutions in the Ar-H group is indicated by a 
band observed in the range of 800–600 cm−1. The infrared spectrum of rutin offers 
significant insights into its functional groups and molecular structure.

In their study, Tatke et al. conducted research focused on the isolation of rutin 
from Azadirachta indica. The FTIR analysis revealed the presence of peaks at wave-
numbers 3200.29 and 1660.41 cm−1, which were identified as the O‒H and C〓O 
stretching vibrations, respectively. The results indicate that rutin had been effectively 
extracted from Azadirachta indica. The Fourier transform infrared (FTIR) analysis 
yielded significant insights into the functional groups that are present in the com-
pound rutin (Figure 5) [51, 52].

The spectral peaks of rutin (728, 1062, 1599, 1654, 2878, and 3344 cm−1) were 
analyzed in Prosopis cineraria using Fourier-transform infrared spectroscopy. This 
analysis confirmed the presence of the flavonoid compound rutin in the plant material. 
The presence of distinct peaks in the data suggested the presence of specific vibra-
tional frequencies that are associated with rutin molecules in Prosopis cineraria [53]. 

Figure 5. 
FTIR spectra of rutin [49].
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The method described can serve as a valuable tool for the identification of rutin in 
various plant species.

A study on Terminalia. catappa by Minsakorn et al. identified quercetin-3-O-
rutinoside, a yellow amorphous solid, present in the plant. UV spectra showed a 
wavelength at 271 nm, while FTIR spectra showed a well-defined peak 3408 cm−1 
indicating a hydroxyl group attached to the benzene ring. These findings confirmed 
the presence of rutin in Terminalia. catappa [54].

3.3  Characterization of rutin by high-performance thin layer chromatography 
(HPTLC) analysis

High-performance thin layer chromatography (HPTLC) is a valuable analytical 
tool for evaluating plant quality and formulations containing flavonoids as biomark-
ers. It helps identify and quantify specific flavonoids like rutin by comparing chro-
matographic fingerprints from samples and ensuring the quality and standardization 
of medicinal products. The literature review suggests that a mobile phase of ethyl 
acetate, formic acid, glacial acetic acid, and water in different ratios is commonly 
used for high-performance thin-layer chromatography (HPTLC) analysis of rutin, 
especially in Morus species. This mobile phase has been reported to demonstrate 
effective resolution and separation of rutin from other compounds, but it is important 
to consider that the mobile phase composition may require adjustment depending on 
the specific characteristics of the samples under analysis [55].

Based on the findings of Sánchez-Salcedo et al. as well as Polumackanycz et al., 
rutin, a biomarker found in the leaves of various Morus species, can be used to 
authenticate the medicinal properties of the mulberry plant. The research conducted 
by these two groups emphasizes the significance of rutin as a dependable biomarker 
for differentiating between various species of mulberry [56, 57].

A study by Jan et al. reported the presence of rutin and chlorogenic acid in Morus 
alba L. tea infusions using the HPTLC method, using ethyl acetate/formic acid/acetic 
acid/water (100:11:11:26, v/v/v/v) as the mobile phase. The study found that rutin had 
a higher concentration than chlorogenic acid, and is well known for its antioxidant 
properties and potential health benefits. Consistent consumption of this tea may lead 
to health benefits due to the presence of these compounds (Figure 6) [59].

The study by Kathia et al. evaluated the phenolic content, rutin, and antioxi-
dant and antibacterial activity of methanolic extracts from Verbesina sphaerocephala 
leaves and flowers. HPTLC was used to detect the presence of flavonoid rutin in all 
extracts, and the mobile phase used was a mixture of ethyl acetate, formic acid, acetic 
acid, and water, revealing elevated levels of phenolic and flavonoid compounds show-
ing high antioxidant activity [60].

The high-performance thin-layer chromatography (HPTLC) technique is widely 
recognized as a valuable method for the qualitative analysis of flavonoids in plant 
extracts. This method is highly sensitive and specific, allowing for the detection and 
precise identification and quantification of flavonoids, thereby offering valuable data 
for subsequent research on the potential health advantages associated with these plant 
extracts [61].

Mulberry leaves are a rich source of flavonoids, providing antioxidant, anti-tumor, 
anticancer, and anti-inflammatory benefits. HPTLC analysis can assess the quality 
of Morus species by quantifying rutin in unprocessed herbal remedies. This method 
ensures the potency and efficacy of mulberry leaf supplements, as rutin is a signifi-
cant flavonoid with numerous health benefits. Regular monitoring of rutin levels can 
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detect potential adulteration or contamination, thereby contributing to the quality 
control and efficacy of herbal products.

3.4  Characterization of rutin by high-performance liquid chromatography 
(HPLC) analysis

The high-performance liquid chromatography (HPLC) method is a preferred 
chromatographic technique for analyzing flavonoids due to its efficient time-saving 
nature, elimination of derivatization, and its ability to be conducted at room tem-
perature, ensuring the preservation of delicate compounds such as flavonoids without 
the risk of decomposition at higher temperatures [62]. It involves isolating phenolic 
chemicals from the samples and using HPLC with a gradient mobile phase. Target 
flavonoids are identified and quantified by comparing them to reference standards 
using a polar organic solvent and mild acid [63].

Researchers have widely studied flavonoid components in mulberry species, 
detecting phenolic acids and flavonol glycosides in leaves using HPLC analysis. 
Thabti et al. identified compounds such as rutin, kaempferol-7-O-glucoside, and 
quercetin-3-O-rhamnoside-7-O-glucoside in mulberry leaves. Furthermore, it was 
determined that the leaves of Myrionecta rubra exhibited the highest overall flavonoid 
content when compared to the other two mulberry species [64].

A study by Ju et al. used high-performance liquid chromatography (HPLC) to 
analyze the flavonoid content in Korean mulberry leaves. The results showed that the 
leaves had high levels of quercetin and rutin, known for their antioxidant properties. 
These flavonoids, which are abundant in Korean mulberry leaves, could potentially 
contribute to the health benefits associated with flavonoid-rich foods. The findings 
suggest that these compounds could significantly influence the consumption of these 
foods [65].

A study by Sarita et al. reported that rutin and quercetin were the most abundant 
flavonoids in mulberry leaf extract, with flavonoids such as quercetin, isoquer-
cetin, and luteolin also present. The RP-HPLC methodology was used to identify 
these components, using HPLC with a UV-visible detector and a C18 column for 

Figure 6. 
HPTLC chromatogram of rutin in Morus species [58].
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chromatographic separation. Isocratic elution was performed using mobile phase of 
acetonitrile and 0.1 percent v/v solution of glacial acetic acid [66].

HPLC is a vital analytical technique in the pharmaceutical industry, ensuring 
accurate data for drug discovery, development, formulation, and quality control. A 
validated method helps pharmaceutical analysts deliver better-quality products and 
meet required standards.

3.5  Characterization of rutin by nuclear magnetic resonance spectroscopy (NMR)

NMR spectroscopy is a powerful tool for analyzing flavonoid molecule structures 
in complex materials. It helps identify specific chemical groups within flavonoids and 
determine their spatial arrangement, providing crucial information for understand-
ing their biological activity and potential health benefits [67].

The study by Selvaraj et al. analyzed flavonoid compounds using TLC, PTLC, 
and HPLC. UV-vis, FTIR, and NMR were used to examine their structures and 
chemical interactions. Rutin and quercetin were reported, showing significant 
antioxidant radical scavenging action. Nuclear magnetic resonance (1H and 13C) 
spectra were acquired in CDCl3 using a Bruker NMR Avance and TCI cyroprobe at 
600 MHz [68].

Ghareeb et al. conducted a study to examine several extracts of Morus alba leaves 
and assess their antioxidant properties. Rutin and other flavonoids were detected 
using UV-vis, FTIR, and NMR spectroscopic investigations. The research discovered 
that the ethyl acetate extract had the greatest level of antioxidant activity, possibly 
attributed to the presence of rutin [69].

The study by Shuang et al. explored the antioxidant properties of Morus alba 
leaves and their mechanism of scavenging free radicals. Rutin was extracted by 
liquid-liquid extraction, isolated by high-speed counter-current chromatography, 
and identified by NMR. Rutin was identified as the primary antioxidant in mulberry 
leaves with strong efficacy in combating DPPH·and ABTS+ radicals [70].

Fatima et al. conducted a study on the characterization and quantitation of flavo-
noids and phenolic components extracted from lyophilized mulberry leaves from two 
different cultivars. They identified the major flavonoid, rutin, using a hybrid IT-TOF 
MS system coupled to HPLC, and performed NMR analysis [71].

NMR spectroscopy is a valuable tool for understanding the structure of complex 
molecules, particularly flavonoids such as rutin and other phenolic components found 
in mulberry leaves.

3.6  Characterization of rutin by liquid chromatography-mass spectroscopy 
(LC: MS)

LC-MS is a widely used technique for identifying flavonoids and flavonoid glyco-
sides, combining chromatography’s separation capabilities with precise detection of 
compound-specific precursors and fragments. It is particularly useful for examining 
complex plant extract combinations, where conventional techniques may lack sen-
sitivity to measure low flavonoids levels, making it a valuable tool in phytochemical 
analysis and drug discovery [72].

HPLC can be integrated using multiple detectors like MS/MS and is a widely used 
method for identifying species and ensuring the quality of herbal medicines, specifi-
cally applied to ginkgo and mulberry leaves, including Morus nigra L. and Morus alba 
L. [73, 74].
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The study by Xiaoyun et al. developed a precise and cost-effective chromato-
graphic fingerprinting profile for evaluating mulberry leaves’ quality using HPLC, 
DAD, and MS methods. The study used an Agilent Technologies 1200 analytical 
HPLC system with a quaternary pump autosampler and triple quadrupole mass 
spectrometer for elution at 30°C using a Poroshell 120 EC-C18 column, with a mobile 
phase of 0.1% formic acid and acetonitrile. The method was validated and effectively 
used to identify rutin in mulberry leaves [75].

Rutin was reported in the leaves of two mulberry cultivars, Yai-Burirum (YB) 
and Khunphai (KP), which were processed into green tea (GT) and black tea (BT). 
The LCMS analysis showed that the rutin content in GT and BT extracts was signifi-
cantly higher than the FL extract. The highest rutin content was found in the YB GT 
extract [76].

Research conducted by Ling Wan et al. using LCMS has shown that mulberry 
leaf ethanolic extract includes many flavonoids, including rutin, isoquercetin, and 
astragalin, that have the potential to inhibit xanthine oxidase enzyme, leading to 
extract’s potent antioxidant and anti-inflammatory capabilities [77].

A study by Yu Meng et al. found that mulberry leaves contain numerous poly-
phenols, including protocatechuic acid, chlorogenic acid, nicotiflorin, rutin, and 
astragalin. The most abundant bioactive flavonoid in mulberry leaf polyphenol 
extract (MLPE) was rutin, which regulates autophagy in HepG2 cells by influencing 
p53 signaling and also has antioxidative and anticancer properties [78].

Wang et al. performed a research on mulberry leaves using qualitative LC-ESI-
QTOF analysis, which revealed a strong correlation between mulberry leaves’ 
antioxidant activities and the levels of isoquercitrin, chlorogenic acid, and rutin in 
free phenolic extracts. Additionally, syringic acid and rutin were revealed to be the 
primary contributors to the antioxidant activities of bound phenolic fractions [79].

Liquid chromatography-mass spectrometry (LC-MS) could be a useful analytical 
technique for quantifying rutin concentration in mulberry leaf extracts, with further 
research exploring their potential physiological benefits.

4.  Conclusion

Rutin, a flavonoid-derived compound from quercetin glycosides, has various biologi-
cal activities such as antioxidant, anti-radical, estrogenic, anti-inflammatory, antiviral, 
anticancer, cytotoxic, and organ-protective effects. This chapter highlights the impor-
tance of natural product chemistry in identifying bioactive compounds like rutin with 
potential health benefits, emphasizing the significance of these methods in the field of 
natural product chemistry. Rutin can be identified and characterized using techniques 
like UV-VIS spectrophotometry, FTIR, HPTLC, HPLC, NMR, and LCMS, providing 
valuable data for future research in the pharmaceutical and nutraceutical sectors.

The identification, isolation, and characterization of flavonoid rutin from Morus 
species have been achieved using various techniques and methodologies. HPLC is 
commonly used for extraction, especially from plant species. Spectroscopic tech-
niques such as UV-Vis, FTIR, and NMR are used for structural elucidation. Rutin, a 
flavonoid compound identified in Morus leaves, has potential therapeutic properties 
such as antioxidant and anti-inflammatory effects. Further research is needed to 
understand its pharmacological activities and potential applications in medicine, 
particularly in cancer research, which could lead to innovative therapies for various 
diseases.
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Production of Bioactive 
Phytochemicals from 
Ethnomedicinal Plant Endophytic 
Microorganisms
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Abstract

Ethnomedicinal plants are extensively explored for the discovery of new bioactive 
phytochemicals with applications in agrochemical, food and pharmaceutical indus-
tries. This could lead to extinction of some endangered plant species, hence the need 
for new phytochemical production strategies. Medicinal plant-associated microbial 
endophytes act as a promising eco-friendly source of high-valued bioactive phyto-
chemicals. Numerous reports have focused on bioprospecting of endophytes for novel 
or existing biomolecules. However, investigations on novel production techniques of 
endophytes for high-value-low volume secondary metabolites are extremely limited. 
Moreover, the exploration of bacterial and actinomycete endophytes as phytochemi-
cal sources has not been fully elucidated. This chapter highlights the diversity, 
distribution, and bioactivity of phytochemicals in ethnomedicinal plant-associated 
endophytes isolated between 2014 and 2024. Additionally, recent advances in biotech-
nological exploration and strain improvement techniques such as genome editing of 
endophytes for enhanced in vitro production of bioactive secondary metabolites are 
discussed.

Keywords: endophytes, medicinal plants, biomolecules, bioactive compounds, natural 
products, gene editing, in vitro production

1.  Introduction

Over the years, ethnomedicinal plants remained an essential source and reservoir 
of natural bioactive phytochemicals, particularly secondary metabolites used in the 
production of agrochemicals, food, and also pharmaceuticals for therapeutic pur-
poses [1]. However, their use as raw materials for novel drug sources has been greatly 
limited because many ethnomedicinal plants are becoming endangered species due 
to unabated demand and unsustainable harvesting that contributes to decimation 
of their wild populations. Consequently, this has led to an increase in the use of 
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synthetic materials for drug production. Currently, available synthetic compounds 
used in drug development and human disease management have fewer therapeutic 
benefits and cause harmful effects on patients and the environment.

While the need for new therapeutic strategies emphasizing natural and safe 
bioproducts and technologies is vital, a considerable quantity of medicinal plants is 
required for the production of high-yield secondary metabolites. Some ethnome-
dicinal plants that produce most of the high-valued and often demanded bioactive 
secondary metabolites have a long generation time to reach maturity, while some 
are strictly seasonal and thus unavailable during the off-season [2, 3]. Besides, the 
consistent supply of ethnomedicinal plants all year long is limited by the fact that the 
quality and quantity of naturally synthesized bioactive phytochemicals fluctuate with 
varying environmental growth conditions that are linked to rapid changes in climate 
and other factors [4, 5]. In order to satisfy the growing demands for nature-based 
therapy, there is a need for alternative drug sources that are natural, sustainable, 
renewable, and also with minimum or no toxicity [6].

Specifically, different approaches have been explored to improve the quality and 
quantity of bioactive secondary metabolites associated with medicinal plants [6]. One 
such approach involves bioprospecting for endophytic microorganisms that co-exist 
with medicinal plants. Endophytic microorganisms are known for their unique ability 
to influence the quality of bioactive secondary metabolites produced by their hosts. 
Besides, they are capable of producing high-value bioactive phytochemicals, which 
are classified as lignans, hormones, alkaloids, isocoumarins, terpenoids, phenylpro-
panoids, quinones, lactones, phenol and phenolic acids, and aliphatic metabolites 
among others, that exhibit pharmacological activities similar to those of the host 
plants [7]. For such reasons, endophytes serve as excellent sources of discovering 
secondary metabolites for potential development of new drugs and use in other 
industries [4, 6].

Although most of the research focuses on bioprospecting fungal and bacte-
rial endophytes for novel or existing high-value bioactive phytochemicals such as 
camptothecin, paclitaxel, podophyllotoxin, and huperzine A [8], very few reports 
have exploited the novel in vitro production techniques of endophytes for large-scale 
production of high-value secondary bioactive phytochemicals [4, 9]. Besides, the 
traditional techniques that are used in the production of endophytic metabolites have 
several constraints that include low metabolite yields from wild-type strains both 
in the in vivo field environments and in vitro tissue culture set-ups, the difficulty of 
cultivating some endophytes in the laboratory due to the widely reported genomic 
instability of endophytes in axenic culture, and a lack of understanding of many 
secondary metabolite biosynthetic pathways [4, 10]. Hence, there is a need to enhance 
the yield and quality of bioactive secondary phytochemicals from endophytes to 
satisfy the market demand and conserve the already endangered ethnomedicinal 
plants. Different approaches have been successfully applied in the attempt to enhance 
secondary metabolite production by endophytes, and these include molecular meth-
ods, elicitation, optimization, co-culture, and epigenetic modification. Improving the 
yield and quality of bioactive compounds from endophytic fungi is crucial for meet-
ing market demand. Therefore, this chapter highlights the diversity, distribution, and 
bioactivity of endophytes associated with ethnomedicinal plants. It also highlights on 
recent advances in biotechnological exploration and endophyte strain improvement 
techniques such as genome editing, gene knockout, heterologous expression, and the 
classical mutagenesis, together with techniques for unlocking the endophytic silent 
gene clusters such as co-cultivation and epigenetic modifications for enhanced in vitro 
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production of bioactive secondary metabolites that have been used in the last decade, 
2014 and 2024.

2.  Diversity and distribution of ethnomedicinal plant endophytes

Endophytic microorganisms (fungi, bacteria, and actinomycetes) inhabit the 
intercellular spaces of healthy plant root tissues (below ground) or phyllosphere 
(above-ground) tissues, including phylloplane (leaves), anthosphere (fowers), 
carposphere (fruits), and spermosphere (seeds) [11], without causing any known 
detrimental effect or symptoms of disease in the host plant, but are useful to the host 
for a number of reasons [12]. Endophytes occurring in ethnomedicinal plants are 
reported as the most useful and greatly diverse group of microbiota isolated from 
plants of the different ecosystems such as rainforests, tropical forests, coastal forests, 
mangrove swamps, Arctic, Antarctic, geothermal lands, and deserts [13].

The community of endophytic microorganisms that can colonize a medicinal plant 
throughout its life cycle is influenced by environmental factors, which shape their 
species composition, diversity, distribution, functions, and community structure 
[14]. In comparison to medicinal plants from temperate regions, the endophytes in the 
arid regions have been shown to exhibit less diversity [15]. A review in [13] showed 
that endophyte diversity in medicinal plants is not only influenced by environmental 
conditions, but also by host plant characteristics that include genotype, type of tissue 
or organ, developmental stage (age), health status, nature of phytochemicals present 
in the plant, and geographic distribution.

Araújo et al. [16] reported high fungal species diversity and abundance in the 
stems and roots, and leaves, respectively, of the Rubberwood Hevea brasiliensis grow-
ing in the Brazil Amazon forest. However, in Ref. [17], the Gentiana officinalis plant 
showed that fungal species diversity and abundance were highest in stem than in the 
leaves and roots, while the bacterial species diversity and richness were highest in the 
roots than in stem and leaves thus indicating that fungal and bacterial endophytes 
show a degree of plant species and organ specificity. In [18], it was also reported that 
it was plant organs rather than the habitat that determined the microbial communities 
of buds and twigs in young beech medicinal Fagus sylvatica forests. Additionally, tree 
organs of Alnus incana and Corylus avellana in hemiboreal forest greatly influenced 
the fungal community structure, with the trunk showing distinct variations from the 
leaves and branches [19]. Nonetheless, host species and locality had no significant 
impact, thus indicating that the fungal community is less affected by the external 
environment [17].

Additionally, the abundance level and frequency of Phoma species from various 
organs of Caralluma acutangula, Rhazya stricta, and Moringa peregrina medicinal 
plants collected from the arid regions of the Sultanate of Oman were significantly 
higher than those of the genera Alternaria, Bipolaris, or Cladosporium [15]. Su et al. 
[20] also found that colonization rates of endophytic fungi of the Stipa grandis in the 
Inner Mongolia steppe were significantly higher in the roots as compared to the leaves 
and that both tissues also showed distinct variations in the composition and dominant 
endophytic populations.

Likewise, the structures of endophytic Proteobacteria and Actinobacteria in 
the leaf and stem tissues of Mirabilis himalaica collected from different geographic 
locations were different compared to those in the root tissues [21]. This mainly results 
from the differences in the unique internal microenvironment conditions (such as 
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oxygen content, enzymes, chemical components, and nutrients) of different tissues 
and organs, resulting in a specific selection of survival sites by endophytic communi-
ties [22]. Additionally, comparisons of the endophytic fungi present in various tissues 
and organs of Polygala crotalarioides plants growing in Yunnan Province, China, 
showed a higher fungi abundance in the two-year-old plant than the 1-year-old plants 
[23]. Thus indicating that the distribution and population structure of endophytic 
fungal communities depends on the plant age [17].

Endophytes have been isolated from a variety of ethnomedicinal plant spe-
cies including woody trees, shrubs, and herbs. Generally, the most common 
genera isolated belong to Ascomycota (e.g., the genera Alternaria, Colletotrichum, 
Epicoccum, Fusarium, Gibberella, Glomerella, Guignardia, Leptosphaerulina, 
Nigrospora, Phoma, Phomopsis, Tubercularia, and Xylaria), while a few belong 
to Basidiomycota (Genus Trametes), and Zygomycota (Genus Umbelopsis) [24]. 
Majority of the bacterial (Proteobacteria, Bacteroidetes, and Actinobacteria) 
endophytes isolated belong to the genera Bacillus, Pantoea, Pseudomonas, 
Stenotrophomonas, and Serratia. To date, various bioactive secondary metabolites 
that are produced by endophytes include: Camptothecin, Cladosporin, Cytosporin 
D, Deacetylmycoepoxydiene, Digoxin, Fengycin, Hypericin, Hypocrellin A, 
Lovastatin, Paclitaxel, Palmarumycins, Pinoresinol monoglucoside, Podophyllotoxin, 
Quercetin, Tanshinone IIA, Taxol, Valinomycin, Vinblastine, Vincamine, and many 
others [7, 9]. These bioactive compounds have been broadly used in antibiotic and 
anticancer drugs; they shield their host plants from adverse environmental stressors 
and bio-agents and also play a role in siderophore production, phosphate solubiliza-
tion, and atmospheric nitrogen fixation [25].

3.  Yield enhancement strategies for secondary metabolites of 
ethnomedicinal plant endophytes

Substantial efforts to isolate and screen endophytes for high-value metabolites 
have previously resulted in low yields of the target metabolite. Co-integration of 
several scientific tools and approaches such as mutagenesis, genetic transforma-
tions, optimization of fermentation parameters, elicitor/inhibitor addition, pre-
cursor feeding, use of adsorbent resins/solid supports, co-cultivation and mixed 
fermentation, and use of epigenetic modifications may be used to effectively target 
and enhance the secondary metabolite yield and productivity of endophytes. This 
section highlights the approaches that have been successfully applied in the attempt 
to enhance biosynthesis of secondary metabolites in endophytic microorganisms 
isolated from ethnomedicinal plants in the last decade (2014–2024). One approach is 
strain improvement that comprises (i) Classical random or rational mutagenesis that 
is occasionally combined with protoplast fusion techniques and (ii) Genetic engineer-
ing that involves gene cluster stitching for reconstruction of secondary metabolite 
biosynthetic metabolic pathways and genome editing of programmable nucleases 
[6]. The other approach entails techniques for unlocking the endophytic silent gene 
clusters such as co-cultivation and epigenetic modifications.

3.1  Strain improvement

The process of strain improvement in endophytes plays a key role in the in vitro 
production of many secondary metabolites because it genetically modifies microbial 
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strains. The aim is not only for product yield enhancement but also improvement 
of other characteristics including removal of unwanted co-metabolites, improved 
nutrient utilization, and modifying cellular morphology for improved oxygen 
transfer during fermentation. Besides, it also reduces the fermentation time, increases 
tolerance to high product concentrations, and supports high production of native 
or foreign products through genetic recombination [6]. Classical mutagenesis and 
genetic engineering are the two approaches used for strain improvement (Table 1).

3.1.1  Mutagenesis of endophytic microorganisms

Classical strain improvement technique has long been regarded as the gold stan-
dard for strain improvement and enhancing the production of microbial metabolites 
that are of commercial significance. Application of this technique does not require an 
in-depth understanding of the genetic basis of the manipulated microorganisms or 
their biosynthetic pathways [6]. The use of one mutagen repeatedly or two or more 
mutagens, either chemical (nitrosoguanidine [NTG], diethyl sulfate, ethyl methyl 
sulfonate [EMS], 1-methyl-3-nitro-1-nitrosoguanidine [MNNG], sodium nitrite 
[NaNO2], nitrous acid [HNO2] and diethyl sulfate [DES]) or physical (ultraviolet 
radiation [UV], X-rays, gamma radiation [γ-rays], laser, ion beams and microwave) 
changes in the genetic makeup of microbial strains. These changes result in mutations 
in the microbial genome that can also increase the synthesis of secondary metabolites 
[32]. Generally, the selection of improved mutants is often done through random 
screening for the desired trait and relies on exposure to a specific mutagen with the 
aim of inserting point mutations at random in the organism’s genome (Table 1) 
[26–39, 46]. Alternatively, rational screening involves the selection of specific 
mutants with desired genotype characteristics that vary from the previous genotype 
of interest [28].

In endophytic fungi, mutagenesis is done using mycelia, spores, or protoplasts. 
However, mutation of endophyte mycelium highlights the demerits of genetic 
divergence in the offspring, while optimization of conditions for endophyte spore 
mutagenesis is often difficult. Previous successful studies [47, 48] on mutagenesis of 
endophytes for strain improvement have focused on the optimization of fermenta-
tion parameters and also the protocols for protoplast preparations. This suggests that 
protoplast fusion is the best way to induce mutagenesis [49]. Protoplast fusion allows 
the genetic recombination between genomes of different parental strains, followed 
by selection of hybrid strains showing the desired traits [50]. It requires specific 
enzymatic hyrolyzation of protoplasts to remove the cell wall, followed by genetic 
exchange and recombination via cytoplasmic and nuclear fusion and the regenera-
tion of the cell wall that subsequently gives rise to hybrid cells of the desired shuffled 
strain [51].

A few reports have discussed the yield enhancement of the targeted metabo-
lite via protoplast mutagenesis and regeneration (Table 1) [30, 34, 49, 52–54], 
highlighting its beneficial outcomes. Successful strain improvement by induction 
of genetic variabilities via mutations in endophytic fungi Aspergillus luchuensis 
derived from marine mangrove showed that lovastatin yield increased 32-fold 
(87.0 mg/gds) by the recombinant strain [26]. In this case, fungal conidia was 
first treated with a combination of ultraviolet radiation (UV) followed by 
N-methyl-N-nitro-N-nitrosoguanidine (NTG) mutagens, then with a second 
combination of NTG and ethidium bromide, followed by protoplast fusion with 
three successive rounds of gene shuffling. Lovastatin is a natural inhibitor of 
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3-hydroxy-3-methylglutarylcoenzyme A reductase enzyme, and it is used as an anti-
cholesterol drug molecule [26]. Also, a mutant strain obtained via genome shuffling 
of the parental protoplasts of the endophytic fungus Phomopsis species yielded 275-
fold (219 mg/L) increase of the antitumor metabolite deacetylmycoepoxydiene [27]. 
Furthermore, attempts of subjecting high tanshinone IIA-producing mutant fungal 
strains of Emericella foeniculicola (Aspergillaceae: Aspergillus) to genome shuffling 
and three rounds of protoplast fusion resulted in an improved recombinant strain 
that produced 387.56 ± 0.02 mg/g of tanshinone IIA which was 11.07 times higher 
when compared to the parental strain [28].

The fungal wild strain was isolated from Salvia miltiorrhiza, a well-known tradi-
tional Chinese herbal medicine. It is one of the best natural pigments and bioactive 
agents for treating skin diseases. When the spores of a Hypocrellin A (HA)-producing 
strain (Shiraia species) that was isolated from Phyllostachys edulis seeds were mutated 
by gamma irradiation, HA production in the mutant strain reached 2018.3 mg/L 
(414.9% increase) when compared to that of the parent strain (392 mg/L) [29], a 
level that was significantly higher than all the other industrial HA-producing strains 
in published reports. Similarly, improvement in the production of vincamine in 
endophytic fungus Vinca minor (VINI-7), isolated from Tausonia pullulans, by using 
the inactivated protoplast fusion method was reported in [30]. Vincamine, an indole 
alkaloid, is widely found in plants of the Apocynaceae family and has significant 
effects on cell proliferation and on cardiovascular, cerebrovascular, and nervous sys-
tem diseases. Vincamine yield in fusants inactivated by UV radiation was enhanced to 
31.6 mg (162.24% increase), while yield in fusants inactivated by sodium nitrite was 
enhanced to 38.7 mg (221.16% increase). Under optimized fermentation conditions, a 
mutant strain of an endophytic actinomycete Streptomyces flavoviridis yielded a seven-
fold (70.7 ± 1.8 mg/L) increase in 6′-deoxy-bleomycins compound after the parental 
strain was subjected to a combination of UV mutagenesis and ribosome engineering 
[38]. These results indicate the development of classical mutation and selection 
strategies as a promising approach to improving secondary metabolite production by 
endophytes. Other examples of successful use of mutagenesis to enhance secondary 
metabolite yield in endophytes derived from ethnomedicinal plants are shown in 
Table 1.

3.1.2  Genetic transformations in endophytes

Unlike mutagenesis which does not require specific genetic knowledge of the 
manipulated microorganisms, genetic transformation requires precise control of the 
manipulations and modifications introduced in an organism’s genome [6]. It com-
prises of alteration in the genome sequence or exogenous DNA insertion into a cell to 
activate cryptic genes, which allows increasing metabolite production levels, pro-
ducing novel compounds or directing the synthesis of the desired products [40–45, 
55]. Genetic manipulation of specific endophytic microorganisms still presents a 
challenge, since there is still lack of developed genetic transformation tools for many 
microbial species [56]. A review in [57] indicates that most of the studies on the 
genetic transformation of endophytes are still at a preliminary stage, focusing on the 
development of efficient transformation methods and expression tools. Nevertheless, 
genetic transformations in representatives of all major fungal species are now pos-
sible. Thus, DNA transformations aimed at establishing efficient biosynthesis of 
gene products have great potential for use in agrochemical, food, and pharmaceutical 
industries [58].
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The commonly used methods for genetic transformation in fungi are protoplast-
mediated transformation, Agrobacterium tumefaciens-mediated transformation 
(ATMT), and electroporation [59]. Heterologous expression is one of the useful 
approaches that allow one species to express foreign proteins that they naturally do 
not have but are derived from the introduction of a foreign gene from another species, 
encoding for a protein of interest [60]. Generally, the specific target gene is trans-
formed using a vector, then what follows is culturing and expressing, identifying the 
chemical structure, and confirming its bioactivities. Host organisms that are mainly 
used for heterologous expression are Escherichia coli (bacteria), Saccharomyces cerevi-
siae (yeast), and the filamentous fungi Aspergillus nidulans and Aspergillus oryzae for 
obtaining fungal secondary metabolites [61]. Recently, a procedure for Polyethylene 
Glycol (PEG)-mediated transformation of the taxol-producing endophytic fungi 
Ozonium species isolated from Taxus chinensis var. mairei was established [62], where 
protoplasts obtained by the optimized enzyme system and Plasmid pV2 containing 
the hygromycin-B phosphotransferase gene driven by a fungal promoter (trpC) was 
successfully integrated into the fungal genome. The establishment of such an efficient 
transformation system of taxol-producing endophytic fungus offers great potential 
for improving taxol production by engineering the taxol biosynthetic pathway genes 
in the future. Examples of successful use of genetic transformation to enhance 
secondary metabolite yield in endophytes derived from ethnomedicinal plants are 
shown in Table 1.

In a report of pathway reconstitution, the taxadiene-biosynthetic cluster was 
expressed in Escherichia coli and transformed into endophytic fungus Alternaria alter-
nata isolated from T. chinensis var. mairei, and the mevalonate (MVA) pathway was 
engineered, with introduction of the plant taxadiene-forming gene [45]. This resulted 
in the stable production of 61.9 ± 6.3 μg/L of taxadiene in A. alternata (Table 1), thus 
providing the first demonstration of taxadiene production in filamentous fungi and 
an alternative method for Taxol production in microorganisms. Taxadiene is the first 
committed precursor in the biosynthesis of Taxol.

In another report, a carotenoid (Pscrt) biosynthetic gene cluster from the endo-
phytic bacterium Pseudomonas species that was isolated from the leaves of T. chinensis 
was amplified, and then successfully reconstituted in heterologous hosts E. coli and 
Pseudomonas putida to enhance the production of a promising antioxidant zeaxanthin 
diglucoside [44] in Pseudomonas species. The production was improved through opti-
mization of fermentation conditions (medium, cultivation temperature, and culture 
time) and a further enhancement by the introduction of an expression plasmid har-
boring the Pscrt biosynthetic gene cluster into Pseudomonas species. This resulted into 
the engineered strain producing 380 ± 12 mg/L of zeaxanthin diglucoside, a level that 
was 85% higher than production in the wild type. This engineered strain represents a 
great host for the industrial production of this promising glycosylated carotenoid.

Another cutting-edge technology, genome editing, has great potential to revo-
lutionize the production of natural products. The clustered, regularly interspaced 
short palindromic repeats (CRISPR)/Cas9 system is a programmable genome editing 
technology that allows for precise and efficient modifications to the DNA of all cell 
types [63]. The system forms an active Cas9/guide RNA complex that requires a guide 
RNA to match a desirable microbial gene of interest that ensures efficient protein 
translation and a Cas9 (CRISPR-associated protein 9) endonuclease that makes 
double-stranded breaks in genomes, thus allowing particular genes associated with 
the biosynthesis of pharmacological important chemicals to be deleted, added, or 
modified [63, 64].
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Recently, numerous protocols for the use of CRISPR/Cas9 system in several 
species of fungi have been developed [65]. As reviewed in [57], this technology has 
been applied to a limited number of real applications in model filamentous fungi 
such as Sporormiella minima, Aspergillus oryzae, Aspergillus niger, Aspergillus nidulans, 
Talaromyces atroroseus, Neurospora crassa, Alternaria alternata, and Penicillium chrys-
ogenum to explore increased production of biologically active compounds. Therefore, 
development of these systems in endophytic fungi has not been fully elucidated. Most 
reports focus on these system’s feasibility in different microbial species, and addition-
ally, there are limited review articles available on this topic [66, 67].

A study in Ref. [41] showed that CRISPR-Cas9-based genome editing in the 
endophytic fungus Phomopsis liquidambaris isolated from the inner bark of the 
medicinal plant Bischofia polycarpa produces the flavonoids naringenin, kaempferol, 
and quercetin. Phomopsis liquidambaris mitogen-activated protein kinase kinase 
(MAPKK) signaling gene not only is important for mutualistic symbiosis with plants 
[68], but also affects the synthesis of secondary metabolites. The MAPKK gene was 
successfully knocked out via double gRNA introduction into a newly constructed 
CRISPR/Cas9 system, which was conducive to causing plasmid loss [41]. This trig-
gered the biosynthesis of Naringenin, kaempferol, and quercetin yielded 5.65 mg/L, 
1.96 mg/L, and 2.37 mg/L, respectively.

Nonetheless, there is a recent study on the development of a CRISPR/Cas9 system 
suitable for gene editing in the endophytic fungus Berkleasmium species that were 
isolated from Dioscorea zingiberensis, and produces palmarumycins (polyketides of 
the spirobisnaphthalene class) those exhibit antibacterial, antifungal, and cytotoxic 
activities [40]. Fungal protoplast preparation was optimized before disrupting the 
bdpks gene that encodes the pentaketide 1,3,6,8-tetrahydroxynaphthalene synthase 
enzyme, which is responsible for the biosynthesis of 1,8-dihydroxynaphthalene-mel-
anin. The successful gene disruption provided a platform for the construction of an 
optimal system using the U6 snRNA-1 promoter as the sgRNA promoter that resulted 
in the termination of spirobisnaphthalenes and melanin production. Hence, this gene 
disruption platform forms a basis for further exploration of other gene functions and 
also for the development of efficient CRISPR/Cas9 systems in other endophytes [40].

Gene deletion or gene knockout strategies have also enabled the generation of 
strains with improved production of high-value secondary metabolites and inhibition 
of toxic metabolites in filamentous fungi by metabolic engineering. Generally, one 
target gene is made inoperative in an organism. Deleting a gene completely usually 
requires double crossover homologous recombination events at the genomic level 
[69]. The genus Streptomyces represents one of the largest producers of molecules with 
antibiotic activity. From a study conducted in [43], the whole genome sequencing of 
the endophytic microorganism Streptomyces species that produces valinomycin was 
isolated from Citrus sinensis branches and revealed 35 gene clusters encoding for sec-
ondary metabolism. Valinomycin plays several biological functions such as antibacte-
rial, antiviral, and anticancer [69]. In the study, deleting an adenylation domain from 
a hybrid non-ribosomal peptide synthetases (NRPS) cluster through a double cross-
ing knockout experiment resulted in the mutant strain producing 5.171 ± 1.048 mg/L 
of valinomycin, an increased production of 10.5-fold (Table 1).

3.2  Unlocking the cryptic gene clusters in endophytes

Silent biosynthetic genes or genomic instability results from the application of 
bioprocess optimization strategies on endophytic fungi for enhanced product yields 
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in axenic culture. As depicted in Table 2, the co-cultivation of compatible endophytic 
strains and the use of epigenetic modifiers to induce the production of secondary 
metabolites by endophytes are approaches that have great potential to overcome the 
shortfalls associated with stabilizing the productive capabilities of axenic cultures [4, 
25, 70–72].

3.2.1  Co-cultivation of endophytes

Several novel compounds have been isolated through co-cultivation method. 
Co-cultivation is the combination of two or more microbial strains together to 
enhance the product yield of known secondary metabolites and also stimulate the 
biosynthesis of novel secondary metabolites that are often absent in traditional single 
cultures [73]. Although the exact mechanism of secondary metabolite biosynthesis 
remains unclear in many endophytic co-cultures, there is indication of signaling 
molecules that one strain produces are exogenic to the other strain and hence can 
awaken the silent or cryptic biosynthetic gene clusters to produce new compounds 
[74]. In this method, an artificial microbial community is constructed to activate 
the biosynthetic gene clusters to produce new compounds. The co-culture method 
involves several strategies that include co-culturing: (a) two endophytic fungi; (b) 
endophytic fungi with bacterium; or (c) endophytic fungi with fungi isolated from 
diverse habitats that make enhancement or production of new compound and activa-
tion of silent gene clusters for microorganisms [75].

In a previous study [70], co-culture of endophytic fungus Phomopsis species 
isolated from the bark of medicinal herb Eucommia ulmoides and fungus Alternaria 
species isolated from grape, and co-culture of Phomopsis sp. and E. ulmoides bark 
increased the yield of two natural lignans Pinoresinol and (+)-pinoresinol monoglu-
coside (PMG) by 2.57- and 1.18-fold, respectively, (Table 2) in liquid potato dextrose 
broth medium (PDB) and 1.25- and 1.52-fold, respectively, in cell medium with only 
glucose. Pinoresinol and PMG are enterolactone precursors that can prevent breast 

Approach & method Endophyte Medicinal 
plant

Secondary 
metabolite

Improved 
yield

Ref.

Co-cultivation

• Alternaria sp. + 
Eucommia ulmoides bark 
in the medium

Phomopsis
species

Eucommia
ulmoides

Pinoresinol
Pinoresinol
monoglucoside
Pinoresinol
Pinoresinol
monoglucoside

2.57-fold in
PDB
1.18-fold in
PDB
1.25-fold
resting
cells
1.52-fold in
resting
cells

[70]

Epigenetics

• valproic acid

Aspergillus
fumigatus

Grewia
asiatica

Fumiquinazoline C 49.30
μg/mg (10-
fold)

[71]

Epigenetics

• 5-azacytidine

Penicillium
radicina

Salvia
abrotanoides

Tanshinone IIA 63.176
mg/g

[72]

(PDB—Potato Dextrose Broth medium).

Table 2. 
Summary of studies on unlocking gene clusters in endophytes associated with etnomedicinal plants.
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and endometrial cancers. Elicitation of lignan synthesis and the expression of the 
silent lignan gene clusters can be attributed to the microbial interactions in the co-
cultures that consequently resulted in enhanced Pinoresinol and PMG yields [70].

3.2.2  Application of epigenetic modifiers

Epigenetics focus on alterations in the cell or organism’s genomic structure 
and pattern of gene expression without changing the DNA sequences. Thus, those 
alterations can influence the kind of proteins that are transcribed by switch-
ing genes on or off [76]. Generally, the full biosynthetic potential of endophytic 
microorganisms is extremely limited because most of their gene clusters that encode 
bioactive secondary metabolites are often rendered silent and cryptic under axenic 
cultures. However, their gene expression can be altered without any modification in 
the order of nucleotides in DNA. Epigenetic modifications using chemical inhibitors 
(more specifically, Histone deacetylase [HDAC] inhibitors such as sodium butyr-
ate, suberoylanilide hydroxamic acid, and valproic acid or DNA methyltransferase 
[DNMT] inhibitors such as 5-azacytidine, hydralazine, and procaine) or inducers 
are capable of awakening the expression of silent biosynthetic pathways in endo-
phytic microorganisms, hence resulting in enhanced yields of bioactive secondary 
metabolites [71, 72, 77].

Fumiquinazolines are peptidyl alkaloids and are reported to have significant 
antibacterial, antifungal, and antitumor properties [78]. A study on the effect of 
valproic acid on the biosynthetic pathway of fumiquinazoline C in endophytic fungi 
Aspergillus fumigatus isolated from Grewia asiatica showed ten folds enhancement 
in the production of a secondary metabolite, fumiquinazoline C (49.30 μg/mg crude 
extract) from the initial quantities (4.61 μg/mg crude extract) [71]. Nonetheless, 
those findings also showed that endophytic exposure to valproic acid triggered up-
regulation of all the genes, that is, Afua_6g 12,040, Afua_6g 12,050, Afua_6g 12,060, 
Afua_6g 12,070 and Afua_6g 12,080 responsible for the biosynthesis of fumiquinazo-
line C. This indicates that epigenetic modifiers can tickle the biosynthetic pathway, 
resulting in an alteration in the metabolic profile of the microorganisms [71].

The 5-azacytidine (5-AC) is an analog of cytidine nucleoside molecule, and 
its incorporation into DNA often inhibits DNA methylation; hence, it can induce 
the expression of silenced secondary metabolite genes in fungi [72]. In a recent 
study highlighting the first case of applying 5- azacytidine in endophytic fungi 
for enhanced tanshinone yield, this epigenetic modifier restored the production 
of tanshinone IIA by a threefold increase in the third subculture of endophytic 
fungi Penicillium pinophilum isolated from the roots of Salvia abrotanoides [72]. 
Similarly, the same 5-AC epigenetic modifier increased Tanshinone IIA production 
in the endophytic fungal cultures of Penicillium radicina (63.176 mg TIIA/g of dry 
weight) and Penicillium nodositatum. These findings confirmed 5- azacytidine as an 
efficient, easy, and quick chemical to felicitate secondary metabolite production in 
endophytic fungi [72].

4.  Conclusion

In vitro strategies show great promise in improving the yields of target bioac-
tive phytochemicals from endophytes, which can be explored to elicit the synthesis 
of desired natural molecules for use in agrochemical, food, and pharmaceutical 
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Abstract

Carotenoids are plant-derived compounds that have numerous health benefits, 
encompassing disease protection, cardiovascular health, mental and physical 
development, etc. Carotenoids exert their effect by combating oxidative stress, 
scavenging free radicals and quenching singlet oxidants, hence an effective metabolic 
antioxidant. Recently, carotenoids have gained a debated interest, wherein research 
momentum diverges to understand their antioxidant as well as prooxidant functions. 
Research focuses on investigating the prooxidant function stemming from the ability 
of carotenoids to induce oxidative damage. Herein, we will discuss the general clas-
sification, structure and physiological reactions of carotenoids. The emphasis will lie 
in understanding the triggers and mechanisms that influence their antioxidant versus 
prooxidant ability. We aim to outline the likely conditions enabling their antioxidant 
and/or prooxidant activities. A thorough mechanistic understanding of these highly 
beneficial nutrients will provide a toolkit for preventing diseases in addition to treat-
ing diseases through their exclusive prooxidant abilities.

Keywords: carotenoids, plant-derived compounds, health benefits, antioxidant 
mechanism, antioxidant-prooxidant balance, oxidative stress, prooxidant, free radical 
scavenging, singlet oxygen quenching, metabolic antioxidant

1.  Introduction

Carotenoids are a class of over 700 fat-soluble pigments, primarily synthesized 
in plants, algae and certain bacteria and found in some animal products [1]. These 
lipophilic isoprenoid compounds contribute to the vibrant colors in plants and 
vegetables, ranging from yellow, orange to red hues [2]. About 20 carotenoids have 
been found in human blood and tissues, while about 30–40 carotenoids have been 
identified in the average human diet [3]. Carotenoids play various important roles in 
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plant and animal physiology with significant benefits to human health due to their 
antioxidant properties [4–6]. This makes carotenoids the key bioactive molecules in 
various fields, including nutrition, medicine and biotechnology [7].

Carotenoids are usually thought of as antioxidants because of their ability to 
neutralize free radicals and lower oxidative stress, but in certain incidences, they may 
also behave as prooxidants [8, 9]. A number of variables, including chemical com-
position and concentration of the carotenoid, metal concentration, light exposure, 
the impact of other biological antioxidants and the intrinsic molecular structure of 
carotenoids, might influence this functional alteration [8, 10, 11]. Therefore, evaluat-
ing their impacts on health underlies the critical assessment of the overall context, 
which includes dose, environment and the presence of other chemicals [12]. They play 
essential roles in photosynthesis and photoprotection in plants while offering signifi-
cant health benefits to humans. Carotenoids are broadly categorized into two classes: 
carotenes and xanthophylls [8]. Carotenes, such as β-carotene and lycopene, are 
purely hydrocarbon compounds, whereas xanthophylls, like lutein and zeaxanthin, 
contain oxygen [12]. These structural variations contribute to their diverse biological 
functions. In humans, certain carotenoids act as precursors to vitamin A, a crucial 
nutrient for vision and immune function [13]. They also exhibit potent antioxidant 
properties, neutralizing reactive oxygen and nitrogen species (ROS/RNS) and miti-
gating oxidative stress connected to chronic illnesses and aging [14, 15].

Carotenoids encompass major health benefits to human health [16]. Beyond 
their antioxidant properties, the bioactivity spectrum of carotenoids extends to its 
potential as prooxidant. Emerging research highlights the potential of carotenoids 
to reduce the risk of developing chronic illnesses including heart disease, age-related 
macular degeneration (AMD) and several types of cancer. Some important roles of 
carotenoids include improving cellular defense mechanisms, regression of malig-
nancy, growth factor and inflammatory pathways modulation. Nonetheless, the effect 
underlies context-dependence, wherein, under certain conditions, carotenoids switch 
to prooxidant functions, especially when present in high concentrations or exposed 
to high levels of oxidative stress, such as in smokers. The scientific community is 
still debating on safe and effective dietary intake or supplementation of carotenoids 
because of their dual nature, which highlights the intricacy of their physiological 
activities. This chapter explores the dual roles of carotenoids, detailing their mecha-
nisms as antioxidants and prooxidants, delving into the intricate dual roles of carot-
enoids and highlighting their mechanisms of action as both potent antioxidants and, 
under certain conditions, prooxidants.

2.  Structural and biochemical foundations of carotenoids

The characteristic hues of carotenoids, which vary from yellow and orange to red, 
are attributed to a sequence of conjugated double bonds [1]. Within the molecule, these 
double bonds are usually organized either cyclically or linearly [17]. Since light in the 
visible spectrum is absorbed by the conjugated system of double bonds, carotenoids are 
crucial pigments of plants, algae and some microbes [18]. A long sequence of conju-
gated double bonds, usually organized in a polyene chain, is the primary structural 
characteristic of carotenoids. The π-electron cloud is extended along the molecule by 
this conjugation, which causes visible light to be absorbed and gives carotenoids their 
distinctive coloring [19]. Nonetheless, their electron-rich system makes them a subject 
of electrophilic attack, thereby imparting greater instability toward oxidation.
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2.1 Molecular diversity and functional groups

Based on their chemical structures and functional groups, carotenoids are segre-
gated into two main groups: carotenes and xanthophylls (Figure 1). As hydrocarbons, 
carotenes are devoid of functional groups with oxygen, solely harboring carbon and 
hydrogen atoms. This property differentiates carotenes from xanthophylls and also 
makes them lipophilic. Further classification differentiates carotenoids to be pro-vita-
min A (α-carotene, β-carotene and β-cryptoxanthin) and non-pro-vitamin A (lutein, 
lycopene and zeaxanthin), depending on their ability or inability as precursors of 
vitamin A (Figure 1).

Typical carotenoid examples include β-carotene, α-carotene and lycopene.
β-carotene: It is an efficient electron delocalization tetraterpene made up of 40 

carbon atoms with 11 conjugated double bonds (Figure 1). The vivid orange hue of 
the compounds results from the absorption of visible light by its expanded π-electron 
system [20]. Its antioxidant qualities are also influenced by this delocalized electron 
network, efficiently neutralizing free radicals and quenching singlet oxygen [21]. 
β-Carotenes are present in sweet potatoes, pumpkins and carrots and are a precursor 
of vitamin A.

α-carotene: The structure of α-carotene is similar to that of β-carotene, except that 
it lacks one β-ionone ring [22]. It gives green leafy vegetables their yellow-orange hue 
and is found in large quantities.

Lycopene: Lycopene is a strong scavenger of free radicals due to its open chain poly-
ene structure and absence of β-ionone rings, delineating them from other carotenoids 
like β-carotene. The linear configuration of conjugated double bonds improves its 
capacity to neutralize ROS and quench singlet oxygen [23]. Tomatoes, watermelons 
and pink grapefruits are rich sources of the red pigment lycopene.

Xanthophylls are often classified as lutein, zeaxanthin, β-cryptoxanthin, canthax-
anthin and astaxanthin.

Being the derivatives of oxidized carotenes, xanthophylls have conjugated double 
bonds together with oxygen-containing functional groups like hydroxyl (∙OH) or 
epoxy (∙O∙) groups [24]. Oxygen atoms provide xanthophylls with special chemical 

Figure 1. 
Molecular structure of carotenoids. (a) Carotenes and (b) Xanthophylls. The efficacy of carotenoids as 
antioxidants dependent on the ability of these molecules to bind at the water/lipid interface.
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characteristics and biological roles [17]. It makes up 10% of the carotenoids found in 
nature [25]. Typical xanthophylls include:

Lutein: Eight isoprene units make up the 40-carbon backbone of lutein, an 
unsaturated polyene hydrocarbon. Its unique structure and functional characteristics 
are attributed to the two hydroxyl groups that are joined to β-ionone rings [17, 26]. 
Lutein, which is concentrated in the macula of the retina and is necessary for eye 
health, is available from egg yolks, marigold flowers and green leafy foods.

β-cryptoxanthin: It contains 11 conjugated double bonds similar to polyisoprenoids 
(Figure 1). Structurally, it is a bicyclic compound with a hydroxyl group attached to 
the carbon at position 3 of one of its rings [20]. Retinol, or vitamin A, is produced by 
the metabolic conversion of β-cryptoxanthin in the human body and is essential for 
both eyesight and general health.

Zeaxanthin: Nine alternating conjugated double and single carbon bonds make up 
this extremely reactive and stable polyene molecule [15]. Zeaxanthins have hydroxyl-
substituted ionone rings that cap each end of its carbon skeleton enhancing its 
solubility and biological use [26]. Because of its structure, zeaxanthin can efficiently 
interact with ROS, which helps to protect cells from oxidative damage and preserve 
eye health, especially by blocking damaging blue light in the macula [27]. Zeaxanthin 
is often found in orange peppers, spinach and maize. It is considered an essential 
carotenoid for maintaining vision and A.

Astaxanthin: This xanthophyll is made up of two terminal rings of the β-ionone 
type that are joined by a polyene chain. This ketocarotinoids contain β-ionone ring 
with hydroxyl group (∙OH) at both ends of the molecule and an asymmetric carbon 
at the 3,3′-position [28]. The ring structure also has oxygen as hydroxyl (∙OH) and 
keto groups (C〓O) [29]. Its strong antioxidant qualities and functions in the biologi-
cal systems are facilitated by special structural arrangement [30]. Astaxanthin is a red 
pigment found in seafood, such as lobster, shrimp and salmon, flamingos and crusta-
ceans that gives them pink color.

2.2 Physiological relevance of carotenoids in human metabolism

The chemical and physical properties of carotenoids dictate their functional role 
in human metabolism, serving both as antioxidants and precursors to vital bio-
molecules (Figure 2). β-Carotene, for instance, is converted into vitamin A, which 

Figure 2. 
Overview of physical and chemical properties of carotenoids and functional roles.
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is critical for vision, immune function and cellular differentiation. Carotenoids, 
lutein and zeaxanthin are concentrated in the retina, particularly the macula, where 
they prevent oxidative damage, thus supporting eye health and reducing the risk of 
age-related macular degeneration (AMD) [31]. Additionally, carotenoids have been 
linked to improved cardiovascular health by reducing lipid oxidation and enhancing 
endothelial function [32].

Carotenoids undergo several key biochemical pathways in human metabolism. 
Once ingested, carotenoids are absorbed in the intestine, aided by dietary fats and 
bile salts and incorporated into chylomicrons for transport via the lymphatic system. 
β-Carotene is enzymatically cleaved by β-carotene-15,15′-dioxygenase in the intestine 
to yield retinal, which can be reduced to retinol (vitamin A) or oxidized to retinoic 
acid [33]. These metabolites are indispensable for vision, epithelial cell differentia-
tion and immune regulation, and their deficiencies are linked to conditions like 
xerophthalmia and increased susceptibility to infections [34–36]. Non-provitamin A 
carotenoids, such as lutein and zeaxanthin are concentrated in the macula and create 
the macular pigment optical density (MPOD) [36]. They reduce oxidative stress and 
function as blue light filters, which lowers the risk of AMD [36].

Carotenoids play a pivotal role in modulating critical signal transduction path-
ways that regulate cellular responses to oxidative stress, inflammation and growth 
regulation. Key pathways influenced by carotenoids include nuclear factor erythroid 
2-related factor 2 (Nrf2) and nuclear factor-kappa B (NF-κB) [37]. Through Nrf2 
activation, carotenoids, such as lycopene and astaxanthin enhance the expression 
of antioxidant and detoxifying enzymes, strengthening the defense against oxida-
tive damage. Simultaneously, carotenoids inhibit NF-κB signaling, which reduces 
the expression of pro-inflammatory cytokines and mitigates chronic inflammation 
[38]. NF-κB also governs genes associated with embryonic development, skin and 
bone health and the central nervous system. Specific interactions of carotenoids with 
signaling pathways such as PI3K/Akt, Wnt/β-catenin, MAPK, JAK/STAT, mTOR, 
TGF-β and Hedgehog have been well-studied [39–42]. These pathways are pivotal 
in regulating cellular stress, growth, metabolism, embryonic development, immune 
responses, inflammation and the inhibition of cancerous proliferation. By modulating 
these cascades, carotenoids exhibit remarkable therapeutic potential in the prevention 
and management of chronic diseases, including cancer, cardiovascular disorders and 
neurodegenerative conditions, thereby maintaining metabolic homeostasis.

Carotenoids also have the potential to activate nuclear hormone receptor pathways 
such as retinoic acid receptors (RAR), retinoid X receptors (RXR) and peroxisome 
proliferator-activated receptors (PPARs) [43, 44]. Both in vitro and animal stud-
ies have connected Nrf-2, a transcription factor that activates antioxidant response 
elements, to carotenoid-mediated oxidative stress reduction [45, 46]. When activated, 
Nrf2 upregulates the expression of antioxidant enzymes, including glutathione 
peroxidase, SOD and catalase [47]. These enzymes work synergistically with 
carotenoids to reduce oxidative stress, mitigate inflammation and protect cellular 
structures, including lipids, proteins and DNA, from oxidative damage. Carotenoids 
also play important roles in apoptosis, cellular proliferation, metabolic inflamma-
tion and tumor growth. The RAR and RXR receptors also regulate the expression of 
several genes associated with immunological function and cellular development [48]. 
Furthermore, RXR/PPARs have been linked to adipocyte differentiation [49]. Studies 
have also shown that carotenoids activate PPARγ and Nrf-2 [47].

Additionally, carotenoids contribute to cellular communication by enhancing gap 
junctional intercellular communication (GJIC), a process crucial for maintaining 
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tissue homeostasis and regulating cell growth [50]. It has been particularly demon-
strated that carotenoids like β-carotene increase the expression of connexin proteins, 
which are the structural elements of gap junctions [50]. GJIC is strengthened by 
this regulatory mechanism, which can subsequently stalls tumor growth through 
unregulated cell division [51]. The capacity of carotenoids to repair and enhance GJIC 
underlies their function in preventing cancer and their wider significance in preserv-
ing cellular integrity.

2.3  Redox potential and reactivity: The basis of dual functionality as antioxidant 
and prooxidant

The dual roles of carotenoids as antioxidants and prooxidants are dictated by their 
redox potential and chemical reactivity (Figure 2). The ability to donate or take elec-
trons in redox processes is a result of the redox potential, which is inherent in their 
conjugated structure of double bonds [52]. Carotenoids are antioxidants that stabilize 
free radicals and efficiently quench singlet oxygen by donating electrons or hydrogen 
atoms; this antioxidant effect is more obvious during mild oxidative stress [41]. Their 
redox potential is usually within a range conducive of scavenging ROS, which makes 
them effective at maintaining cellular redox homeostasis. Carotenoids may, however, 
behave as prooxidants in some instances, adding to oxidative stress. Carotenoid-
derived radicals can emerge when the antioxidant action of carotenoids is destabilized 
by high concentrations of carotenoids, low or high oxygen tension and environments 
with enhanced ROS [52]. These radicals worsen cellular oxidative damage by interact-
ing with cellular macromolecules and spreading lipid peroxidation. Additionally, the 
presence of transition metals like iron or copper and prolonged exposure to UV or 
blue light, can change the redox state of carotenoids, shifting the balance in favor of 
prooxidant activity [53]. The delicate balance between prooxidant and antioxidant 
functions is further highlighted by the fact that their oxidative metabolites and coex-
istence with pre-existing lipid peroxides can enhance prooxidant effects. This dual 
functionality emphasizes the significance of context such as concentration, oxygen 
availability and degrees of oxidative stress in deciding whether carotenoids have a 
protective or detrimental effect on biological systems.

2.3.1 Antioxidant effects of carotenoids: Guardians against oxidative stress

Carotenoids are powerful antioxidants, acting through mechanisms like scaveng-
ing reactive species, electron transfer, hydrogen abstraction, radical addition, metal 
chelation, quenching molecular oxygen and preventing lipid peroxidation. Their 
chemical composition, interactions with biological membranes and co-antioxidants 
like vitamins C and E influence their antioxidant activity. The quantity of conjugated 
double bonds and the type of substituents in the carotenoids, which include cyclic 
end groups, also influence the quenching activity.

Astaxanthin is ten times more powerful than lutein, canthaxanthin, and 
β-carotene. It helps stop lipid peroxidation in cellular membranes. [54]. Astaxanthin 
has scavenging capabilities against ROA, including superoxide anion (O-2) and 
hydrogen peroxide (H2O2) radicals. The natural astaxanthin found in shrimp shells 
has antioxidant properties that protect against non-physiological radicals [55]. 
Astaxanthin lowers ROS formation and reduces ROS in murine cone cell lines in a 
concentration-dependent manner. It boosts the activity of antioxidant enzymes and 
decreases MDA levels in human LS-180 colorectal cancer cells. In vivo, it protects 
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the heart from oxidative stress, promotes anti-arthritic effects in rats and provides 
neuroprotection in the mouse brain [56, 57]. In HR-1 hairless mice, astaxanthin also 
prevents photoaging, demonstrating its wide-ranging protective benefits in a variety 
of models that have been investigated thus far [58]. Astaxanthin supplementation 
was demonstrated to dramatically lower oxidative stress indicators, such as MDA and 
ROS, in healthy people in clinical research [59]. Further, consumption of astaxanthin 
improved skin elasticity and reduced the effects of photoaging in those exposed to UV 
radiation [60]. These findings lend credence to broad-spectrum antioxidant activity 
of astaxanthin and its capacity to lessen oxidative damage in humans.

Alpha-carotene has shown efficacy in scavenging free radicals, thereby reducing 
lipid peroxidation in cultured human cells [61]. Supplementation with α-carotene 
dramatically reduced MDA, a hallmark of oxidative damage, subsequently increasing 
the activity of antioxidant enzymes including SOD and catalase. Many studies also 
demonstrate its function in cellular defense. In a clinical trial of people with metabolic 
syndrome, α-carotene supplementation was found to dramatically lower oxidative 
stress indicators, such as MDA and ROS metabolites [62]. Higher dietary consumption 
of α-carotene was linked to decreased oxidative stress and reduced risk of cardiovas-
cular diseases in a Japanese people cohort, according to a study by Hozawa et al. [63]. 
These studies underscore the beneficial potential of α-carotene in reducing oxidative 
damage in humans.

β-Carotene is a precursor of vitamin A and illustrates the ability to scavenge free 
radicals like ABTS˙ + and ROS such as 1O2, ONOO, peroxynitrous acid (ONOOH) 
and NO2. Its scavenging activity underlies its location and orientation in biological 
membranes and isomerization states. The lipophilic nature of β-carotene facilitates 
its efficacy in the lipidic systems. β-Carotene supplementation is shown to decrease 
oxidative stress in smokers by lowering lipid peroxidation, confirming its protective 
function against oxidative damage [64]. β-Carotene is shown to increase skin elastic-
ity and decrease UV-induced oxidative damage in humans [65]. This property is fur-
ther supported by numerous experimental investigations. The capacity of β-carotene 
to prevent lipid peroxidation in liposomal membranes is dependent on its orientation 
and location inside the membrane, affecting its radical scavenging capacity [66]. 
Furthermore, β-carotene confers protection on vascular health by dramatically lower-
ing ROS levels in human endothelial cells [67].

Lutein can scavenge ROS such as ABTS˙+, NO˙ and O2˙. In vitro studies demon-
strate the inhibition of lipid peroxidation and scavenging of DPPH radicals [68]. 
Lutein supplementation in humans enhances antioxidant enzyme system and reduces 
oxidative stress, particularly in the liver and blood [69]. Lutein also offers protective 
effects against oxidative damage-associated diseases such as ovarian ischemia-
reperfusion injury and cyclophosphamide-induced lung damage [70]. Several in vitro 
studies have demonstrated that lutein readily neutralizes the ABTS˙ + radical and 
subdues oxidative stress markers in biological systems. In animal models, lutein has 
been shown to enhance catalase and SOD activities, while reducing oxidative damage 
in liver and lungs. In rats with ovariectomies, lutein supplementation raised blood 
glutathione levels and decreased lipid peroxidation [71]. Lutein supplementation 
enhances cognitive performance in older persons, especially in domains like memory 
and attention. fMRI studies have demonstrated that lutein has neuroprotective 
benefits via increasing brain activity and connection [72].

Lycopene is extremely effective in neutralizing ROS, that is, 1O2, O2˙ and HO˙. It 
demonstrates greater effectiveness in preventing oxidative damage and scavenging 
ROS. Lycopene demonstrates greater capacity to quench ROS, reduce ROS formation 
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driven by light exposure in murine cone cell lines, prevent hemoglobin oxidation 
and lipid peroxidation in human erythrocytes [73]. Additionally, studies show that 
lycopene protects rats exposed to hepatotoxic chemicals such as aflatoxin B1 and 
bisphenol A by lowering ROS and MDA levels and increasing total antioxidant capac-
ity [74, 75]. In humans lycopene intake lowers oxidative stress, especially in cardio-
vascular and neurological disease.

Zeaxanthin, plentiful in dietary and marine sources, is essential for controlling 
the production of glutathione, enhancing redox equilibrium and reducing cellular 
damage brought on by H2O2. Zeaxanthin has strong action against hydroxyl radicals 
(HO•) and effectively scavenges ABTS˙ + and quenches singlet oxygen (1O2) [76]. 
Additionally, it interacts with oxidized LDL and shields the probe DHR 123 from 
ONOO− oxidation. Zeaxanthin is less efficient against tert-butyl hydroperoxide-
induced lipid damage in human erythrocytes, but it does decrease APPH-induced 
lipid peroxidation and hemoglobin oxidation. Reduced MDA levels and increased 
activity of antioxidant enzymes such as glutathione, SOD and catalase are indicators 
of its protective benefits in acetic acid-induced colitis in rats, according to in vivo 
studies [77]. Zeaxanthin consumption may help prevent AMD and other oxidative 
stress-related disorders by lowering oxidative stress and concentrating in the macula, 
according to human research.

Hypoxic conditions reduce ROS production, thereby minimizing oxidative stress 
and aiding in cellular protection. Carotenoids such as β-carotene, lutein and lycopene 
display potent antioxidant activity by scavenging free radicals without transitioning 
into prooxidant states, more likely at higher oxygen levels. This function is critical 
for maintaining cellular homeostasis, particularly in oxygen-sensitive tissues like the 
retina. In this case, lutein and zeaxanthin, which are mostly found in the macula, 
protect against phototoxic damage by blocking ROS and lipid peroxidation. This 
keeps the metabolism in balance and keeps cells healthy in oxidative environments.

2.3.2 Mechanisms underpinning the antioxidant activity of carotenoids

Carotenoids interact with free radicals such as superoxide anions (O2
− hydroxyl 

radicals (HO˙) and nitrogen-derived radicals, neutralizing them by electron transfer 
or by donating hydrogen atoms. For example, β-carotene scavenges the non-physio-
logical ABTS radical cation (ABTS∙+) and neutralizes peroxynitrous acid (ONOOH), 
an oxidizing agent implicated in cellular damage.

Low oxygen tension and balanced dietary intake lead to the optimal antioxidant 
activity of carotenoids. Within physiological levels, carotenoids mitigate oxidative 
stress and inflammation, contributing to cellular redox homeostasis. However, exces-
sive carotenoid concentration, especially in absence of any complementary anti-
oxidant nutrients induces prooxidant effects that tips off the redox balance thereby 
worsening oxidative damage. Maintaining appropriate carotenoid levels is critical for 
preserving cellular integrity, preventing oxidative damage and sustaining metabolic 
health. Carotenoids carry out antioxidant mechanisms in the following ways:

2.3.2.1 Direct free radical scavenging

Carotenoids interact with free radicals such as superoxide anions (O2
−), hydroxyl 

radicals (HO˙ and nitrogen-derived radicals, neutralizing them by electron transfer 
or by donating hydrogen atoms. As an example, β-carotene gets rid of the non-
physiological ABTS radical cation (ABTS˙+) and neutralizes peroxynitrous acid 
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(ONOOH), which is an oxidizing agent that is linked to cell damage. Lycopene, due 
to its extended conjugation, exhibits higher efficiency in quenching free radicals like 
hydroxyl radicals compared to other carotenoids [78].

2.3.2.2 Singlet oxygen quenching

Singlet oxygen (O2) is a very reactive type of oxygen that may seriously harm 
cells, inflicting oxidative damage. Through a physical process called energy transfer, 
the energy from singlet oxygen is transferred to the carotenoid molecule, quenching 
singlet oxygen [79]. By releasing the absorbed energy as heat, the carotenoid returns 
to its ground state and the singlet oxygen is changed into its less reactive triplet state 
[79]. Carotenoids, lycopene and astaxanthin are essential for avoiding lipid peroxida-
tion and safeguarding cellular membranes because of their long chains of conjugated 
double bonds, which make them extremely effective quenchers of singlet oxygen. 
Carotenoids, like lutein or astaxanthin, neutralize the damaging reactivity of singlet 
oxygen by absorbing its excess energy and dissipating it as heat when they come into 
contact with it [5]. This method shields cellular structures against oxidative damage, 
especially in high-exposure organs like the retina, by preventing singlet oxygen from 
interacting with adjacent molecules like lipids and proteins.

2.3.2.3 Interaction with cellular antioxidant system

Carotenoids function synergistically with intrinsic antioxidant mechanisms. They 
augment the function of enzymes including SOD, catalase and glutathione peroxidase 
by diminishing ROS levels and preserving intracellular redox equilibrium [42]. This 
not only mitigates oxidative stress but also maintains the efficacy of other antioxi-
dants such as glutathione. This emphasize the essential function of carotenoids in 
safeguarding against oxidative damage, preserving cellular integrity and alleviating 
chronic illnesses such as cardiovascular diseases, neurological disorders and certain 
malignancies (Table 1).

Further, carotenoids exhibit antioxidant action through direct and indirect mecha-
nisms. Directly, they scavenge ROS and lipid radicals, mitigating oxidative stress 
(Figure 3). Indirectly, they influence cellular signaling pathways related to redox 
homeostasis, supporting the antioxidant defense system [80]. However, under certain 
conditions, carotenoids can also behave as prooxidants by interacting with oxygen or 
lipid radicals, amplifying the lipid peroxidation chain reaction (Table 1) [8].

The indirect antioxidant action of carotenoids involves their metabolites, such as 
electrophilic apocarotenoids, which are cleavage products of parent carotenoids by 
β-carotene oxygenase 2. These apocarotenoids activate Nrf2, via specific signal transduc-
tion pathways [81]. Additionally, ketocarotenoids-oxidative metabolites of xanthophylls 
with α,β-unsaturated carbonyl structures – exhibit electrophilic properties that may 
also contribute to this process. The efficacy of carotenoids as biological antioxidants is 
influenced by their cellular and extracellular distribution, underscoring the importance 
of their bioavailability and precise interactions in mitigating oxidative stress.

2.4 Prooxidant activities of carotenoids: When protection turns to peril

Carotenoids though known for their antioxidant properties, can paradoxically 
exhibit prooxidant activities under specific conditions [8]. As discussed earlier, these 
effects are highly context-dependent [8]. The mechanism by which carotenoids 
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induce oxidative damage is primarily linked to their ability to interact with metal 
ions, light and oxygen. When carotenoids are exposed to these factors, they may 
undergo photooxidation or redox cycling [82]. Herein, carotenoids absorb photons, 

Figure 3. 
The diagram depicts the production and elimination of reactive oxygen species (ROS) in mitochondria, 
emphasizing the oxidative stress pathway. Molecular oxygen (O2) participates in successive redox processes, 
yielding superoxide radicals (O2

−˙), hydrogen peroxide (H2O2) and hydroxyl radicals (OH˙), whereas singlet 
oxygen (1O2) also plays a role in the generation of reactive oxygen species (ROS). Antioxidant defense systems 
encompass catalase, which catalyzes the conversion of hydrogen peroxide (H2O2) into water and oxygen, as well 
as vitamins C, E and β-carotene, which neutralize hydroxyl and singlet oxygen radicals, so averting oxidative 
damage. The equilibrium between reactive oxygen species (ROS) generation and detoxification in mitochondria is 
essential for cellular health; its disturbance may result in aging, degenerative illnesses and many pathologies.

Function Mechanism Trigger factors Examples of carotenoids Examples of applications

Antioxidant Neutralization 
of free radicals 
by donating 
electrons

Adequate 
oxygen levels, 
low ROS 
concentration

Beta-carotene, lutein, 
zeaxanthin

Prevention of oxidative 
stress-related diseases 
cardiovascular diseases, 
cancer prevention

Prooxidant Generation of 
ROS under high 
concentrations 
or imbalance

High oxygen 
tension, 
excessive 
carotenoid 
intake, metal 
interaction

Beta-carotene, lycopene Potential use in targeted 
cancer therapies 
(inducing oxidative stress 
in cancer cells)

Synergistic 
function

Interaction 
with other 
antioxidants 
(vitamin E, C) to 
enhance effects

Balanced 
diet with 
complementary 
nutrients

Astaxanthin, lutein Dietary supplements and 
functional foods

Regulatory 
role

Modulation of 
gene expression 
pathways linked 
to redox balance

Genetic 
predisposition, 
environmental 
factors

Lycopene, 
beta-cryptoxanthin

Development of 
nutraceuticals for 
personalized medicine

Table 1. 
Dual role of carotenoids in human health and influencing factors.



59

Antioxidant and Prooxidant Functions of Carotenoids in Human Health: Trigger Factors…
DOI: http://dx.doi.org/10.5772/intechopen.1008739

transferring their energy to molecular oxygen, which then produces singlet oxygen or 
other ROS. Further, at elevated concentrations, carotenoids fail to scavenge free radi-
cals efficiently, leading to the generation of reactive intermediates capable of inducing 
oxidative stress. This phenomenon is exacerbated under high oxygen tension, where 
the excessive carotenoid presence can result in autoxidation [83].

The extended conjugated polyene chains of carotenoids make them susceptible to 
oxidation in the presence of light or transition metals [18]. β-Carotene and lutein can 
react with molecular oxygen or metal ions to produce singlet oxygen and lipid perox-
ides. These oxidative reactions, instead of neutralizing free radicals, amplify oxidative 
damage to cellular components. ROS can initiate lipid peroxidation, damage cellular 
membranes and disrupt mitochondrial function, leading to apoptosis or necrosis. 
Redox cycling, on the other hand, involves the repeated oxidation and reduction 
of carotenoids in the presence of metal ions like iron or copper, which can generate 
ROS, contributing to cellular damage (Table 1) [8, 84]. Such prooxidant behavior 
highlights the importance of optimal concentration and environmental conditions to 
harness their protective effects while minimizing potential oxidative harm.

The process by which lipid peroxyl radicals (LOO˙) and ß-carotene (CAR) com-
bine to generate a variety of carbon-centered radicals, including (LOO)−2.

CAR-(OOL)) (LOO) -CAR-OOL˙, LOO-CAR-OOL and LOO-CAR˙ is represented 
in equation:

 
β

+ −
carotene

• •CAR LOO LOO CAR
-

- - - - - - - - - - - - - - - - - - - - - - - - - - -  (1)

 
β

− + − −
carotene

•LOO CAR LOO LOO CAR OOL
-

- - - - - - - - - - - -  (2)

Carotenoids can disrupt the balance between antioxidants and prooxidants in the 
body. While carotenoids like β-carotene are known to induce antioxidant enzymes 
under normal conditions, they can act as prooxidants when cellular redox states are 
altered, or when antioxidants like vitamin E are insufficient. This shift can cause an 
increase in ROS production, particularly when carotenoid levels are high. In certain 
pathological states, such as cancer or cardiovascular diseases, this prooxidant activity 
may accelerate disease progression by promoting inflammation, DNA damage and 
tumorigenesis. Understanding the delicate balance between antioxidant and prooxi-
dant functions of carotenoids is essential for maximizing their therapeutic potential 
while minimizing adverse effects.

3.  Redox dynamics of carotenoids: Molecular mechanisms

The redox dynamics of carotenoids are central to their dual role as antioxidants 
and, under specific conditions, prooxidants. These compounds can directly scav-
enge ROS and quench singlet oxygen, effectively neutralizing oxidative stress and 
protecting cellular components. Their ability to interact with free radicals is largely 
dependent on their conjugated polyene structure, which allows the delocalization 
of unpaired electrons [82]. This antioxidant activity is influenced by factors such as 
oxygen tension, carotenoid concentration and the presence of other antioxidants. At 
physiological levels, carotenoids stabilize redox balance, reducing ROS accumula-
tion and preventing lipid peroxidation [82]. However, under high concentrations or 
in environments with excessive ROS, carotenoids may adopt prooxidant behavior, 
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facilitating oxidative chain reactions [85]. This shift occurs due to their interaction 
with ROS or lipid radicals, particularly when the antioxidant network is overwhelmed 
or unbalanced. Thus, the redox dynamics of carotenoids are tightly regulated, 
emphasizing the importance of maintaining their levels within physiological limits to 
support cellular homeostasis and mitigate oxidative damage.

3.1 Key pathways of redox cycling and ROS regulation

Carotenoids regulate redox dynamics primarily through their ability to quench 
ROS and modulate redox homeostasis. They efficiently neutralize singlet oxygen (1O2) 
and other reactive species by undergoing redox cycling, which involves electron trans-
fer, hydrogen abstraction or physical quenching [85]. For instance, lycopene exhibits 
high singlet oxygen quenching efficiency, while β-carotene and lutein scavenge free 
radicals via their polyene chains. This redox activity prevents lipid peroxidation, 
protein oxidation and DNA damage in cellular systems [82]. Additionally, carotenoids 
can act as prooxidants under high oxygen tension, generating reactive intermediates 
that influence oxidative stress depending on cellular context.

3.2 Crosstalk with cellular signaling pathways and gene expression

As mentioned in Section 2, carotenoids interact with key cellular signaling path-
ways to regulate antioxidant responses and stress signaling. They activate nuclear fac-
tor erythroid 2–related factor 2 (Nrf2), a transcription factor that upregulates genes 
encoding antioxidant enzymes like glutathione peroxidase, SOD and catalase [71]. 
This cascade enhances cellular resilience against oxidative damage. Simultaneously, 
carotenoids suppress nuclear factor-kappa B (NF-κB), reducing inflammation and 
ROS-mediated damage. Lycopene, for example, has been shown in human studies to 
inhibit NF-κB activity, decreasing pro-inflammatory cytokine production in meta-
bolic syndrome patients [86, 87]. These molecular interactions underscore the dual 
role of carotenoids as both direct antioxidants and modulators of gene expression.

3.3 Apoptosis, autophagy and carotenoid-mediated oxidative modulation

Carotenoids influence apoptosis and autophagic responses of the cell, the two 
critical processes for maintaining cellular homeostasis. By alleviating ROS levels, 
carotenoids like astaxanthin provide protection against oxidative stress-induced 
apoptosis in neuronal cells, as demonstrated in in vitro and in vivo studies [88]. Under 
specific situations, carotenoids can induce apoptosis via activating oxidative stress 
pathways, as well as mitochondrial or death receptor-mediated pathways. This way, 
carotenoids trigger apoptosis in cancer cells, hence facilitating tumor reduction [89, 
90]. Moreover, carotenoids control autophagic flow, enhancing the clearance of 
damaged organelles and proteins. Zeaxanthin demonstrates the potential to subdue 
autophagic indicators in oxidative stress models, hence enhancing cytoprotection 
[91]. This dual modulation underscores their function as redox-sensitive regulators in 
both health and illness.

Carotenoids restore cellular homeostasis under stress by controlling autophagy 
via pathways including AMP-activated protein kinase (AMPK) and mechanistic 
target of rapamycin (mTOR) [92]. In clinical studies, dietary carotenoid supple-
mentation has been linked to decreased markers of oxidative stress and apoptosis, 
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especially in conditions such as cardiovascular disease and metabolic syndrome. 
Consequently, diets abundant in carotenoids have been associated with enhanced 
autophagic activity, particularly in older populations, potentially postponing 
age-related cellular deterioration [93]. This dual role in modulating apoptosis and 
autophagy underscores the importance of carotenoids as redox-sensitive regulators. 
Their context-dependent effects highlight their potential for therapeutic applica-
tions in managing oxidative stress-related diseases, including neurodegeneration, 
cancer and aging.

4.  Translational applications of carotenoid bioactivity

Carotenoids hold significant promise in translational medicine owing to their anti-
oxidant, anti-inflammatory and redox-regulatory properties, making them valuable 
for preventing and managing chronic diseases. Their ability to modulate apoptosis 
and autophagy positions them as potential adjuvants in cancer therapies, selectively 
targeting tumor cells while protecting healthy tissues.

4.1 Nutraceuticals and functional foods: Increasing dietary antioxidants

Because of their strong antioxidant qualities and related health advantages, carot-
enoids are being used more and more in functional foods and nutraceuticals. ROS 
can be scavenged and oxidative damage can be decreased by these bioactive chemi-
cals, which are found in large quantities in fruits, vegetables and marine sources. 
Carotenoids such as lutein, β-carotene and lycopene are used in functional food 
formulations to enhance skin, eye and cardiovascular health. According to clinical 
research, diets high in carotenoid-rich foods increase blood antioxidant capacity and 
lower oxidative stress indicators. Drinks fortified with lutein have been demonstrated 
to increase the optical density of macular pigments, which may reduce the risk of 
AMD. These developments emphasize the importance of carotenoids in contempo-
rary dietary therapies.

4.2 Therapeutic potential in managing oxidative stress-associated disorders

Carotenoids are regarded as adjunctive therapy owing to their therapeutic 
efficacy in addressing oxidative stress-related conditions, including cancer, neu-
rological disorders and cardiovascular illnesses. Research has shown that lycopene 
decreases MDA, improves lipid profiles and mitigates oxidative damage in persons 
with metabolic syndrome. Astaxanthin may traverse the blood-brain barrier and 
mitigate ROS-induced neuronal damage, demonstrating neuroprotective advan-
tages in conditions such as Alzheimer’s disease. Research indicates that β-carotene 
supplementation reduced oxidative markers and inflammation in individuals with 
rheumatoid arthritis, suggesting that carotenoids also affect inflammatory path-
ways. These therapeutic advantages endorse its potential application in adjunctive 
therapy methods.

Despite the fact that carotenoid supplementation has potential health advantages, 
its safety and efficacy warrant a careful evaluation in clinical contexts (Figure 4). 
Clinical research underscores the need for proper doses to mitigate prooxidant dan-
gers and enhance therapeutic advantages. Furthermore, formulations that integrate 
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carotenoids with synergistic nutrients, like vitamins C and E, have shown improved 
absorption and effectiveness. Research indicates that carotenoid-enriched soft gels 
normalize oxidative stress indicators in non-alcoholic fatty liver disease (NAFLD) 
without eliciting deleterious consequences. These findings highlight the significance 
of evidence-based methodologies in clinical practice.

4.3 Bridging research and clinical utility

The incorporation of carotenoids into healthcare frameworks requires a multidis-
ciplinary strategy, merging knowledge from molecular biology, pharmacology and 
clinical nutrition. Innovative technologies, including nanocarriers and bioengineer-
ing, are utilized to improve carotenoid bioavailability and stability, therefore expand-
ing their therapeutic relevance. Furthermore, progress in omics technology enhances 
comprehension of individual reactions to carotenoid supplementation, enabling 
the development of individualized nutrition plans. Longitudinal investigations and 
extensive clinical trials are essential for determining the long-term safety, effective-
ness and appropriate use of carotenoids in disease prevention and therapy (Figure 4). 
These advancements indicate a potential for the extensive use of carotenoid-based 
therapies in clinical and public health sectors.

5.  Innovations and future directions in carotenoid research

Recent advances in carotenoid metabolism have brought attention to the intricate 
interactions that these compounds have with cellular signaling and redox mechanisms 
[4]. Targeted therapies that take advantage of these interactions to prevent chronic 
diseases linked to oxidative stress have been made possible by advancements in the 
use of mass spectrometry and isotopic tracers, nanotechnology and bioinformat-
ics, which have also allowed for a deeper understanding of the in vivo conversion of 
carotenoids and their impact on cellular redox states [94].

Figure 4. 
(A) Multifaceted roles of carotenoids in disease prevention, treatment and immunomodulation, including their 
effects on cancer, neurodegenerative and infectious diseases. (B) Mechanistic actions of carotenoids, such as 
antioxidant activity, anti-inflammatory effects, immune regulation and cell cycle modulation.
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5.1 Cutting-edge techniques for investigating carotenoid bioactivity

Investigation of carotenoid bioactivity has advanced due to sophisticated ana-
lytical methods that provide improved accuracy in elucidating their physiological 
functions. High-resolution mass spectrometry (HRMS) and liquid chromatography-
tandem mass spectrometry (LC-MS/MS) have facilitated the precise identification 
and quantification of carotenoid metabolites in biological tissues. Moreover, the 
application of sophisticated imaging methodologies, including confocal microscopy, 
has enabled researchers to monitor carotenoid dispersion and localization inside 
certain cellular compartments in real time. These improvements have yielded novel 
insights into the interactions of carotenoids with lipophilic membranes, their impact 
on gene expression and their modulation of cellular processes. Methods like CRISPR-
Cas9 gene editing and RNA sequencing have been utilized to investigate the molecular 
processes by which carotenoids affect cellular signaling pathways and metabolic 
networks, enhancing our comprehension of their therapeutic potential.

5.2 Future prospects: Personalized approaches in nutrition and therapeutics

Carotenoid research offers the potential for personalized nutrition and therapeu-
tics as individual differences in carotenoid metabolism are becoming more recog-
nized. Genetic polymorphisms in carotenoid-metabolizing enzymes can modulate 
the bioavailability and effectiveness of carotenoids [7]. Nutrigenomics is advancing 
to determine ideal carotenoid consumption levels based on an individual’s genetic 
composition and health state. Personalized carotenoid supplementation can be used 
in clinical practice to target specific oxidative stress-related conditions like cancer, 
AMD and cardiovascular disease [95].

6.  Conclusion

In summary, carotenoids provide a double-edged sword in health management; 
hence, their advantages must be harnessed judiciously. By bridging the gap between 
basic research and real-world application, scientists and medical professionals can 
fully unlock the potential of carotenoids to prevent illnesses linked to oxidative 
stress and improve human health. Nonetheless, the realization of their full potential 
as therapeutic and functional agents depends heavily on strategic, evidence-based 
approaches. Future research should focus on uncovering the molecular mechanisms 
behind carotenoid redox dynamics, their effects on cellular signaling and gene 
expression and their therapeutic applications. Advances in biotechnology, nanotech-
nology and analytical tools will be pivotal in unlocking their full potential in health 
and disease management.
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Abstract

Bioactive compounds are extra-nutritional or non-essential ingredients that are 
normally found in trace amounts in food and appear to have positive health benefits. 
Secondary metabolites, a term used to refer to the bioactive components generated 
from plants, are recognized to have promising medicinal qualities, particularly anti-
oxidative ones. Plants contain a variety of bioactive molecules, including flavonoids, 
polyphenols, tannins, coumarins, terpenoids, alkaloids, saponins, anthocyanins, 
carotenoids, and plant sterols. These substances have the ability to lessen the nega-
tive effects of harmful free radicals, which may contribute to the premature death 
of immune cells and many more. This chapter examines the role of diverse bioactive 
compounds and their derivatives that act as antioxidants in preventing various dis-
eases. Despite the positive track record of natural products, more research is needed 
to fully comprehend the potential role that natural bioactive compounds could play as 
a significant source of novel therapeutic agents.

Keywords: bioactive compounds, secondary metabolites, antioxidants, free radicals, 
diseases, antioxidant activity

1.  Introduction

1.1 An overview of bioactive compounds

Each and every living thing, from single cell bacteria to a million cell plants, 
processes a wide range of chemical substances in order to survive and subsistence. 
There are two general categories into which all chemicals in a biological system can 
be placed. The chemicals targeted at growth and development are called primary 
metabolites, and they comprise purines, pyrimidines, amino acids, carbohydrates, 
and proteins with nucleic acids. Secondary metabolites are a class of compounds 
other than primary metabolites that are thought to help plants interact with their 
environment and increase their overall capacity to survive and overcome local chal-
lenges. These compounds include lignans, alkaloids, terpenes, flavonoids, phenolics, 
curcumin, saponin, glucosides, and steroids [1]. Certain chemicals are discovered 
to serve as defense mechanisms against pathogens, predators, UV rays, parasites, 
and oxidants. Additionally, they are shown to aid in reproductive activities by act-
ing as appealing fragrances and coloring agents, as well as to promote competition 
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among different species. Plant-derived bioactive compounds are known as secondary 
metabolites that have desired health and wellness benefits in humans and animals [2]. 
A number of investigations [3, 4] have suggested that 5000–25,000 distinct phyto-
chemicals present in natural foods may have bioactive qualities. The health benefits of 
consuming certain foods have been widely known since ancient times. Nonetheless, 
during the past few decades, research on foods as a source of beneficial bioactive 
chemicals has garnered attention for a variety of purposes [5, 6]. The term “bioactive 
compounds” is still imprecise and vague despite a great deal of important research in 
many domains.

Food bioactive compounds are secondary metabolites that are non-essential or 
extra-nutritional constituents which typically occur in small quantities in foods, 
having beneficial health effects [7]. It also refers to all compounds that are mostly 
without nutritional value and naturally present in food that exert a certain bioactive 
effect on the human body [8–10]. As the name suggests, the bioactive substances and 
components are defined by a certain biological activity that directly affects living 
things (Greek “bios” means life, and Latin “actives” means dynamic or full of enegy) 
[11]. Plant-derived bioactive components originating from metabolism are generally 
known as secondary metabolites and have promising therapeutic attributes, especially 
antioxidative properties [12]. Though usually in minute amounts, they can be found 
in a wide range of plant sources including vegetables, fruits, grains, and legumes [12]. 
Phenolic polyphenols, flavonoids, flavones, flavonols, tannins, quinones, coumarins, 
terpenoids, alkaloids, essential oils, lectins, carotenoids, anthocyanins, betalains, glu-
cosinolates, and plant sterols are some of the significant families of active substances 
present in plants.

There is a severe paucity of knowledge on the precise biological process by which 
plant-based bioactive dietary components provide health-promoting advantages. 
Food ingredients that are bioactive work at several or related target sites at the same. 
Bioactive food elements have been demonstrated to lower the risk of infection, osteo-
porosis, cardiovascular disease, and cancer [13]. Bioactive ingredients offer health-
promoting properties in various stages of illness development that are connected 
with several development stages, from onset to advancement. For example, through 
binding cholesterol in the digestive tract, isoflavones can reduce circulating oxidized 
low-density plasma lipoproteins in cardiovascular disorders [14]. Additionally, it 
elevates bile excretion, lowers endogenous cholesterol levels, and modulates arterial 
elasticity, which enhances blood vessel dilation and constriction responses [15, 16]. It 
also reduces the absorption of cholesterol from diet [7, 17]. Spices and herbs have the 
ability to prevent inflammation, which is a major contributing factor to a number of 
acute or chronic pathological conditions that lead to carcinogenesis or cardiovascular 
diseases. This is due to their antioxidant and anti-inflammatory properties [17]. 
Polyphenols, tocopherols, carotenoids, and allyl sulphides all work as antioxidants 
against harmful free radicals and reactive oxygen species (ROS). Antioxidants 
primarily function by regulating the redox potential and depleting possible initiators 
of carcinogenesis. Different chemical reactions, such as the induction of apoptosis 
(cell death) and the activation of signal transduction, can be brought on by redox 
changes within a cell [14]. Thus, redox and antioxidant regulation of physiological 
and pathological processes is crucial for maintaining health and preventing disease. 
Additionally, it has been demonstrated that bioactive food components promote the 
growth of certain immune cell types and thephagocytic activity of macrophages, 
hence boosting disease resistance [14].
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2.  Major bioactive compounds

Plants contain a diverse range of biologically active secondary metabolites that 
have been isolated, identified, and used in food products such as food additives, 
flavors, nutraceuticals, coloring agents, and cosmetics. The pharmaceutical industry 
has also exclusively used these metabolites to discover and develop new medications. 
Numerous chemicals are produced by plants, including aquatic macrophytes, such as 
phenolic compounds, polyketides, alkaloids, peptides, flavonoids, steroids, terpenes, 
tannins, quinones, and coumarins (Figure 1). These compounds are used in medicine 
for their antioxidant, inflammatory, anticancer, antibacterial, antiviral, cytotoxic, 
and many other properties. They are also widely used in other disciplines, including 
scientific research, agriculture, human therapy, veterinary care, and medicine.

3.  Phenols

Due to the presence of a hydroxyl (OH) group that is directly attached to an 
aromatic ring, phenols are a subclass of aromatic bioactive compounds that are weakly 
acidic. They are soluble in acetone, alcohol, and water and form precipitates that 
contain proteins [18]. According to Uttara et al. [19] and Ramaswamy [20], polyphe-
nols offer protection against a variety of diseases that are linked to oxidative stress and 
damage caused by free radicals, including cancer, diabetes, autoimmune disorders, 
inflammatory diseases, and cardiovascular and neurodegenerative illness. The number 
and relative positions of hydroxyl groups in the aromatic ring structure, as well as the 
acid moiety, are factors that influence the antioxidant activity of phenolic compounds. 

Figure 1. 
Structures of some common bioactive compounds.



Recent Advances in Phytochemical Research

74

As hydroxycinnamic acids in phenolic compounds stimulate the delocalization of 
phenoxyl radicals, they are more potent antioxidants than hydroxybenzoic acids [21]. 
The highest antioxidant activity is conferred by hydroxylation of phenolic compounds 
in the 2- and 4-positions or in the 3-, 4-, and 5-positions. Consequently, the capacity to 
donate electrons will boost antioxidant activity. Due to increased electron delocaliza-
tion, hydroxycinnamic acid esters, such as chorogenic acid, p-coumaroyltartaric acid, 
and caffeoyltaric acid, display higher levels of antioxidant activity than their parent 
hydroxycinnamic acids [22]. In addition to providing protection against oxidative dam-
age, polyphenols are effective in lowering the risk of cancer, diabetes, hypertension, 
and coronary heart disease [23–25]. According to research, consuming high concentra-
tion of fruits and vegetable juice at least three times a week, can help prevent oxidative 
damage and delay the onset of Alzheimer‘s disease [26]. This lowers the risk of diabe-
tes, hypertension, coronary heart disease, and cancer [25, 27]. According to numerous 
researches studies, the consumption of polyphenols reduces the prevalence of coronary 
heart diseases [28–30]. Polyphenols are thought to play a major role in the pathogenesis 
of atherosclerosis due to strong inhibitors of LDL oxidation [31]. Polyphenols may also 
have anti-inflammatory, antioxidant, and anti-platelet properties in addition to raising 
HDL levels as protective effects against cardiovascular illnesses [32]. Additionally, 
polyphenols might help to keep the atheroma plaque in stable form.

4.  Flavonoids

Plants produce flavonoids, which are known as hydroxylated phenolic compounds, 
in reaction to microbial diseases. Flavonoids have a significant role in growth, cell 
differentiation, and defense signaling in plants, and they also aid in the responses of 
plants to severe abiotic challenges [33, 34]. The chemical nature of flavonoids depends 
on their degree of hydroxylation, degree of polymerization, structural class, other 
substitutions, and conjugations [35]. Based on the sites and numbers of hydroxyl 
groups, flavonoids are divided into various sub-classes such as flavonols (e.g., querce-
tin, myricetin, kaempferol, and fisetin), flavanones (e.g., naringenin, hesperetin, and 
flavanone), and flavones (e.g., apigenin, flavone, and luteolin) [33, 36]. Regardless of 
similar chemical properties, flavonoids are also involved in photosynthesis, growth, 
and protective biological systems including pollination, seed development, light 
screening, temperature acclimation, protection against UV damage, defense against 
pathogens, and drought resistance. Additionally, some flavonoids can act as signaling 
molecules for allelopathic interactions, including detoxifying agents and phytoalexins 
[37, 38]. Apart from the inherent bioactive characteristics of plants, flavonoids are 
phytochemicals that possess numerous biological activities that are therapeutically 
significant. These activities include antifungal, antiviral, antibacterial, antiosteopo-
rotic, antiulcer, antihepatotoxic, and antiproliferative capabilities [39].

Typically, the flavonoids in food are responsible for its color, flavor, and ability 
to keep fat from oxidizing as well as preserving vitamins and enzymes [40]. When it 
comes to the uses of flavonoids in human nutrition, their ability to act as antioxidants 
is crucial in inhibiting the production of reactive oxygen and nitrogen species, which 
damage proteins, lipids, DNA, and other macromolecules [41, 42]. Due to their strong 
antioxidant potential both in vivo and in vitro, flavonoids as a dietary component 
offer health-promoting qualities [43, 44]. The antioxidant capacity of flavonoids is 
influenced by the way their functional groups are arranged in the nuclear structure. 
Many mechanisms of antioxidant activity, including radical scavenging and metal ion 
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chelation capacity, are significantly influenced by the configuration, substitution, 
and total quantity of hydroxyl groups [35, 45]. Flavonoids’ structures, especially the 
B ring with 3′, 4′ dihydroxy groups and the 3-OH group at the C ring, are key features 
for strong antioxidant activity as they can act as proton donors. The presence of a 
B-ring catechol group (dihydroxylated B-ring) is the primary marker of a flavonoid 
molecule’s capacity to donate hydrogen. According to Schroeter et al. [46], flavonoids 
prevent lipids and other molecules from being oxidized by donating hydrogen atoms 
to ROO radicals. Flavonoids such as quercetin, catechin, and myricetin are strong free 
radical scavengers due to the presence of double bonds in hydroxyl positions in their 
molecules, which determine their antioxidant properties. Because of their unique 
chemical structure, they can reduce oxidative stress through a variety of mechanisms. 
According to Pietta [47], one of the mechanisms involved is that flavonoids scavenge 
superoxide, peroxyl, alkoxyl, and hydroxyl radicals in addition to reducing low-
density lipoprotein oxidation. They also operate as chain-breaking antioxidants. On 
the other hand, flavonoids also function as enzyme inhibitors (inhibiting the enzymes 
that generate ROS: xanthine oxidase, protein kinase C, cyclooxygenase, lipoxygenase, 
glutathione S-transferase, microsomal monooxygenase, mitochondrial succinoxidase, 
and NADH oxidase) and metal chelators (lowering ferric and cupric ions). Flavonoids 
inhibit platelet aggregation, lowering the risk of cancer, heart disease, and thrombosis 
[48]. Sharma and Gujral [49] also stated that flavonoids play an important role in 
preventing a number of ROS-mediated disorders such as diabetes, high blood pres-
sure, allergies, tumors, inflammation, ulcers, and heart diseases.

5.  Terpenoids

Terpenoids, sometimes referred to as isoprenoids or terpenes, are one of the 
most prevalent and extensive families of natural products, with over 80,000 distinct 
chemicals involved in both primary and secondary metabolisms [50]. The term 
“terpene” was given to the compounds isolated from terpentine, a volatile liquid 
isolated from pine trees. Most terpenoids are water-insoluble, hydrophobic, and 
easily soluble in nonpolar organic solvents. They are readily hydrogenated, oxidized, 
polymerized, isomerized, and halogenated [51]. Terpenoids are ubiquitous in nature 
and have a range of biological activities, such as antioxidant, anti-inflammatory, 
anticancer, antifungal, antiviral, antiarrhythmic, antibacterial, antispasmodic, and 
antihistaminic activities [52]. Terpenoids are known to exhibit biological activity due 
to their lipophilicity and ability to partition into cellular membranes. They have the 
ability to interact with membrane-attached proteins within the cells or compromise 
the integrity of the membrane [53]. Likewise, Thenmozhi and Ramalakshmi [54] also 
stated that the presence of terpenoids may disrupt the cell membrane of bacteria, 
form a complex with extracellular soluble proteins, and thereby inhibit their growth. 
Since they have anti-inflammatory and analgesic effects, terpenoids found in many 
plants have been utilized in traditional medicine [55]. According to Gómez and 
González [56], terpenes can function as antioxidant compounds through direct ROS 
scavenging pathways and also modulate the endogenous antioxidant system. Terpenes 
have demonstrated protective effects against oxidative stress in a variety of diseases, 
including as cancer, diabetes, liver, renal, neurological, and cardiovascular disorders, 
as well as in the aging process. This is partially attributed to their antioxidant nature. 
Their antioxidant action could perhaps account for their ability to control immuno-
logical responses, inflammation, and brain signal transmission.
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6.  Saponins

Saponins exhibit special characteristics that distinguish foaming and emulsify-
ing agents [57]. More specifically, they are naturally occurring glycosides that foam 
like soap when agitated in aqueous solutions, which causes them to create foam. 
Saponins are triterpenoids with a lipophilic structure and one or more hydrophilic 
sugar moieties called glycosides [58]. The capacity of precipitated cholesterol to 
form insoluble complexes is a crucial characteristic of this class of compounds. Both 
characteristics are linked to amphipathic or amphiphilic traits. Saponins are ubiqui-
tous phytochemicals found in plants that are structurally and functionally diverse. 
These beneficial bioactive substances play a significant role in plants’ defense against 
pests, diseases, and herbivores due to their antibacterial, antifungal, antiparasitic, 
insecticidal, and anti-feedant characteristics [59–62]. The bioactivities of saponin 
are normally assigned to their amphipathic properties, consisting of a hydrophobic 
triterpene/steroid skeleton and hydrophilic carbohydrate molecules. It is known that 
the potential biological activities of saponins are dependent on other aspects of their 
structure.

7.  Tannins

Tannins are secondary metabolites found in plants that have the power to inhibit 
insect growth [63]. The term “tannins” refers to a broad class of polymeric phe-
nolic compounds that have the astringency to precipitate gelatin from solution or 
tan leather. Tannins are anti-nutrients of plant origin as they can inhibit digestive 
enzymes, precipitate proteins, and reduce the absorption of vitamins and miner-
als. Epidemiological data suggests that tannin is essentialfor the treatment of skin 
inflammation, injuries and prevent the onset of chronic diseases [64]. The biological 
effects of tannin have been extensively investigated using various in vitro or animal 
models. Nevertheless, there are currently only a few plant extracts with clinical data 
on humans.

Tannin has a variety of biological activities, such as antimicrobial and antiviral 
activities, inhibition of lipid peroxidation and lipoxygenases, antioxidant or radical 
scavenging activity, antimutagenic activity, and antidiabetic qualities [65, 66]. Tannin 
exhibits antioxidant action due to their ability to scavenge free radicals and reactive 
oxygen species (ROS) and to chelate transition metal ions, which alter the oxida-
tion process via tannin ortho-dihydroxyl groups [64]. The most important factor in 
determining the biological activity of tannin is the presence of number of aromatic 
rings and hydroxyl radicals groups. Therefore, high degree of polymerization and 
molecular weight of tannins significantly affect their antioxidant activity. Researchers 
have shown that the higher the relative molecular weight of the substance, the stron-
ger the antioxidant activity of tannin; however, the exact mechanism underlying this 
activity is yet unknown [67]. The number and degree of polymerization of hydroxyl 
groups of tannin determine the ability to scavenge free radicals. Hence, the more the 
hydroxyl groups in plant tannin, the more easy they can be oxidized which confers 
higher antioxidant activity [68, 69]. In the digestive system, gallic tannin breaks 
down quickly, whereas condensed tannin is more difficult to break down and absorb. 
Consequently, the overall antioxidant capacity of plant tannin in animals cannot be 
easily explained.
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8.  Anthocyanins

Anthocyanins are the largest group of water-soluble pigments in the plant 
kingdom, displaying a variety of colors that range from pink-orange through red to 
purple and blue hues. The antioxidant activity of anthocyanins mainly depends on 
their chemical structure: the position and number of the hydroxyl groups as well as 
presence or absence of conjugated double bonds and electron donors in the structural 
ring [70, 71]. It also depends on the type and extent of acylation and glycosylation 
as well as the degree of hydroxylation at the B-ring [72]. The antioxidant capacity of 
anthocyanidins decreases in the order of Dp > Pt > Mv = Cy > Pn > Pg (Cy = cyanidin, 
Dp = delphinidin, Mv = malvidin, Pg = pelargonidin, Pn = peonidin, Pt = petunidin) 
[73]. Additionally, glycosylation lessens their capacity to scavenge free radicals in 
comparison to their aglycone forms by reducing the capacity to donate hydrogen, 
chelate metal, and delocalize electrons [74]. The antioxidant activity of anthocyanins 
decreases with the number of sugar units at the C3 and C5 locations [72]. To summa-
rize, the number of hydroxyl groups in the B-ring increases the antioxidant activity; 
however, the number of glycosyl groups attached to the A and C rings decreases it; the 
latter effect is minimized when the glycosides are acylated [75].

8.1 Carotenoids

Carotenoids are powerful scavengers of ROS and highly effective physical and 
chemical quenchers of singlet oxygen (1O2) [76]. They also provide protection against 
a number of ROS-mediated disorders, including neurological, cardiovascular, and 
photosensitive or ocular diseases [77]. The amount of conjugated double bonds in the 
molecule determines the quenching activity of carotenoids to a greater or lesser degree 
than the cyclic or acyclic end groups or the type of substituents in those with cyclic 
end groups. Among the plant-based carotenoids, lycopene (consisting of two non-
conjugated and eleven conjugated double bonds) is one of the most effective singlet 
oxygen quenchers. The antioxidant properties of carotenoids depend on the oxygen 
tension and concentration present in the tissue [78]. At low oxygen partial pressures, 
such as those found in most tissues under normal physiological conditions, it inhibits 
oxidation, whereas at high oxygen tensions, it readily autoxidizes and exhibits pro-
oxidant behavior (induces oxidative stress by producing ROS or releasing ATP) [79]. 
The hydroxy-carotenoids are better radical-trapping antioxidants than β-carotene 
(due to the presence of hydroxy-functional groups on the ring structures) [80].

Epidemiological studies have claimed that people with high dietary intakes of 
carotene or high blood levels of this nutrient have lowered risk of various illnesses 
such as cancer and heart disease [81]. According to Sies and Stahl [82], carotenoids 
are known to have the chemical capacity to quench singlet oxygen and prevent 
peroxyl free radical processes. In addition to antioxidant property, carotenoids play a 
significant role in facilitating cell-to-cell communications via gap junctions. A signifi-
cant role for dietary carotenoids in protecting against cancer could be due to prevent-
ing gap junction communications, which are hindered by many carcinogens [83].

8.2 Alkaloids

Alkaloids are the secondary metabolites of plants with lower molecular weight, 
containing nitrogen atoms, and are derived from amino acids. They are known to 
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protect the plant against herbivores and pathogens. Alkaloids are typically color-
less compounds that exhibit optical activity [1]. Alkaloids are fundamental natural 
products found mostly in various plants and are considered to be some of the most 
effective and important plant compounds for therapeutic purposes [84].

Many studies have found that alkaloids play a significant role in the prevention 
of various illnesses including diabetes, cancer, cardiac dysfunction, respiratory 
disorders, and others, and they are also used as local anesthesia and pain relief [85]. 
Alkaloids such as cocaine, quinidine, vinblastine, quinine, berberine, and ametrine 
are used as anesthetic agents, antitumor agents, antimalarials, and antibacterial 
agents. The most potent alkaloids are those with hydroxyl substitution and a partly 
desaturated pyridine ring; these alkaloids can quickly donate a hydrogen atom to radi-
cals, scavenging reactive oxygen species (ROS) and RNS [86]. In Sun et al. [87] stated 
that among the alkaloids found in plants, berberineis the most prominent alkaloids 
which accounts for approximately 50% of the total alkaloid fraction, while jatror-
rhizine, palmatine, and coptisine are the most abundant minor alkaloids. Alkaloids 
increase superoxide dismutase activity and decrease superoxide anion and malondi-
aldehyde (MDA) formation, as well as bind with catalyzing metal ions (transition 
metals such as iron and copper ions), which can reduce metal ion concentrations 
in lipid peroxidation [88]. Apart from these, alkaloids found in various plants and 
herbs have been shown to have antihypertensive properties. Alkaloids like caffeine, 
present in several beverages such as tea and coffee, are reported to lower both systolic 
and diastolic blood pressures. Alkaloids such as colchicine are best known for their 
preventive action against gout, and they also reduce pain and swelling in degenerative 
and immunological inflammatory diseases [89].

9.  Ascorbic acids (vitamin C)

Vitamin C is well known for its antioxidant properties and helps inhibit infec-
tion and toxicity [90]. Many studies have also reported that vitamin C plays a 
significant role in the prevention and treatment of diabetes mellitus, cancer, 
asthma, cataracts, and HIV infection [91–93]. Vitamin C is a potent antioxidant, 
as it can donate a hydrogen atom and form a relatively stable ascorbyl free radi-
cal. According to Weber et al. [94], ascorbate functions as a scavenger of reactive 
oxygen species (ROS) and is effective against hydrogen peroxide, singlet oxygen, 
superoxide radical anion, and hydroxyl radical by accepting hydrogen atoms. 
Additionally, ascorbyl free radical can be transformed back into reduced ascorbate 
by absorbing another hydrogen atom. Moreover, vitamin C scavenges reactive 
nitrogen oxide (RNS) species to stop target molecules from nitrosation. It is neces-
sary to form collagen, an important protein used to make skin, scar tissue, tendons, 
ligaments, and blood vessels. It is also essential for the repair and maintenance of 
bones, cartilage, teeth and healing of wounds [95]. It is effective in suppressing 
the formation of carcinogens such as nitrosamines and protection against oxida-
tive damage [96]. Many research studies have claimed that the intake of vitamin 
C is inversely related to the incidence of cancer due to its protective effects on the 
pancreas, lung, stomach, breast, cervix, rectum, and oral cavity [97]. Deficiency 
of vitamin C causes scurvy, anemia, bleeding gums, infections, nutrient intake in 
relation to muscle degeneration, poor wound healing, atherosclerotic plaques, and 
capillary hemorrhaging.
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10.  Tocopherols (vitamin E)

Tocopherol is a well-recognized bioactive compound because of its role in the 
prevention of ROS generation, thereby preventing the onset of different diseases such 
as coronary heart disease, arthritis, asthma, cancers, and infectious diseases [98]. 
It is necessary for the proper functioning of the immune system, cell signaling, and 
regulation of gene expression, antibody production, phagocytic, and lymphocytic 
responses, and it exhibits resistance to viral and infectious diseases [98, 99]. They are 
basically derivatives of the 6-hydroxy chromane ring with three isoprenoid units that 
form the side chain, and their antioxidant property is due to the presence of the chro-
mane ring [100]. Vitamin E functions primarily as an antioxidant by trapping peroxyl 
free radicals, and it is considered a master antioxidant as it inhibits bad cholesterol 
(LDL), which is believed to be the first step in the development of atherosclerosis 
[101, 102]. Therefore, it helps in preventing or delaying coronary heart disease by 
limiting the oxidation of LDL-cholesterol and preventing the formation of blood 
clots, which could lead to a heart attack. Many studies have shown that vitamin E can 
delay or minimize the development of cataracts, and it also has a protective effect 
against cataract formation induced by radiation, glucose, or galactose [103]. In vivo 
research studies have demonstrated the effectiveness of vitamin E supplementation 
in inhibiting the elevation of free-radical concentrations related to arthritis [104]. 
Vitamin E has decreased the risk of colon and prostate cancers and also reduced the 
risk of coronary heart diseases by approximately 40 percent. Several studies have also 
reported that vitamin E supplementation has been significantly shown to be more 
effective than placebo in relieving pain [105].

11.  Evaluation of the antioxidant activity

The ability of bioactive substances to counteract the effects of free radicals is 
generally linked to their antioxidant activity. Their activity may be primarily based 
on one of two types of reactions: hydrogen atom transfer (HAT) or electron transfer 
(ET) [106]. The ability of an antioxidant to reduce radicals, metals, and carbonyl 
groups is measured by electron transfer assays, whereas the ability to donate hydrogen 
and so quench free radicals is measured by hydrogen atom transfer assays [107]. The 
ET assays comprise the following: diphenyl-1-picrylhydrazyl (DPPH) copper (II) 
reduction capacity, trolox equivalent antioxidant capacity (TRAP), 2,2-Azinobis 
3-ethylbenzthiazoline-6-sulfonic acid radical scavenging assay (ABTS+), Folin-
Ciocalteu’s phenol reagent reducing ability, and ferric ion reducing antioxidant 
parameter (FRAP). In contrast, the HAT assays comprise the oxygen radical absor-
bance capacity (ORAC), inhibition of induced low-density lipoprotein, total radical 
trapping antioxidant parameter (TRAP), LDL oxidation, total radical scavenging 
capacity assay (TOSCA), β-carotene bleaching, and chemiluminescent assay [108, 
109]. However, no single technique can show the effectiveness of the bioactive com-
pounds as an antioxidant, despite research producing a multitude of in vitro assays 
to assess antioxidant activity. Firstly, the radicals like DPPH and ABTS that are most 
frequently used in in vitro tests are irrelevant in biological systems. The ones that 
are relevant are utilized in exorbitant amounts, which once more do not correspond 
to biological conditions [110]. Additionally, the analysis of the literature demon-
strates that results from these assays are not similar between laboratories and are not 
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comparable between two separate antioxidant assays. The reliability of these methods 
has been called into question and their shortcomings have been highlighted as a result 
of all of these observations. Cellular assays offer an alternative to these constraints by 
offering a more accurate assessment of antioxidant activity at the cellular level [111]. 
These assays mainly comprise the red blood cell hemolysis assay and the more popular 
human hepatocarcinoma cell cellular antioxidant assay, which offer an affordable 
intermediate step between in vitro chemical assays and the most trustworthy in vivo 
investigations. Indeed, in vivo research on humans or animals is unquestionably the 
most effective method for assessing the antioxidant activity of bioactives. These 
investigations, however, are costly, time-consuming, intricate, and frequently need 
for an extensive regulatory procedure [112]. Considering all the aforementioned, the 
general practice to estimate antioxidant activity by using in vitro assays is currently to 
use multiple assays (at least three and preferably based on different reaction mecha-
nisms), as well as a reference compound with demonstrated antioxidant activity. It 
should be possible to find out how bioactive compounds generally have the ability 
to function as antioxidants with this kind of analysis. Beyond these methodological 
constraints, behavior and fate of bioactive chemicals in a complex system like the 
human body pose a significant challenge to their potential as antioxidants.

Although the potential for antioxidant activity can be identified via chemical and 
cellular assays, the bioaccessibility and bioavailability of bioactives in the human 
body are the main areas of concern. Bioavailability is defined as the proportion of 
the compound that can be ingested and utilized while bioaccessibility determines the 
amount of bioactive compound(s) that can be released from the food matrix into the 
gastrointestinal tract [113]. Since dietary polyphenols belong to various classes of 
polyphenols, their bioaccessibility and bioavailability are primarily determined by 
their structure (polymerization degree, type and quantity of functional groups, etc.) 
and external factors like interactions with the food matrix and gut microbiota char-
acteristics [114, 115]. The majority of dietary bioactives, particularly polyphenols, are 
known to have low bioavailability. It is estimated that between 90 and 95% of poly-
phenols enter the colon intact [116]. At this point, microencapsulation methods are 
considered to be an effective method for increasing the bioaccessibility and bioavail-
ability of bioactives because they shield the active component from gastrointestinal 
system degradation, make it more soluble, and promote better penetration of the 
intestinal barrier [117].

12.  Antioxidant mechanism

The study of free radical chemistry has received a lot of attention in the last few 
years. Our body produces reactive oxygen species, reactive nitrogen species, and free 
radicals when it is exposed to diverse physiochemical circumstances or pathological 
states, as well as through a variety of endogenous systems. However, for normal phys-
iological function, antioxidants and free radicals must coexist in balance. Oxidative 
stress occurs when the body cannot control the amount of free radicals in the blood. 
Free radicals thus adversely alter proteins, lipids, and DNA and trigger a number of 
human diseases [118]. The process of oxidative metabolism involves energy activa-
tion and electron reduction, which leads to the production of reactive oxygen species 
(ROS) such as superoxide radical anion (O2), singlet oxygen (1O2), hydrogen peroxide 
(H2O2), hydroxyl radical (-OH), and hypochlorous acid (HOCl). The production of 
reactive oxygen species (ROS) is enhanced during inflammation, radiation exposure, 
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aging, endotoxin shock, and ischemia-reperfusion of the heart, liver, kidney, intes-
tine, and brain. They have been implicated in various cell dysfunctions [119].

13.  Antioxidant action

The body produces reactive oxygen species (ROS), which are harmful byprod-
ucts of aerobic metabolism in active cells. Numerous metabolic routes in living cells 
produce a large variety of reactive free radicals, which are accounted for by ROS 
[120]. Under normal physiological circumstances, ROS are regarded as significant 
regulatory agents in the complicated cell signaling network. They are essential for 
immunological response, adaptability to metabolic and physiological stressors, 
cell growth and differentiation, and defense against pathogen invasion [120, 121]. 
Nonetheless, a number of circumstances may disrupt normal physiological functions, 
exposing tissues to oxidative stress conditions and leading to an overabundance of 
reactive oxygen species (ROS) (Figure 2). Oxidative stress causes rapid oxidative 
damage in cells, which sets off a series of degenerative processes. Among the potential 

Figure 2. 
Reactive oxygen species (ROS) and their contribution to development of oxidative stress-related diseases. 
The presence of antioxidants may prevent diseases development by modulating damaging effects of ROS by 
suppressing multiple process steps.
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consequences include the emergence of severe pathologies such as diabetes, cancer, 
liver illnesses, cardiovascular diseases, neurological diseases, and rapid aging [122, 
123]. Several researchers have suggested that the best approach to managing oxidative 
stress and preventing oxidative damage is to use antioxidants as a therapeutic inter-
vention [124]. In biological systems, a wide range of molecules with different weights 
and structural characteristics, such as hormones and enzymes, exhibit antioxidant 
properties [125]. Antioxidants can counteract oxidative stress in a number of ways, 
such as by preventing the formation of free radicals (preventive antioxidants), 
stopping autoxidation chain reactions (chain-breaking antioxidants), protecting 
and enhancing cellular antioxidant defense mechanisms (indirect antioxidants), 
blockading the action of pro-oxidative enzymes (enzyme inhibitors), neutralizing the 
action of metal pro-oxidant ions (metal chelators), and boosting the activity of other 
antioxidants (synergistic compounds) [124, 126]. Numerous studies have shown that 
phytochemicals, or bioactive compounds, such as tannins, phenolic acids, flavonoids, 
carotenoids, terpenoids, glycosides, saponins, coumarins, and anthocyanins, are 
commonly plentiful in medicinal plants. These compounds are important for their 
antioxidant activity and protect against oxidative damage by scavenging or neutral-
izing free radicals and reactive oxygen species [127, 128].

14.  Conclusion

Food bioactive compounds are secondary metabolites that are non-essential or 
extra-nutritional constituents which typically occur in small quantities in foods, 
having beneficial health effects. Considering bioactive compounds, as well as anti-
oxidant activities, various plant extracts can be conveniently used as alternatives to 
synthetic antioxidants. However, scientific validation of plants as modern medicine is 
lacking. Therefore, folkloric or traditional pharmacological profiles of plants need to 
be preserved by proper documentation and management. It is advised to focus more 
research work on the biological and pharmacological activities of bioactive com-
pounds from different plant species.

© 2025 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Abstract

Inflammation is the natural response to several kinds of stimulus that activate 
the famous five stages: redness, heat, pain, swelling, and impaired function. This 
process involves the cytokines release, immune cells action, and molecules transport. 
Phytochemicals such as flavonoids, polyphenols, and tannins are usually obtained 
from plants and feature anti-inflammatory properties. Those molecules inhibit pro-
inflammatory enzymes as well as modulate cellular signaling, by reducing oxidative 
stress. Recent researches highlight thiosulfinates and polysulfides as a potential 
anti-inflammatory option by suppressing NF-kB pathway and promoting tissue’s 
health. This chapter delves into biochemical pathways generating inflammation, 
phytochemicals compounds, as well as highlighting the crucial role that these phyto-
chemicals play on inflammation modulation and oxidative stress reduction.

Keywords: inflammation, biochemical pathways, phytochemicals, antioxidant 
molecules, anti-inflammatory molecules

1.  Introduction

Inflammation is a complex metabolic process that appears as a natural response 
due to an external stimulus such as injury, infection, or irritation. It involves several 
biological processes that encompass inmmune cells and signaling molecules as a tissue 
response to eliminate harmful stimulus for the initialization of the healing process 
[1]. In order to alleviate inflammation and support health, herbal traditional medicine 
has been used worldwide since ancient times. Plants have been recognized for the 
key therapeutic properties they present, including the ability to modulate inflamma-
tion and oxidative stress. Selected features of plant compounds such as flavonoids, 
polyphenols, and terpenoids possess antioxidant and anti-inflammatory properties. 
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These bioactive compounds can scavenge free radicals, reduce oxidative damage, 
and regulate inflammatory pathways on the body, for example, turmeric, ginger, and 
green tea [2, 3].

Nowadays, recent research focused on medicinal properties of plants in order to 
uncover new compounds and action mechanisms that exert therapeutic effects. Either 
incorporating those plant-based remedies into diets or as supplements, by offering a 
natural alternative with less side effects, compared to conventional anti-inflammatory 
drugs. Before introducing ourselves to phytochemicals and their contributions to 
health, it is important to understand the phenomenon of inflammation.

2.  Inflammation

Inflammation is the nonspecific immune response against physical, chemical, or 
even biological attack to the body [4]. It does result in a series of physiological changes 
that provide the indistinguishable redness characteristics, heat in the affected area 
due to an increase in blood flow and vascular permeability, pain, swelling, and move-
ment difficulty or loss of function, produced by mediating substances prorelease, 
immune inflammation cells transport and molecules [1]. Along the process, numer-
ous molecules play an important role. Once the harmful stimulus exists, the release 
of proinflammatory proteins, known as cytokines, begins. Those are responsible for 
the NF-kB activation, also called nuclear factor kappa B. NF-kB is a proteins group 
that control several cellular functions that goes from growth to cell survival, modu-
lating immune and inflammatory responses. It can be found in higher-than-normal 
amounts in some cells, being indicative of inflammatory disorders (asthma and 
ulcerative colitis), as well as autoimmune disorders (rheumatoid arthritis) [3]. On the 
other hand, signaling proteins like cytokines regulate the communication between 
immune system cells. Playing a fundamental role in the inflammatory response 
and immunity. During cytokines production, NF-kB regulates the genes expression 
involved in different cell types, such as macrophages, dendritic cells, and endothelial 
cells [5]. The NF-kB activation initiates the expression of proinflammatory cytokines, 
for example, tumor necrosis factor alpha (TNF-a), interleukin-1 (IL-1), interleukin-6 
(IL-6), and interleukin-8 (IL-8), among others, helping on the immune cells mobili-
zation towards infection sites or tissue damage [6].

When talking about inflammation, it is important to pantout the activation of 
NF-kB and the existing relationship with cytokines. Nevertheless, there are other 
types of molecules such as modified amino acids, neurotransmitters, and inflam-
matory mediators that participate in the inflammatory mediators release [3]. Amino 
acids feature alterations either chemically or structurally in contrast to the standard 
amino acids present in proteins, and those are known as modified amino acids. For 
example, Citrulline, ornithine, and 5-hydroxytryptophan (5-HTP) are shown in 
Figure 1. Those are some modified amino acids that play a key role on the inflamma-
tory mediators release [3, 8].

Histamine as well as serotonin are neurotransmitters and chemical messengers 
that serve on significant functions within the nervous system by having a distinct 
role in contributing to the inflammatory process [8]. Histamine is released by 
mast cells and basophils in response to allergic or infectious stimulus [6, 8]. It has 
pro-inflammatory effects by increasing vascular permeability and causing vasodila-
tion. Moreover, it facilitates the inflammatory cells entry to the inflammation site. 
Additionally, histamine can stimulate the proinflammatory cytokines production 
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such as tumor necrosis factor alpha (TNF-a) and interleukins (IL-1, IL-6) [6]. In con-
trast, serotonin is primarily a neurotransmitter in the enteric nervous system. It is also 
synthesized by macrophages and dendritic cells. Studies have demonstrated the pro-
inflammatory effects by increasing the inflammatory cells activity and by promoting 
the pro-inflammatory cytokines secretion. Furthermore, serotonin can modulate the 
immune response and inflammation through specific receptors on different cell types 
resulting in chronic inflammation. It can be related to chronic diseases such as inflam-
matory bowel disease, rheumatoid arthritis, and allergic disorders [3].

Finally, the last group of inflammatory mediators are those derived from arachi-
donic acid, phospholipases (A2). Phospholipases are responsible for the arachidonic 
acid conversion into araquinodate. Cyclooxygenases (COX1, COX2), primarily via 
the COX2 pathway, stimulate the secretion of prostaglandins as PGE2, PGF2, PGD2, 
PG12, thromboxanes, and TXA2 ultimately leading to the lipoxygenases (LOX) 
generation responsible for synthesizing leukotrienes [8].

3.  Oxidative stress

The imbalance between free radicals and their stabilizing agent’s antioxidant 
enzymes is known as oxidative stress. When we talk about oxidative stress, it is 
important to approach reactive oxygen species or free radicals definition that can be 
produced by normal cellular metabolism, as well as the interaction with biomolecules 
such as protein, lipid, and DNA, causing cellular damage and degenerative changes 
[9]. Free radicals are chemical species that contains unpaired electrons that increase 
the chemical reactivity of an atom or molecule. Some examples of free radicals 
include hydroxyl radical (OH), superoxide anion (Oz-), transition metals such as iron 
and copper, nitric oxide (NO), and peroxynitrite (ONOO) [10].

Figure 1. 
Examples of modified amino acids that participate in the inflammatory mediators release. Where (a) Citrulline 
molecule helps improve blood flow and reduce blood pressure, while (b) Ornithine is useful in different metabolic 
process, and (c) 5-hydroxytryptophan (5-HTP) a chemical byproduct of the protein building block L-tryptophan. 
Source: PubChem, 2024. Own modification [7].
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These molecules are produced through biochemical processes including reduction 
of molecular oxygen during aerobic respiration, yielding superoxide and hydroxyl 
radicals, by-products of oxidation of catecholamines, and activation of the arachi-
donic acid cascade product electrons that can reduce molecular oxygen to super-
oxide, in addition with the superoxide production and hypochlorous acid (HOC1). 
Hypochlorous acid is a powerful oxidant, which activates phagocytes as well as nitric 
oxide production by vascular endothelium cells [9, 10].

However, this reactive species at low concentrations plays a vital role in the physi-
ological regulation and cellular signaling processes, while high level can cause del-
eterious changes in the cell [9]. Cellular damage occurs on different macromolecules, 
starting with lipids, which suffer the greatest damage through a process known as 
lipid peroxidation, that affects structures rich in fatty acids, altering the permeability 
of the cell membrane, producing edema as well as cell death. The production of free 
radicals leads to the formation of organic peroxides and other products. Once formed, 
these free radicals are responsible for cytotoxic effects. On the other hand, in proteins 
there is an oxidation of amino acids such as phenylalanine, tyrosine, histidine, and 
methionine that can form cross-linked peptide chains and carbonyl groups. While in 
deoxyribonucleic acid (DNA) phenomena of mutations and carcinogenesis can take 
place, due to the loss of expression or synthesis of proteins, caused by the damage of a 
specific gene, triggered by oxidative modifications of the bases, deletions, fragmenta-
tions, stable DNA-protein interactions, chromosomal rearrangements, and demethyl-
ation of DNA cytosines that activate genes [11].

To prevent these harmful health effects, the body has a defense against harmful 
levels of oxidants that consist of different types of antioxidant enzymes that together 
with their support systems, as well as low molecular mass antioxidants, form an 
antioxidant network. Antioxidants prevent other molecules from binding to oxygen, 
by reacting-interacting faster with free oxygen radicals and reactive oxygen species 
than with the rest of the molecules present. The action of antioxidants could be said 
that they sacrifice its own molecular integrity to avoid alterations of molecules (lipids, 
proteins, and DNA) that are functionally vital or more important [11, 12].

There are different types of antioxidant molecules, among it, flavonoids, tannins, 
polyphenols, polysulfides, and thiosulfinates stand out, which have proven to be good 
either neutralizing oxygen or capturing free radicals [11].

4.  Phytochemicals formation through secondary metabolism

Plants, as living organisms, show metabolic processes. Those processes related 
to photosynthesis, carbohydrates degradation, the nucleic acids production, and 
proteins formation are vital for the daily processes to ensure the plant survival, also 
known as the primary metabolism [2]. In contrast, the plants’ secondary metabolism 
represents an alternative for the production and accumulation of compounds of 
diverse chemical nature. It does facilitate the life of the plant as well as the interaction 
with its surroundings and environment. As a result of this process, phytochemicals 
are produced that show biological activity [13].

In Figure 2, a general metabolic map is presented. Where primary metabolism 
is in all processes related to the production or carbohydrates degradation, lipids, 
nucleic acids, and proteins [13]. The shikimic, mevalonic, and malonic acid path-
ways are the main processes that make up secondary metabolism, resulting in the 
phytochemicals formation such as alkaloids, lignins, flavonoids, tannins, flavonoids, 
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and anthocyanins, to mention a few of them [2]. After observing this reaction 
series, it can be appreciated the harmonious and precise coordination that must 
exist between those processes that occur simultaneously. Phytochemicals have a 
restricted distribution in the plant kingdom; that means, not all of them are found 
in all group of plants [13]. Those are synthesized in small quantities and not in a 
generalized way, often restricting the production to a certain plants genus, a family, 
or even some species [14].

Secondary metabolites foreseen distinct ecological roles. It works as either 
attractants or repellents for animals. Among those, certain compounds act as pig-
ments, enhancing the flowers attractiveness and fruits to facilitate pollination, thus 
contributing significantly to reproduction. On the contrary, others fulfill a defensive 
function against predators, acting as pesticides or natural detergents [13].

In order to analize the secondary metabolites, as well as the production and uses of 
these, it is essential to know the cell origin, types, plant tissues, and necessary sugars 
of such substances in addition with physiological role they play.

Glycolysis and the pentose phosphate pathway are key pathways of carbohydrate 
degradation in plants. Glycolysis (shown in Figure 2) is important to carry out 
both the tricarboxylic acid cycle and the formation of pyruvic acid, which after 
a series of transformations and supported by the mevalonic acid pathway lead to 
the formation of metabolites such as terpenes [15]. On the other hand, the pentose 
phosphate pathway helps with the formation of the necessary precursors as well as 
the energy necessary to carry out the shikimic acid pathway, which, in company of 

Figure 2. 
Plants’ metabolic map, for the primary metabolites (sugars, nucleic acids, lipids, and phospholipids) production 
and secondary metabolites (Terpenes, alkaloids, polyketides, lignin, tannins, flavonones, and anthocyanins). 
Source: Mendoza and Escamilla, 2018. Own modification [13].
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the tricarboxylic acid cycle, leads to the aromatic compounds synthesis in the form of 
glycosides, alkaloids, lignins, tannins, etc. (Figure 3) [13, 15].

There are three biochemical pathways responsible for synthesizing those com-
pounds along with three distinct organically identifiable families that are commonly 
referred as: shikimic, malonate acetate and mevalonic acid. The shikimic acid pathway 

Figure 3. 
Glycolysis pathway in plants. Where the action of ADP as a substrate is indicated by a dotted line, presenting a 
positive effector as well as a negative effector effects, for the formation of pyruvate. Source: Copeland and Turner, 
1987. Own modification [15].
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is related to the carbohydrates metabolism and aromatic amino acids. It consists of 
seven steps, it starts with the phosphoenolpyruvate and erythrose-4-phosphate con-
densation [16], that interact with the tricarboxylic acid cycle to produce aromatic and 
aliphatic amino acids such as alkaloids and phenolic compounds as shown in Figure 4.

Figure 5 represents the mevalonic acid pathway. It is associated with the produc-
tion of secondary metabolites originated from the conjunction of acetyl CoA and 

Figure 4. 
Shikimic acid pathway, whose objective is the obtention of shikimic acid and chorismic acid, for the formation of 
phytochemicals such as alkaloids, coumarins, flavonoids, and lignins, from intermediates of the pentose phosphate 
pathway and the Calvin cycle. Source: Kougan and Medicinal Plant Research in Africa, 2013. Own modification [16].
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acetoacetyl CoA. From the formation of mevalonic acid, it is possible to obtain 
dimethyl allyl pyrophosphate to get isopentyl pyrophosphate that is decisive for the 
terpenes formation in different forms (monoterpenes, triterpenes, sesquiterpenes, 
etc.), carotenoids, and steroids [18].

Whole kind of organisms synthesize isoprenoids and derivatives through the mev-
alonate (MVA) pathway, as shown in Figure 6. It plays a key role in cellular functions 
communication [20]. The acetate-malonate pathway is also known as the polyketide 
pathway. It uses shikimate acid derivatives as initial compounds that involve the com-
bination of acetyl CoA via acetate to generate metabolites. Benzophenone synthase 
enzyme is responsible for producing a variety of secondary metabolites by altering 
the starter substrate, resulting in the production of phenols and poliphenols as shown 
in Figure 6 [21].

Early inhibition of 3-hydroxyl-3-methylglutaryl co-enzyme A reductase (HMGR) 
in mammals is used to treat hypercholesterolemia [20, 21]. Mutations in mevalonate 
kinase (MVK) can result in inflammatory diseases such as hyper-immunoglobulin 
D periodic fever syndrome (HIDS) and mevalonate aciduria (MA) [21]. Conversely, 
the mevalonic acid pathway in plants is still under investigation, and its significance 
in growth and adaptation to several stresses induced by pests, pathogens, or environ-
mental changes is well-established [20, 21]. Isoprenoids and terpenes in plants play 
crucial roles in defense mechanisms against stresses, essential components synthesis 
such as phytosterols and dolichols as well as the production of volatile compounds for 
protection and communication [20].

Figure 5. 
The union of acetyl CoA and acetoacetyl CoA gives rise to the formation of mevalonic acid that after several 
transformations and additions of isopentyl pyrophosphate (IPP); it is known as the mevalonic acid pathway, 
responsible for the formation of terpenes, carotenoids, and steroids. Source: Nissen [17]. Own modification [17].
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5.  Phenols and polyphenols

Secondary metabolites with a fenol group, an aromatic ring with a hydroxyl 
group or derivade from phenol, are called either phenolic compounds, polyphenols, 
or phenyl-propanoids, as it can be appreciated in Figure 7. Seen from a chemical 
perspective, phenolic compounds are a diverse group that comprises simple molecules 
such as phenolic acids, to complex polymers like condensed tannins and lignin. 
Flavonoid pigments are also found within the phenolic compounds [22].

Phenols are one of the most prominent groups among secondary metabolites in plants 
and those are produced through several metabolic pathways such as shikimic, acetate–
malonate, and acetic acid. The main synthesis occurs through the phenylpropanoid 
pathway, where the combination of these routes leads to the formation of flavonoids that 
are the most common phenols in nature. The shikimic acid pathway is crucial for the 
generation of these compounds and begins with the aromatic amino acids phenylalanine, 
tyrosine, and tryptophan, derived from phosphoenolpyruvate and erythrose-4-phos-
phate. The general structure of these molecules is shown in Figure 7 [23].

Polyphenols present a variety of beneficial effects such as their antimicrobial, 
anticancer, and anti-inflammatory properties. Where one of their main character-
istics is the high antioxidant capacity [24]. The antioxidant and anti-inflammatory 
properties, along with other polyphenols biological roles, are mainly linked to the 
specific chemical compositions. These compounds possess aromatic characteristics 

Figure 6. 
From acetyl CoA and 3 units of malonyl CoA, betapolyester is formed, giving rise to the orsellinic acid and 
floracetophenone formation after aldol and Claissen reactions for the synthesis of phenols, in a process known as 
the acetate–malonate pathway. Source: Dewick, 2009. Own modification [19].
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Figure 7. 
Phenols and polyphenols chemical structure (benzoquinone, phenolic acids, phenylacetic acid, hydroxycinnamic 
acids, phenylpropenes, coumarins, naphthoquinones, xanthones, anthraquinones, flavonoids, and lignins). Source: 
PubChem, 2024. Own modification [7].

and highly conjugated systems with numerous hydroxyl groups, enabling them to act 
as effective electrons or hydrogen atoms donors and allowing them to neutralize free 
radicals and other reactive oxygen species (ROS) [25].

Phenolic compounds can influence cell signaling, suggesting that the anti-inflamma-
tory properties of polyphenols include the inhibition of enzymes such as cyclooxygenase 
(COX-2), lipoxygenase (LOX), and inducible nitric oxide synthase (iNOS), through 
the activation of peroxisome proliferator-activated gamma receptor (PPARy) [26]. 
Nevertheless, the inhibition of phosphoinositide 3-kinase (PI 3-kinase), tyrosine kinases, 
nuclear factor-kappa B (NF-kB), c-JUN as well as the activation of phase II antioxidant 
enzymes, and other kinases leads to the modulation of genes related to survival [25, 26].

A relevant anti-inflammatory mechanism for polyphenols is the inhibition of 
enzymes that generate eicosanoids such as phospholipase A2. Cyclooxygenase and 
lipoxygenase reduce the prostanoids and leukotrienes concentration. Arachidonic acid 
(AA) is released from membrane phospholipids through the action of phospholipase 
A2. It can then be metabolized by cyclooxygenase (COX) to form prostaglandins (PGs) 
and thromboxane A2 or by lipoxygenase (LOX) to generate hydroperoxyeicosatetrae-
noic acids (HpETEs), hydroxyeicosatetraenoic acids (HETEs), and leukotrienes [26].

6.  Tannins and flavonoids

Within phenols and polyphenols, there are quite a few compounds whose for-
mation is derived from the principles mentioned elsewhere; these compounds are 
tannins and flavonoids as shown in Figure 8 [23].
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Tannins are a secondary metabolites group from plants that have the ability to tan 
and convert animal skin into leather. These compounds can be formed from quinic 
acid and yield gallic acid, obtaining hydrolyzable tannins (HT) biosynthesis as the 
main product. The formation can occur through a glycosylation of catechin unit to 
a gallotannin or an ellagitannin unit that subsequently suffers an oligomerization 
resulting in the formation of a catechin unit which is a condensed tannin [27, 28].

Flavonoids are secondary metabolites of plants with a variable phenolic structure 
that shows in Figure 7 and classified depending on the carbon of the C ring. Where 
the B ring is attached and the unsaturation degree of C ring oxidation. They are abun-
dant in fruits, vegetables, grains, bark, roots, stems, flowers, tea, and wine. Their 
formation occurs mainly through the shikimic acid pathway [29, 30].

For plants, those compounds have different uses; for example, tannins serve both 
as a defense mechanism against herbivores and pathogens as well as the nitrogen con-
servation [31]. While flavonoids provide the plant with characteristics such as color 
and aroma. In fruits, those attract pollinators. Flavonoids protect from different biotic 
and abiotic stresses and act as unique UV filters and as a signaling molecule [30].

Tannins and flavonoids have been of great interest due to the multiple therapeutic 
properties where antioxidant and anti-inflammatory properties stand out. Flavonoids 
main aim is to be exogenous antioxidants that act by inhibiting the nitric-oxide 
synthase and xanthine oxidase enzyme activity through the modulation of channel 
pathways or through different enzymatic systems, in order to reduce the production 
of reactive oxygen species (ROS). This antioxidant potential is in turn associated with 
the location and amount of OH groups contained in the structure that modifies the 
thermodynamics, favoring the antioxidant site [30].

Figure 8. 
Tannins chemical structure includes gallotannins, ellagitannins, complex tannins, and condensed tannins. Source: 
PubChem, 2024. Own modification [7].
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Moreover, tannins feature antioxidant activity due to diferent polyphenols types; 
for example, the most active are dimeric procyanidins that scavenge ABTS+ radical, 
hypochlorous acid, along the reducing power evaluation [23]. Nevertheless, tannins 
can affect the inflammatory response via their radical scavenging activities such as the 
production of superoxide, hydroxyl radical, and other oxidizing species that initiates 
a feedback cycle. The radical products of inflammatory reactions serve as inducing 
agents for further inflammation [30].

Studies performed on binding flavonoids modes with COX-2 explored that some 
flavonols and flavones containing a 2, 3-double bond may act as preferential inhibi-
tors of COX-2. Good anti-inflammatory activity and reduced gastrointestinal side 
effects were shown [29].

7.  Polysulfides and thiosulfinates

Plants of the genus Allium like garlic, onion, and leek have been used since ancient 
times for their numerous health benefits [32, 33]. The multiple therapeutic proper-
ties are due to the sulfur compounds which are obtained primarily from garlic such 
as alliin, allicin, ajoene, allylpropyl disulfide, diallyl trisulfide, S-allylcysteine, and 
S-allylmercaptocysteine [34].

Unlike other plants, those belonging to the genus Allium do not have sulfur 
compounds available for extraction, purification, and subsequent use. Here, the syn-
thesis must be induced as they are formed in an enzymatic reaction from alliin, who 
subsequently meets the enzyme alliinase that is released from the vacuoles of plant 
cells after some type of mechanical stress (cut, grind, or crush). Once the enzymatic 
reaction has been carried out, thiosulfinates (diallyl sulfide, diallyl disulfide, and 
diallyl tetrasulfide) and polysulfides (diallyl tetrasulfide, S-allylmercaptocysteine, 
S-allylmercaptoglutathione, allyl mercaptan, allyl persulfide, and dithiins) are 
obtained as products. The structure is shown in Figure 9. Therapeutic properties such 
as antiviral, antimicrobial, antifungal, anticancer, antihypertensive, antioxidant, and 
anti-inflammatory are attributed to them [35–37].

The great antioxidant plants capacity of the genus Allium is given by the synergis-
tic relationship that exists between the sulfur compounds and polyphenols present 
in these species [38]. The interaction of those compounds with uric acid acts directly 
on the molybdopterin (Mo-Pt) domain that causes the antioxidant action [39]. 
Recent studies propose different models of antioxidant action mechanisms such as 
the decrease in the production of free radicals or models where it is presented that 
by increasing the levels of glutathione (GSH) in the cell. The oxidized glutathione 
(GSSH) levels are decreased in the cell due to the increase in the enzymatic activity 
of GSSG reductase or superoxide dismutase. Those effects have been attributed to 
garlic [40]. Reduced glutathione (GSH) serves as a reducer for glutathione peroxidase 
(GPX), a natural protective enzyme against free radicals in the company of super-
oxide dismutase and catalase [34]. Table 1 shows the thiosulfinates and polysulfides 
reported with antioxidant and anti-inflammatory activity, the respective action 
mechanism.

As anti-inflammatories, on the contrary, sulfur compounds act by suppressing the 
expression of inducible nitric oxide (NO) synthase and sustaining the NO produced 
by endothelial NO synthase that has demonstrated effectiveness against inducible 
diseases and inflammatory disorders. On the other hand, the anti-inflammatory 
garlic effects were linked to a direct decrease in the activation of the toll-like receptor 



105

Phytochemicals from Secondary Metabolism and Their Role as Antioxidant…
DOI: http://dx.doi.org/10.5772/intechopen.1006589

Figure 9. 
Thiosulfinates (diallyl sulfide, diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide, etc.) and polysulfides (aliin, 
allicin, s-allylmercaptoglutathione, a-allylmercaptocysteine, allyl mercaptan, allyl persulfide, dithiins, etc.) 
chemical structure. Source: PubChem, 2024. Own modification [7].

Compound Pharmacological 
activities

Mechanism of action

Alliin (S-allyl 
cysteine sulfoxide)

Antioxidant 
Anti-inflammatory

Suppresses the formation of ROS and down-regulates the 
expression of NADPH oxidase 1 (Nox1)

Diallyl sulphide 
(DAS)

Antioxidant 
Anti-inflammatory

Decreases the production of ROS Increases cleaved 
caspase 3 and p38 expression

Diallyl disulfide 
(DADS)

Anti-inflammatory Modulates immune cells and NF-kB signaling pathway

Diallyl trisulfide 
(DATS)

Antioxidant 
Anti-inflammatory

Increases glutathione and antioxidant enzymes and 
modulates ROS. Suppressed the synthesis of pro-
inflammatory nitric oxide.

Allyl methyl 
trisulfide

Antioxidant Decreases oxidative stress through the enhancement of the 
antioxidant system

Thiacremonone Anti-inflammatory It blocks the NF-kB activity

Ajoenes Antioxidant Superoxide inhibition

S-allyl cysteine 
(SAC)

Antioxidant Scavenges reactive oxygen species (ROS), induces 
antioxidant enzymes, and inhibits peroxidant enzymes 
like xanthine oxidase and cyclooxygenase.

Table 1. 
Action mechanism of thiosulfinates (diallyl sulfide, diallyl disulfide, diallyl trisulfide, diallyl tetrasulfide, etc.) 
and polysulfides (aliin, allicin, s-allylmercaptoglutathione, a-allylmercaptocysteine, allyl mercaptan, allyl 
persulfide, dithiins, etc.) reported with antioxidant and anti-inflammatory activity. Source: Jikah & Okoro, 2023. 
Own modification [41, 42].
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4 (TLR4) signaling cascade in macrophages and modulation of immune cells, by 
the reduction in nuclear factor Kappa B (NF -kB) levels and enzymes like glycogen 
synthase kinase (GSK)-3, the expression of pro-inflammatory cytokines IFN-y and 
TNF-a decreased after a single application of garlic essential oil, thereby preventing 
prolonged inflammation, cell damage, and tissue injury [39, 41–43].

8.  Conclusions

Inflammation is a body’s natural response to infectious agents and injuries. However, 
this can be harmful when it becomes chronic causing cellular damage and contributing 
to the development of several diseases. Along this chapter, it was discussed that the 
metabolism of plants is complex and follows a perfect synchrony in conjunction with 
the other metabolic processes of the plant, in order to provide it with the protection and 
adaptability to its environment, which it requires, thanks to phytochemicals derived 
from the secondary metabolism of plants. These compounds offer numerous health 
benefits to humans by making them versatile options that help to complement conven-
tional medicine. Given their availability, accessibility, their disease prevention potential, 
along with their sustainability and lower environmental impact compared to synthetic 
medicines, makes these phytochemicals a considerable option for diseases treatment.

Phytochemicals, such as phenols, polyphenols, tannins, flavonoids, and more 
recently thiosulfinates and polysulfides, play an important role as anti-inflammatories 
and antioxidants in humans. Neutralizing free radicals cause oxidative stress, con-
tribute to the inflammatory process, and act directly in modulating the activity of 
various enzymes and inflammatory pathways in the body. Helping to reduce inflam-
mation and mitigate its own symptoms, such as pain and swelling. Making the use of 
these ancient natural compounds in conjunction with new technologies and scientific 
advances to contribute on technological development of new medications and devices 
for the treatment of vulnerable populations.
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IL-1 interleukin-1
IL-6 interleukin-6
IL-8 interleukin-8
5-HTP 5-hydroxytryptophan
A2 phospholipases
COX cyclooxygenases
PGs prostaglandins
LOX lipoxygenases
MVA mevalonate
HMGR 3-hydroxyl-3-methylglutaryl co-enzyme A reductase
MVK mevalonate kinase
HIDS hyperimmunoglobulin D periodic fever syndrome
MA mevalonate aciduria
ROS reactive oxygen species
iNOS inducible nitric oxide synthase
PPARy peroxisome proliferator-activated receptor gamma
PI 3-kinase phosphoinositide 3-kinase
AA arachidonic acid
HpETEs hydroperoxyeicosatetraenoic acids
HETEs hydroxyeicosatetraenoic acids
HT hydrolysable tannins
S-allyl cysteine sulfoxide alliin
Nox1 NADPH oxidase 1
DAS diallyl sulfide
DADS diallyl disulfide
DATS diallyl trisulfide
SAC S-allyl cysteine
Mo-Pt molybdopterin
GSH glutathione
GSSH oxidized form of glutathione
GPX glutathione peroxidase
NO nitric oxide
TLR4 toll-like receptor 4
(GSK)-3 glycogen synthase kinase
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Bioactive Compounds and 
Biological Activities of Curculigo 
orchioides Gaertn
Nguyen Van Khiem, Nguyen Minh Duc and Dinh Thanh Giang

Abstract

Curculigo orchioides Gaertn. is a rare herb belonging to the family Hypoxidaceae, 
popularly known as “Kali Musli” in India, “Sam Cau”, “Tien Mao” in Vietnam, “Xian 
Mao” in China. This species is native and widely distributed in Asian countries such as 
India, Nepal, Pakistan, South China, Laos, Vietnam, Myanmar, and the Philippines. 
C. orchioides contains several classes of chemicals, including saponins, alkaloids, 
flavonoids, phytosterols, steroids, free reducing sugars starch, proteins, resins, 
tannins, mucilage, fats, and inorganic compounds. Rhizoma Curculiginis is used in 
traditional medicine remedies in various countries for the treatment of a range of 
ailments, including impotency, aphrodisiacs, tonics, jaundice, and skin conditions. 
The scientific evidence indicates its aphrodisiac, spermatogenic, estrogenic, immu-
nomodulatory, antioxidant, anti-inflammatory, antiosteoporosis, antidepressant, 
hepatoprotective, nephroprotective, antidiabetic, antimicrobial. Antiasthmatic, 
antistress, anticancer, antigout, antihypertensive, antimalarial, and cardiovascular 
activities. As traditional herbal medicine, C. orchioides has been investigated for its 
pharmacological activity against diabetes, fungi, bacteria, inflammation, osteoporo-
sis, oxidative stress, cancer, and neurodegeneration. Findings of bioactive compounds 
and the biological effects of the extract of C. orchioides provide scientific support for 
the folk use of this plant in the traditional, unvalidated herbal drugs as aphrodisiac 
and rejuvenating tonics.

Keywords: Curculigo orchioides, bioactive compounds, biological activity, sam cau, 
curculigoside, orcinol glucoside

1.  Introduction

Globally, the use of products derived from medicinal plants is increasing for 
the prevention and treatment of various human diseases [1]. According to a survey 
conducted in the UK and Saudi Arabia, about 80% of the population uses medicinal 
plants for primary health care and to treat diseases in humans [2, 3]. In 2021, herbal 
medicine consumption in the world market reached a value of 230.03 billion USD, 
with a predicted rise to 430.05 billion USD in 2028 [4]. Factors, including availability, 
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low-cost, fewer side effects, and the efficacy of herbal medicines are the main reasons 
for humans have surged using them worldwide [5]. Generally, herbal medicine is safe 
for the treatment of various diseases in humans. In fact, medicinal plants contain 
different compound groups, including saponin, phenolic, flavonoid, alkaloid, and 
terpenoid. They act individually or in combination with other compounds, giving 
beneficial or harmful health effects for humans.

C. orchioides is a well-known medicinal plant in Asia. It has commonly called “Kali 
Musli” in India and “Xian Mao” in China [6], “Sam Cau” or “Tien Mao” in Vietnam 
[7]. It is one of the common herbs, used in traditional medicines in Asian countries 
[8]. The rhizome of C. orchioides is used widely in traditional medicines. In India, C. 
orchioides is used for the treatment of strengthening the spleen, aphrodisiac, antiag-
ing, weight loss, menstrual irregularities, menstrual cramps and amenorrhea, kidney, 
and bones [9]. Wang et al. [10] reported the main phytoconstituents of C. orchioides 
that were isolated from the rhizome including glycosides, alkaloids, saponins, and 
polysaccharides. Curculigoside, a phenolic glycoside was the main component, having 
biological activities such as antiosteoporotic and neuroprotective [11, 12]. Different 
extracts of C. orchioides were proven anti-inflammatory, antidiabetic, aphrodisiac, 
antioxidant, and antimicrobial activities [13–16], and as a tonic for overcoming 
impotence [17].

Currently, C. orchioides is provided a limited amounts, due to the unsustainable 
harvesting of genetic resources, and shrinking of its’ natural habitats. It is ranked at 
high risk of extinction soon in Vietnam [18]. C. orchioides is a near-threatened medici-
nal herb as per the International Union for Conservation of Nature (IUCN) status 
(2012) [19]. In recent years, there has been research on cultivation providing medici-
nal materials for medicinal products derived from C. orchioides [20–23]. Bioactive 
compounds and biological activity findings will provide scientific support the folk use 
of this plant to the traditional unvalidated herbal drugs as an aphrodisiac and rejuve-
nating tonics. In this chapter, we describe the phytochemicals of C. orchioides and its 
biological activities.

2.  Botanical details

C. orchioides belongs to the family Hypoxidaceae. It is known as Golden Eye Grass 
or Black Musale in English, Kalimusli in Hindi. The genus Curculigo consists of 10 spe-
cies, distributed in India, Sri Lanka, Japan, Malaysia, Vietnam, Australia, etc. [7, 19]. 
C. orchioides originated in Asia. It is distributed in plains and shady forests. It grows 
well on moist fertile and laterite soils, in rock crevices from sea level to 2300 m alti-
tude. It occurs in the subtropical and tropical regions. The raw materials are supplied 
for the drug industry, collected mainly from wild genetic sources, and it is depleting 
the natural populations of these medicinal plants [24].

C. orchioides is found almost all over midland and mountainous regions covering 
the North, Central, and South provinces of Vietnam. It can grow well in shade (25%) 
and the areas receiving high rainfall [7]. C. orchioides is a small herbaceous species. 
It has an elongated rhizome (5–20 cm long) with a fleshy lateral root system. The 
rhizome is often vertical (Figure 1A). Leaves are very variable, from narrowly linear 
to lanceolate, acute, plicate, or flat. They are crowded on the rhizome-bearing sheath-
ing leaf bases. The petiole is green or purple-red, short, or absent. Flowers appear 
throughout the year, but mostly from May to July, light yellow, bisexual, sessile, 
regular (Figure 1B). Perianth is six-lobed, lobes yellow, stamens-6, filaments (~ 2 mm 
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long), filiform, anthers are approximately 2 mm, ovary 3-celled, oblong. Ovules are 
numerous per cell, stigma-3, lobes elongate. Fruits are oblong (Figure 1C). The seeds 
are black, and have different shapes such as spheres, beaks, and deep grooves in wavy 
lines (Figure 1D) [24, 25].

3.  Chemical compounds

Several researchers found that the rhizomes of C. orchioides contain several classes 
of chemicals such as alkaloids, flavonoids, phytosterols, free reducing sugars, gluc-
uronic acid, glycoside (including cardiac glycosides, saponins, steroids, polysaccha-
rides (as hemicellulose and other polysaccharides), starch, proteins, resins, tannins, 
mucilage, fats, calcium oxalate, inorganic compounds, and fibers [26, 27].

Mehta et al. [28] demonstrated that the hexane extract of C. orchioides containing 
alkaloid-lycorine, sterols (β-sitosterols), and sapogenin (yuccagenin), the flavone 
(5,7-dimethoxy glucopyranoside), fatty acids (linolenic, palmitic, behenic, arachidic, 
and oleic). 5-hydroxy-2-0-b-d-glucopyranosyl benzyl 1,2,6-dimethoxy benzoate, 
a curculigoside was isolated from the rhizomes [29]. Other studies showed that C. 
orchioides rhizome also contain a cycloartane, namely, curculigol [30], corchiocide 

Figure 1. 
Morphology of C. orchioides plant: (A) Rhizome-bearing leaflets, flower, fruit, and lateral roots; (B): flower; 
(C): Seed-bearing ripened fruits; (D): Seeds.
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A (as 25-hydroxy-33- methylpentatriconta-6-one, 21-hydroxytetracontan-20-one, 
27-hydroxy-tricontan-6-one, 2–methoxy-4-acetyl-5-methytricontane) [31], curculi-
gol, curculigenin A, Curculigo saponin AF, cycloartenol, sitosterol, and stigmasterol 
[32]. Several researchers isolated aliphatic hydroxy ketones, 27-hydroxy tricontane-
6-one, 23-hydroxy tricontane-2-one, 21-hydroxy tetracontan-20-one and 4-methyl 
heptadecanoic acid from the rhizome of C. orchioides [33, 34].

It is found that the rhizome of C. orchioides has a phenolic glycoside, namely 
orcinol-3-bD-xylopyranosyl-(1®6)- β-D-glucopyranoside and Hentriacontanol 
[35–37], aliphatic compounds such as 25-dihydroxy-33-methyl pentatricontanone and 
natural triterpene curculigol as 24-methyl cycloart-7-en-3-beta-20-diol [38]. Next, Xu 
et al. [39] isolated from the rhizomes of C. orchioides a pentacyclic triterpene, charac-
terized as 31-methyl-3-oxo-20-ursen-28-oic acid. Following, Curculigo saponin A-M, 
glycoside 5, 7-dimethoxy myricetin 3-0-L-xylo- pyranosyl 4-0-b-D glycopyranoside, 
free sugars, mucilage, hemicellulose, and other polysaccharides are found be present 
in rhizomes of C. orchioides [40]. There are about 111 secondary metabolites, three 
proteins, and two polysaccharides, identified from Curculigo plants [41]. Compared 
to Curculigo species, their extracts contain various compounds, that includes phenolic 
glycosides, phenols, lignan glycosides, lignans, triterpenoid glycosides, triterpenes, 
polysaccharides, flavones, aliphatic compounds, alkaloids, eudesmanes, and bioactive 
proteins as neoculin, curculin, and β-amylase [9]. Besides, alkaloids, phenols, flavo-
noids, and tannins were present in the methanol, ethanol, and chloroform extracts of 
C. orchioides, but they are absent in the ethyl acetate extract [42].

It is demonstrated that methanolic extracts of C. orchioides rhizome contain 
alkaloids, carbohydrates, steroids, saponins, phenols, tannins, and flavonoids 
[13, 26]. While O-acetyl-glucomannan COP90-1, a compound soluble in water 
is isolated from C. orchioides [43] and COP70-3, a homogeneous heteropolysac-
charide compound was found in the rhizomes of C. orchioides [44]. Other find-
ings showed that phenolic glucosides were identified in C. orchioides rhizomes, 
including curculigoside H and orcinoside I [45], curculigoside A, B, C, G, orcinol 
glucoside B, benzyl-O-β-D-glucopyranoside, 3-hydroxy-5-methylphenol-1-O-
[β-glucopyranosyl-(1-6)-β-Dglucopyranoside], glucosyringic acid, 3-hydrox-5-
methyl-phenol-1-O-[β-apiosyl-(1-6)-β-glucopyranoside], and orcinol glucoside 
[46], 3-(4-hydroxy-3-methoxyphenyl) propane-1,2-diol, 3-(4-hydroxy-3,5-di-
meth-oxyphenyl) propane-1,2-diol, piperoside, 4-ally-2, and 6-dimeoxy phenol 
glucoside [47]. Niu et al. [48] isolated 3,5-Dihydroxy-4-methoxybenzoic acid and 
p-Hydroxycinnamic acid from powdered rhizomes. C. orchioides contains cucul-
ligines, chlorophenolic glucosides, B, C, and curculigine D [40, 49, 50]. C. orchioides 
rhizome obtains 11 chlorophenolic glucosides, such as curculigine E–G, I, and 
K–O [45, 46, 51], chlorophenolic glucosides named ascurculigine P and Q [52]. 
C. orchioides contains also cycloartane-type triterpenoid ketone [53], terpenoids 
including 3S,5R,6S,7E,9R)-megatigma-7-ene-3,5,6,9-tetrol, actinidioionoside, 
(6S,9R)-roseoside, (−)- angelicoidenol-2-O-β-D-glucopyranoside, (−)-angelicoi-
denol-2-O-β-apiofuranosyl-(1→6)-β-D-glucopyranosidetetillapyrone [(7R,9S,10R)-
3-methyl-5-(4-hydroxyl-5-hydroxylmethyltetrahydrofuryl)]-6-hydroxypyran-2-one 
[54, 55].

C. orchioides rhizome contains also cyclodipeptides, including cyclo-(L-Ala-L-Tyr), 
cyclo- (Gly-D-Val), cyclo-(LeuAla), cyclo-(Val-Ala), cyclo-(L-Ser-L-Phe), cyclo-
(LeuThr), cyclo-(S-Pro-RLeu), and cyclo- (Leu-Ser) [47]. Several studies found 
that the aqueous leaf extract of C. orchioides contains different alkaloids and phenolic 
compounds [56]. Leaf methanolic extract of C. orchioides contains the compounds 
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such as 2-Myristynoyl pantetheine, 9-Hexadecenoic acid, 9,10-Secocholesta-
5,7,10(19)-triene-3,24,25-triol, (3á,5Z,7E)-, Cyclobarbital, Thieno[2,3-c]
furan-3-carbonitrile,2-amino-4,6-dihydro-4,4,6,6-tetramethyl-, Testosterone, 
17-O-(t-butyldimethylsilyl), 2-Myristynoyl-glycinamide, N-[3,5-Dinitropyridin-2-yl] 
glutamic acid, 4-Dehydroxy-N-(4,5-methylenedioxy-2-nitrobenzylidene)tyramine, 
4-Acetyloxyimino-6,6-dimethyl-3-methylsulfanyl-4,5,6,7-tetrahydrobenzo[c]
thiophene-1-carboxylic acid methyl ester. Meanwhile, rhizome methanolic extract 
contains as 2,7-Diphenyl-1,6-dioxopyridazino [4,5:2′,3′]pyrrolo[4′,5′-d]pyrida-
zine, sarreroside, 9-Octadecenoic acid, (2-phenyl-1,3-dioxolan-4-yl)methyl ester, 
cis-, Ergosta-5, 22-dien-3-ol, acetate, (3á,22E)-, Digitoxin, Ethyl iso-allocholate, 
Rhodopin, 10-Secocholesta-5,7,10(19)-triene-3,24,25-triol, Cyclobarbital [57]. In a 
study, three phenolic glycosides from the ethanol extracts of the rhizomes of C. orchi-
oides, that collected in Central Vietnam. They were structurally identified as orcinol 
glucoside, orcinol-1-O-(6’-O-acetyl)-α-D-glucopyranoside, and curculigoside [58]. C. 
orchioides harvests in Thua Thien Hue province, Central Vietnam found to have high 
orcinol glucoside content, used as standard compounds for quality of medicinal herbs 
[59]. Yadav et al. [60] demonstrated that C. orchioides alcoholic extract containing 
compounds including d-Lyxo-d-manno-nononic-1,4-lactone, 3′,8,8′-Trimethoxy-3-
piperidyl-2,2′-binaphthalene-1,1′,4,4′-tetrone, 7-Methyl-Ztetradecen-1-ol acetate, 
Paromomycin, Geranyl isovalerate, Tert-Hexadecanethiol, 1,2-Propanediol, 3-(tetra-
decyloxy), n-Hexadecanoic and 9-Octadecenoic acids, (2-phenyl-1,3-dioxolan-4-yl)
methyl ester, trans, 2H-Cyclohepta[b] furan-2-one, 6-[1-(acetyloxy)-3-oxobutyl] 
-3,3a,4,7,8,8a-hexahydro-7-methyl-3-methylene. In which, several compounds were 
activity assessed.

4.  Biological activities

4.1  Aphrodisiac activity

Sexual behaviors of male rats such as penile erection, mating performance, mount 
frequency, and mount latency are significantly improved by using a dose of 100 mg/
kg body weight of ethanolic rhizome extract of C. orchioides. Besides, the lyophilized 
aqueous extract of the rhizome may improve significantly sexual activities of male 
rats at a dose of 200 mg/kg [61].

4.2  Spermatogenic activity

Orientation behaviors and spermatogenesis of male rats are significantly increased 
at a dose of 100 mg/kg body weight of ethanolic extract of C. orchioides rhizomes. 
Ethanolic extract effects on orientation behaviors of males toward females, environ-
ment, self, and type of mobility. It effects also on spermatogenesis, increasing in 
number of spermatocytes and spermatids in albino rats [62]. Thanh-Nhan Bui-Le 
et al. [63] found the C. orchioides collected in Vietnam reduced the heat stress-induced 
spermatogenesis complications in mice. Extract of rhizome increased spermatogenic 
cells and spermatozoa in heat-exposed mice compared to heat-exposed mice with-
out eating extract of C. orchioides. Otherwise, the aqueous extract of rhizome may 
enhance the serum total testosterone content in heat-exposed mice. Thus, C. orchi-
oides was effective against heat stress-induced spermatogenesis complications in the 
murine model.
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4.3  Estrogenic activity

C. orchioides expresses estrogenic activity. Thakur et al. [64] found that C. orchi-
oides reduce hyperglycemia levels, induced by streptozotocin and improves sexual 
dysfunction in male rats. Sexual behaviors in males, such as penile erection index, 
seminal fructose, and sperm content are recorded. Steroid synthesis and restored 
sexual function are enhanced by the spermatogenesis process. C. orchioides may 
also improve better hormone absorption into the gonads [61]. Total glucosides of C. 
orchioides increase the thymus, uterus, and spleen indices, testosterone, and estrogen 
contents. It may decrease luteinizing hormone contents in perimenopause model mice 
[65, 66].

4.4  Immunomodulatory activity

C. orchioides ethanolic extract improved adaptation to hypoxia and high temper-
atures. Extracts from C. orchioides were found to be sedative, anticonvulsant, and 
androgen-like. Immunological activity increased in mice, as well [67]. Lakshmi 
et al. [68] isolated, and purified two C. orchioides phenolic glucosides and found 
significant immuno-stimulant activity. They increase hemagglutination titers and 
delay hypersensitivity responses. Zhou et al. [69] showed polysaccharides of C. 
orchioides, that stimulate splenocyte proliferation, but they did not affect thymo-
cyte proliferation. Its polysaccharides inhibit thymocyte and spleenocyte prolif-
eration in the experimental model using ConA-induced splenocyte proliferation. 
It suggests that polysaccharides in C. orchoides are the key immune-modulating 
components. Another study found that the methanolic extract of C. orchioides may 
prevent the cytotoxic effects of drugs. Humoral antibodies and leukocyte levels 
increased, depending upon the methanol extract dose, when it was applied to 
cyclophosphamide-induced immunosuppressed or normal mice [70]. Triterpene 
saponin compound, Acycloartane-type of C. orchioides rhizome was also found 
to enhance the number of lymphocytes of the spleen remarkably in mice without 
affecting antibody induction [71]. Mice’s immune function was enhanced by 
polysaccharides. Polysaccharides increase spleen, thymus, and hemolytic indexes 
in the serum of normal mice [72].

4.5  Antioxidant activity

Venukumar and Latha found methanolic extract of C. orchioides has antioxi-
dant activity in CCl4-induced hepatopathy in rats [73]. The methanolic extract 
was extremely effective in scavenging superoxide radicals. It expresses different 
levels of antioxidant activities in the experimental rats [74]. Methanolic extract of 
elevated rhizomes treated hepatotoxic rats reported increasing levels of antioxidant 
enzymes such as glutathione transferase [73]. Methanolic root extract showed 
DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) radical scavenging activity [15, 58]. 
Phenolic compounds were major components of C. orchioides expressing antioxidant 
activity reported [75]. Nitric oxide and DPPH radicals were effectively scavenged by 
using methanol extract of rhizome of C. orchioides. However, lipid peroxidation was 
only moderately effective [74]. Antioxidant activity of C. orchioides was confirmed by 
ferric reducing ability of plasma testing as well as 2,2′-azino-bis (3-ethylbenzothia-
zoline-6-sulfonic acid) [76]. To assess C. orchioides’ antioxidant activity assays such as 
reducing power, DPPH, and phosphomolybdenum were used. Ethanolic extract of C. 
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orchioides root expressed significantly reducing power, anti-free radical, and antioxi-
dant activity, compared with a reference standard, as gallic acid [77].

4.6  Anti-inflammatory activity

Mast cells of mice exposed to 48/80-induced systemic anaphylaxis were signifi-
cantly inhibited from degranulating by extract of C. orchioides. The anti-inflamma-
tory activity of C. orchioides ethanol extract was expressed to inhibitory effects on 
mice peritoneal mast cell degranulation and mast cell-derived immediate-type aller-
gic reactions [78]. Carrageen-induced paw edema rats were significantly decreased 
by C. orchioides rhizome gel formulation [79]. Methanolic extract of rhizome of C. 
orchioides at a dose of 200 and 400 mg/kg expressed significant anti-inflammatory 
activity, compared with the standard drug, Diclofenac sodium (15 mg/kg) [80]. 
Ding et al. [81] found that curculigoside A of C. orchioides reduces significantly paw 
swelling and arthritis index in mice, decreases serum as IL-1β, TNF-α, IL-6, and 
PGE2 contents, increases serum superoxide dismutase activity in rats, induced with 
adjuvant arthritis. Curculigoside A of C. orchioides reduces serum pro-inflammatory 
factors, including IL-10, TNF-α, IL-17A, IL-6, IL-12, and IL-1β, and inhibits paw 
swelling in type II collagen-induced arthritis rats [82].

4.7  Antiosteoporosis activity

The rhizomes of C. orchioides were asserted to strengthen bones and tendons 
[83]. Curculigoside A (100 mM) enhances the proliferation of bone marrow stromal 
cells. The expression of osteogenic genes was enhanced, resulting in osteoprotegerin 
secretion being increased [84]. Cuculigoside A may inhibit production of the inflam-
matory cytokines such as TNF-a, IL-1a, IL-6, and COX-2 by dexamethasone-induced 
rat calvarial osteoblasts. At the same time, it regulates the expression of osteoblast 
COX-2, proliferation, and differentiation [85, 86].

The chlorophenolic glucosides including Curculigine M, Curculigine N, and 
Curculigine O were isolated from C. orchioides rhizomes. They expressed a moderate 
effect on osteoblast proliferation against the MC3T3-E1 cell line using MTT assays. 
COP70-3, a homogeneous heteropolysaccharide was isolated and purified from the 
crude polysaccharide (CO70) significantly improving the osteogenic mineralization 
rate and having favorable antiosteoporosis activity in vitro [51].

Curculigosides may decrease bone loss, induced by oxidative stress due to iron 
overload. Thus, curculigoside is used for the treatment of primary osteoporosis and 
bone loss in iron overload-related diseases [54, 55]. The major bioactive curculigosides 
of rhizomes, the phenolic glycoside exhibited neuroprotective and antiosteoporotic 
activities [12]. COP50-4, a polysaccharide isolated and purified from C. orchioides 
rhizome showed antiosteoporosis activity. It has great potential for the treatment of 
osteoporosis [87].

4.8  Antidepressant activity

Curculigosides significantly decreased NMDA-induced loss of neuron cells, pro-
duction of reactive oxygen species, apoptosis, necrosis, and excitotoxicity in cultured 
cortical neurons. Curculigosides may inhibit the production of intracellular reactive 
oxygen species, and apoptosis in cultured cortical neurons. Curculigosides may 
prevent the dying of neurons and decrease their apoptosis and necrosis when exposed 
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to neuronal excitotoxicity caused by NMDA [11]. Ge et al. [88] found that orcinols 
glucoside reduced activity of the hypothalamic-pituitary-adrenal axis, decreased 
depressive behaviors in chronic unpredictable mild stress rats by expressions of up-
regulating BDNF and phosphorylating ERK1/2. Curculigoside reduced significantly 
as tests of the immobility time of the forced swimming, tail suspension, and osmotic 
fragility. Curculigosides increased significantly the contents of serotonin, dopamine, 
and norepinephrine and expressions of brain-derived neurotrophic factor (BDNF) 
protein in the hippocampus of chronic mild stress rats. Thus, curculigosides can be 
used for the treatment of depression in this way [89].

Extracts of C. orchioides rhizomes inhibited effectively neuroprotective activity 
of Acetylcholinesterase. It may be used for the treatment of Alzheimer’s disease [90]. 
Assays of autobiography and spectrophotometry found the antiacetylcholinesterase 
activity of C. orchioides rhizome methanolic extract in vitro. It plays an important role 
in the treatment of Alzheimer’s disease. It was explained by its inhibition effect of the 
acetylcholinesterase enzyme [91].

Leaf extracts of C. orchioides also contain 4-Acetyloxyimino-6,6-dimethyl-3-
methylsulfanyl-4,5,6,7-tetrahydro benzo[c]thiophene-1 carboxylic acid methyl ester. 
It expressed the biological activities in the treatment of Alzheimer’s, neurodegenera-
tive diseases, and cognition disorders. Meanwhile, 2,7-Diphenyl-1,6-dioxopyridazino 
[4,5:2′,3′] pyrrolo[4′,5′-d] pyridazine of rhizome extract having biological activity as 
an antiepileptic, for treating renal disease, heart failure and Alzheimer’s disease [19].

4.9  Hepatoprotective activity

Rao et al. [92] isolated curculignin A and curculigol, screened for their antihepa-
totoxic activity against thioacetamide and galactosomine-induced hepatoxic. They 
found the anti-inflammatory and hepatoprotective activities of C. orchioides. C. 
orchioides rhizome has hepatoprotective activity. Important enzyme activities such as 
gamma-glutamyl transpeptidase, aspartate aminotransferase, alkaline phosphatase, 
and gamma-glutamyl transpeptidases were significantly decreased in rats exposed 
to carbon tetrachloride. Increased food consumption and weight gain of mice were 
recorded due to the methanolic extract of C. orchioides rhizomes. In addition to lower-
ing liver and serum protein levels, serum lipids, cholesterol, and phospholipids were 
normalized [73].

4.10  Nephroprotective activity

C. orchioides do not affect cyclophosphamide’s chemotherapeutic efficacy when 
treatment of intestinal toxicities and hepatotoxicity, caused by cyclophosphamide. 
The extract of whole plant significantly reduced blood urea nitrogen, and serum cre-
atinine levels in rats. Urotoxicity and nephrotoxicity induced by cyclophosphamide 
were also decreased [93].

4.11  Antidiabetic activity

The aqueous and ethanol extracts of C. orchioides are effective in being antihyper-
glycemic in diabetic rats induced by alloxan and loaded with glucose. Dose-dependent 
antihyperglycemic effect was observed after treatment with extract [94]. Ethanolic 
extract of C. orchioides may inhibit adipogenesis and enhance the uptake of glucose 
in 3 T3-L1 adipocytes [95]. The ethanolic and hydroalcoholic extracts of C. orchioides 
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decreased changes in lipids caused by hyperglycemia, oxidative stress, and renal dys-
function in diabetic nephropathy rats induced by streptozotocin-nicotinamide [96].

4.12  Antimicrobial activity

There are several studies that investigated the insecticidal potential of C. orchoisdes 
extract against fungi and bacteria. It plays an important role in the treatment of 
diseases. Oil of C. orchioides rhizome can resist Bacillus anthracis and B. subtilis. At 
the same time, it was also found inhibiting Cladosporium species, Salmonella species 
Fusarium solani, Staphylococcus aureus, Salmonella pullorum, and Aspergillus flavus, 
Fusarium moniliforme [97]. In another study, the aqueous extract of C. orchioides 
displayed the antibacterial activity against Gram-negative bacteria such as Salmonella 
typhimurium, Pseudomonas aeruginosa, and E. coli), Gram-positive bacteria including 
Staphylococcus epidermidis, S. aureus). Thus, extracts of C. orchioides may be used 
for preventing effectively bacterial infections [16]. Otherwise, C. orchioides alcohol 
extract inhibited methicillin-resistant P. aeruginosa at a minimum inhibitory con-
centration value of 49 g/ml, whereas Gram-negative bacteria were not affected [98]. 
It is found that leaf extracts of C. orchioides carrying phytochemical-loaded silver 
nanoparticles, are strongly effective against P. aeruginosa and S. aureus. However, they 
are less effective against E. coli and Klebsiella pneumonia [99]. Yadav et al. [60] also 
investigated the alcoholic extract of C. orchioides having significant antimicrobial 
activities against bacterial pathogens and HepG2 cell lines.

4.13  Antiasthmatic activity

Pandit et al. [100] found that C. orchioides ethanolic extract relaxes goat tracheal 
chains and guinea pig ileum. It remarkably decreased passive paw anaphylaxis and 
bronchoconstriction in rats, guinea pigs, and mice with catalepsy induced by halo-
peridol. Thus, C. orchioides ethanolic extract has an antiasthmatic activity.

4.14  Antistress activity

Ethanolic extract of C. orichioides rhizome decreases immobility times at 200 mg/
kg body weight in forced swimming and tail suspension tests. It enhanced mobility in 
tests, based on an actophotometer. Ethanolic extract of rhizomes increased tolerance 
to heat [50 and 70 infrared (IR) units] in IR testing and rotarod testing. It provided 
strong scientific evidence that the ethanolic extract of C. orichioides has antistress 
activity, used for potential antistress treatment [101].

4.15  Anticancer activity

Cancer diseases have caused human death across the globe. C. orchoides has been 
demonstrated to have potential anticancer effects against cancer diseases nowa-
days. One study found that the plant extract of C. orchioides when administered in 
combination with cyclophosphamide enhanced the anticancer activity of cyclo-
phosphamide and ameliorated its toxic side effects [102]. In another study, silver 
nanoparticles carrying an extract of C. orchioides have efficacy against breast cancer 
cell lines in humans after 48 hours of incubation in vitro [103]. By enhancement of 
immune function and induction of apoptosis, polysaccharides of C. orchioides rhi-
zome have a remarkably antitumor effect on cervical cancer in vivo and in vitro [104]. 
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Furthermore, C. orchioides has also significant cytotoxicity activity. Both the aqueous 
extract of fresh root and the methanolic extract of the dried root are toxic to the 
human lung cancer cell line (adenocarcinoma NCI-H-522). Otherwise, Curculigines 
P compound of C. orchioides rhizomes expressed strongly the inhibitory activity on 
5α-reductase enzyme by bioassay based on HaCaT. Thus, it may be used for prostatic 
hyperplasia treatment [52]. Hence, C. orchioides and active compounds derived from 
rhizomes can be used as useful potential medicines for the treatment and prevention 
of human cancer cell line development.

4.16  Antigout activity

Two heterocyclic phenolic derivatives, orcinosides I and J of C. orchioides rhi-
zomes, displayed xanthine oxidase inhibitory activities with IC50 values of 0.25 and 
0.62 mM, respectively. Thus, these bioactivity compounds have an antigout effect, 
can used as medicines for gout disease treatment [48].

4.17  Antihypertensive activity

One study found that methanolic extract of C. orchioides root possesses antihyper-
tensive activity by inhibiting angiotensin-converting enzyme in deoxycorticosterone 
acetate salt-induced hypertensive rats. It may be used against gout disease in humans 
[105].

4.18  Antimalarial activity

The study demonstrated that silver nanoparticles carrying extracts of C. orchioides 
have antimalarial activity with the highest mortality rate of malarial vectors as Culex 
quinquefasciatus and Anopheles subpictus, compared to control (without treatment of 
extract). So, extracts from C. orchioides can be used as antimalarial drugs [103].

4.19  Cardiovascular activity

The study demonstrated that curculigoside of C. orchioides may protect endothelial 
cells against H2O2-induced oxidative injury. It suggests that the curculigoside com-
pound can be used as a promising drug for the treatment of cardiovascular disorders 
disease in humans [106].

5.  Conclusion and future perspectives

C. orchioides is a native, precious medicinal plant, distributed in Vietnam and other 
subtropical and tropical countries of Asia. Due to over-exploitation from nature, 
while plant cultivation is still limited, it is in danger of extinction soon in Vietnam, 
India, China, and other countries in the world. The plants grow well on hills and 
mountains under the shade, where the soil is moist. Using analysis methods such 
as high-resolution spectroscopic, and high-performance liquid chromatography, 
researchers have isolated, purified, and determined the structure of compounds from 
the rhizomes and leaves. Research results have shown that C. orchioides contains sev-
eral classes of chemicals such as saponins, alkaloids, flavonoids, phytosterols, steroids, 
free reducing sugars, starch, proteins, resins, tannins, mucilage, fats, calcium oxalate, 
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inorganic compounds, and fibers. In which, many valuable compounds are identified 
such as curculigosides, orcinol glucosides, glucuronic acid, curculigol, curculignin 
P, polysaccharides. Alcoholic and methanolic extracts and some compounds derived 
from rhizomes and leaves of C. orchioides were used to evaluate biological effects on 
experimental animal models. Research results are scientific evidence, proving that 
they have many biological effects such as aphrodisiac, spermatogenic, estrogenic, 
immunomodulatory, antioxidant, anti-inflammatory, antiosteoporosis, antidepres-
sant, hepatoprotective, nephroprotective, antidiabetic, antimicrobial, antiasthmatic, 
antistress, anticancer, antigout, antihypertensive, antimalarial and cardiovascular. 
In fact, Rhizoma Curculiginis has been used in traditional medicine remedies in Asia 
countries for a long time to treat diseases, including impotency and aphrodisiacs in 
men, tonics, jaundice, and skin diseases. The results of the biological activity of C. 
orchioides contributes to supporting using of traditional medicines and remedies to 
serve public health care.

Healthcare products derived from C. orchioides have been used in many Asian 
countries. They are used to treat infertility related to sperm, male erectile dysfunc-
tion, tonic for people with physical weakness, and many other diseases. However, 
until now there have not been many products derived from C. orchioides at com-
mercial scale in the market. Because there is not much scientific evidence about its 
effects, as well as acute and chronic toxicity. It can be said that C. orchioides has a lot of 
potential for research and development of drugs that contribute to primary healthcare 
in the future. New discoveries of potential bioactive substances and their pharmaco-
logical effects will provide the possibility of safe drug applications. Therefore, there 
needs to be more and more research on C. orchioides such as cultivation, phytochemis-
try, pharmacology, preparation, and clinical trials.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 7

Recent Advances in Phytochemical 
Research for Cancer Treatment
Dexter Achu Mosoh

Abstract

Cancer is a significant global health concern, responsible for 16.8% of deaths and 
22.8% of noncommunicable diseases. Currently, cancer ranks as the second lead-
ing cause of mortality, with projections indicating its rise to the top by 2060. The 
genomic, transcriptomic, and proteomic diversity of cancer cells contributes to their 
increased resistance to treatment, enhanced survival, and propensity for metastasis. 
Conventional cancer treatments like surgery, chemotherapy, and radiation often 
result in significant damage to healthy tissues. Phytochemicals, naturally occurring 
plant compounds, have gained attention as promising cancer therapies due to their 
anticancer, antioxidant, and anti-inflammatory properties. This chapter delves into 
recent advances in phytochemical research, emphasizing molecular mechanisms and 
innovative approaches for incorporating these compounds into cancer treatment. 
Additionally, it explores the challenges and opportunities of leveraging phytochemi-
cals to bridge traditional medicine and modern oncology, offering hope for enhanced 
treatment outcomes and improved patient quality of life.

Keywords: computer-aided drug design (CADD), cancer, integrative oncology, 
medicinal plants, molecular mechanisms, multi-drug resistance, nano-phytomedicine, 
nanotechnology, natural product applied science, pharmacology, phytochemicals, 
phytochemical-based cancer management, plant extracts, signal transduction 
pathways, targeted phytotherapy, tumorigenesis

1.  Introduction

Cancer remains a significant global health challenge, with staggering statistics 
highlighting its impact. Globally, cancer accounts for nearly one-sixth (16.8%) of 
all fatalities and nearly one-quarter (22.8%) of all deaths from noncommunicable 
diseases (NCDs) [1]. In the majority of nations (177 out of 183), cancer ranks among 
the top three causes of mortality for individuals aged 30–69, contributing to 30.3% 
of premature deaths from NCDs worldwide [1]. Reports from the World Health 
Organization and the American Cancer Society underscore the immense burden 
of cancer, with it accounting for the highest clinical, social, and economic burden 
among all human diseases, as measured by cause-specific disability-adjusted life years 
(DALYs) [2]. Alarmingly, the risk of developing cancer stands at 20.2% for men and 
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18.2% for women aged 0–74. In 2018 alone, there were 18 million new cancer cases 
diagnosed, with lung, breast, and prostate cancers being the most prevalent [2]. 
Projections indicate a staggering 70% increase in new cancer cases and deaths over the 
next two decades, underscoring the urgent need for advancements in cancer epidemi-
ology and related research to combat this escalating public health crisis effectively [3].

Globally, cancer ranks second in terms of mortality, surpassed only by ischemic 
heart disease; however, projections suggest that by 2060, cancer will surpass all other 
causes of death [2]. Among the most lethal forms of cancer are those affecting the 
lungs, liver, and stomach. Notably, lung and breast cancers stand out as the leading 
causes of cancer-related deaths among both women and men [2]. In 2010, the United 
States allocated over $125 billion to cancer-related expenses. This figure is projected 
to exceed $245 billion by 2030 [4]. In 2024 alone, approximately 611,720 Americans 
are expected to die from cancer [5]. Lung and bronchus cancer are anticipated to be 
the leading causes of cancer mortality, accounting for around 125,070 deaths.

Cancer cells exhibit diverse genomic, transcriptomic, and proteomic profiles, 
which confer various phenotypic traits, including increased treatment resistance, 
enhanced survival, and a heightened propensity for metastasis [6]. This phenom-
enon, known as cancer heterogeneity, significantly complicates treatment and 
remains one of the foremost challenges in contemporary medicine [6–8]. As a result, 
cancer treatment is a complex and continuously evolving field, requiring innovative 
approaches and personalized therapies to effectively combat the diverse manifesta-
tions of the disease. Recent advances in cancer therapy, such as surgery, chemo-
therapy, radiation therapy, and targeted therapies, have greatly improved survival 
rates and quality of life for many patients [9, 10]. These improvements are especially 
noticeable in the fields of immunotherapy and targeted therapy, which have become 
novel pillars of cancer care [11]. The advancement of personalized medicine and 
the use of advanced technologies, such as next-generation sequencing, have further 
improved the effectiveness of these treatments [11]. However, cancer remains a lead-
ing cause of morbidity and mortality worldwide, necessitating ongoing advancements 
in its treatment.

Despite significant progress in medical science, the fight against cancer pres-
ents numerous challenges and treatments are not without significant limitations. 
Traditional cancer therapies, such as surgery, chemotherapy, and radiation therapy, 
often fail to target cancer cells exclusively, resulting in collateral damage to healthy 
tissues [12, 13]. For instance, chemotherapy, a widely used cancer treatment, often 
results in severe side effects such as fatigue, nausea, and increased susceptibility to 
infections, significantly diminishing a patient’s quality of life [14–16]. This is due 
to the indiscriminate nature of chemotherapy, which targets not only cancer but 
also healthy cells and tissues [16, 17]. Additionally, the development of resistance in 
cancer cells can further undermine the efficacy of chemotherapy, leading to relapse 
and metastasis [16]. This issue arises from the reductionist approach to drug develop-
ment and the intricate genetic mutations present in solid tumors [13]. While using 
molecular biomarkers can enhance the success of targeted therapies, many clinical 
trials proceed without incorporating these biomarkers, leading to missed therapeutic 
targets [18]. Nanocarrier-based cancer therapies hold promise for delivering chemo-
therapeutics precisely to cancer cells; however, challenges with nonselective targeting 
persist [19]. Additionally, researchers are actively exploring cellular therapies that 
leverage the immune system, but they face obstacles such as the immune-suppressive 
tumor microenvironment and potential off-target toxicity [20]. Addressing these 
challenges is crucial for advancing the efficacy and specificity of cancer treatments.
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The complexity of cancer, driven by its genetic and molecular heterogeneity, 
necessitates personalized treatment approaches. For instance, previous research 
emphasizes the critical importance of understanding underlying biological mecha-
nisms and acquiring molecular data to tailor therapies to individual patients [21, 22]. 
Another study further underscores the necessity of in-depth molecular analysis, 
including comprehensive molecular tumor profiling, to predict therapeutic responses 
accurately [23]. A previous study applied these principles to colorectal cancer, empha-
sizing the significant roles of genetic and epigenetic factors in disease heterogeneity 
and the potential of personalized medicine to optimize treatment selection [24]. 
Collectively, these studies highlight the imperative for a data-driven, personalized 
approach to cancer treatment, focusing on the unique molecular characteristics of 
each patient’s tumor to improve outcomes. However, personalized medicines encoun-
ter hurdles in securing regulatory approval and garnering widespread acceptance 
among healthcare stakeholders [25]. They are required to demonstrate superior effi-
cacy compared to conventional medical approaches, especially given the often high 
costs associated with tailored therapies [25]. While molecular profiling (MP)-guided 
therapy holds promise in cancer treatment, findings from the SHIVA trial revealed 
no significant improvement in progression-free survival, underscoring the need for 
further research and refinement in this area [26].

Personalized medicine in cancer treatment utilizes genetic, immunological, and 
proteomic profiling to provide tailored therapeutic options and prognostic insights. 
In contrast, targeted therapies, employed by researchers and clinicians, custom-
ize treatment based on the molecular characterization of malignant cancers [27]. 
Targeted therapies have significantly transformed cancer treatment, yet their impact 
is constrained by the emergence of resistance mechanisms and the genetic variability 
inherent in tumors [28, 29]. Various factors, such as genetic mutations and epigenetic 
modifications, can cause resistance [30]. Overcoming these hurdles requires a more 
precise approach to targeted therapies, which could involve using combination treat-
ments that target multiple pathways or resistance mechanisms simultaneously [31, 32].

Immunotherapy has significantly transformed cancer treatment paradigms by 
leveraging the body’s immune system to fight cancer cells [33]. Despite its ground-
breaking success in specific cancer types, its effectiveness remains limited in many 
others, accompanied by the potential for severe immune-related adverse events 
[34]. Nevertheless, the remarkable achievements of immunotherapy have solidified 
its position as a cornerstone of cancer management, as highlighted by over 50 FDA 
approvals across various cancer indications [35]. Yet, significant challenges persist, 
notably the absence of robust predictive biomarkers and a comprehensive under-
standing of resistance mechanisms and the causality behind immune-related adverse 
events [35]. Timely identification and management of immune-related adverse events 
are paramount [34].

While recent strides in targeted therapies and immunotherapies have indeed 
transformed cancer treatment, they are not without hurdles. Challenges persist, 
including the unpredictable nature of treatment efficacy and patient response, the 
necessity for enhanced biomarkers, and the emergence of resistance to these therapies 
[36]. Moreover, the considerable costs and restricted accessibility of these treatments 
exacerbate these obstacles [36]. Although endeavors to enhance the accessibility and 
affordability of such therapies, notably in cellular immunotherapy, are underway, 
their broad adoption hinges on factors such as specificity, safety, and cost-effective-
ness [37, 38]. The constraints inherent in existing treatments underscore the urgency 
for novel therapeutic approaches and a comprehensive grasp of cancer biology to 
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forge tailored, efficacious treatments with reduced adverse effects. Elevating patient 
outcomes and bolstering survival rates remain paramount objectives in oncologi-
cal research, with a pivotal emphasis on creating treatments that are more precise, 
potent, and less burdensome in toxicity.

2.  Overview of cancer development

Cancer is a complex disease that progresses through several stages: initiation, 
promotion, conversion, progression, invasion, and metastasis (Figure 1) [39]. 
Chemotherapy primarily targets advanced stages of cancer but has limitations such as 
severe side effects, high costs, and a narrow focus on single-target mechanisms. Many 
cancers require multi-targeted approaches, like colorectal cancer, which often needs 
multiple therapeutic strategies [40]. Phytochemicals present a compelling alternative 
to conventional cancer therapies, providing enhanced therapeutic efficacy, cost-
effectiveness, and reduced adverse effects. These naturally occurring compounds 
have the potential to impact multiple stages of cancer development, offering a 
multifaceted approach to both treatment and prevention [41]. Integrating phyto-
chemicals into cancer therapy can lead to more targeted and effective interventions, 
ultimately improving patient outcomes and advancing sustainable cancer manage-
ment strategies.

Carcinogens can act as initiators or promoters, impacting gene expression and 
leading to the activation of oncogenes or the suppression of tumor suppressor genes, 
which promote tumor development. Mutations can arise from various sources, 
including DNA damage from infections, UV-induced tissue injury, reactive oxygen 
species, and DNA adducts. Epigenetic modifications and the cellular microenviron-
ment are key factors in cancer development. Inappropriate inflammatory responses 
can influence various stages of cancer. Pro-inflammatory components can drive 

Figure 1. 
Schematic representation of cancer development and potential strategies for cancer prevention and therapy 
through phytochemical intervention.
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tumor initiation and progression, while anti-inflammatory components can support 
growth, angiogenesis, and metastasis. Metabolic by-products, the host’s metabolic 
state, gut microbiota composition, and circadian rhythms collectively shape the cellu-
lar microenvironment [39]. Metabolic diseases and shifts in the gut microbiota, linked 
to disruptions in circadian alignment, can promote tumorigenesis. Elevated levels of 
insulin (hyperinsulinemia) and glucose (hyperglycemia) accelerate tumor growth, 
while conditions such as fatty liver and cholestasis interfere with the circadian 
rhythms of peripheral tissues, potentially exacerbating cancer progression (Figure 1).

3.  Phytochemicals: Emerging promises for cancer therapy

Plant-based phytochemicals and their derivatives hold tremendous promise for 
enhancing the efficacy of cancer treatment, thanks to their diverse biological activi-
ties and propensity to mitigate adverse effects [42–44]. Inherently found in nature, 
these bioactive compounds represent a rich resource of potential anticancer agents. 
These compounds, spanning alkaloids, flavonoids, terpenoids, and phenolic com-
pounds, have undergone extensive scrutiny for their anticancer potential (Figure 2) 
[43, 45–48]. Noteworthy examples include taxol and podophyllotoxin analogs, which 
exhibit the ability to modulate molecular pathways crucial for cancer proliferation 
and progression [42, 49, 50]. Their distinct advantages over conventional treatments, 
including safety, potency, and cost-effectiveness, have propelled them into focus [51]. 
Encouragingly, compounds like sulforaphane and vinca alkaloids have demonstrated 
promise in both preclinical and clinical settings [45]. In addressing skin cancer, 
phytochemicals have shown antioxidant, anti-proliferative, and anti-inflammatory 
properties, thus presenting potential alternatives or complements to traditional 

Figure 2. 
Overview of various classes of natural phytochemicals with potential roles in cancer chemoprevention.
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therapies [52]. Moreover, they wield the capacity to reverse adverse epigenetic regula-
tion and modulate the gut microbiota, offering indirect yet potent strategies for can-
cer prevention [39]. Despite their potential, challenges persist, such as low solubility 
and undesirable side effects [45]. Moreover, their limited bioavailability has curtailed 
their clinical utility, necessitating exploration into alternative delivery methods like 
lipid-based systems to bolster efficacy [44]. There remains a pressing need for further 
research to refine and optimize phytochemical-based cancer treatments, striving 
toward enhanced efficiency and safety [45].

The journey toward developing safe and efficacious phytochemical-based treat-
ments for cancer entails a nuanced and multifaceted process. Initially, the biological 
activity of plant materials is meticulously evaluated, whether in their dry or wet 
forms [42]. Subsequently, bioassay-guided fractionation is employed to pinpoint the 
active phytochemicals amidst the complex matrix of compounds (Figure 3) [53, 54]. 
Rigorous in vitro and in vivo assessments are conducted to determine the potency and 
effectiveness of the identified phytochemicals [55]. Encouragingly, phytochemicals 
have shown considerable promise in cancer therapy. Notable examples include diferu-
loylmethane from turmeric, epigallocatechin gallate (EGCG) from green tea extracts, 
resveratrol, and compounds derived from European mistletoe (Viscum album), with 
clinical evidence substantiating their anticancer effects [56]. Nevertheless, the intri-
cacies of whole animal physiology, the tumor microenvironment, and the bioavail-
ability of these phytochemicals during preclinical and clinical trials pose significant 
challenges that warrant attention [41]. These include poor bioavailability, safety con-
cerns, low solubility, hydrophobicity limit, and a lack of pharmacodynamic reproduc-
ibility in clinical trials [57, 58]. Additionally, preclinical studies often use irrelevant 
or unachievable concentrations, highlighting the importance of considering clinical 
pharmacokinetics in experimental design [59]. Researchers are investigating novel 
delivery systems like nanoparticles, cyclodextrins, and liposomes to overcome these 
obstacles and enhance bioavailability and target specificity [58, 60]. The pleiotropic 
nature of phytochemicals necessitates careful balancing of efficacy and toxicity [61]. 
Moreover, factors such as whole animal physiology and tumor microenvironment 
need consideration [41]. Developing pharmacodynamic biomarkers is crucial for the 

Figure 3. 
Schematic representation showing the various steps and techniques required during the characterization of plant 
bioactives including bioassay-guided fractionation of plant extracts.
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early assessment of biological activity and dose optimization in human trials [59]. 
The development of retinoids for cancer therapy and prevention exemplifies both the 
challenges and potential successes in this field [62]. An interdisciplinary approach 
and a thorough understanding of mechanisms of action are essential for improving 
the therapeutic translation of promising phytochemicals [57]. While complementary 
approaches cannot replace conventional cancer-destructive therapies, they may 
optimize treatment strategies when used alongside standard protocols [63].

Despite these obstacles, the burgeoning recognition of phytochemicals as a 
potential reservoir of effective and safer anticancer agents underscores their growing 
significance in the oncological landscape [64]. Overall, the rapidly expanding field of 
phytochemical research holds immense promise, offering natural compounds with 
chemopreventive and therapeutic potential against cancer. Further research efforts 
and controlled clinical studies are necessary to elucidate their mechanisms of action, 
optimize their delivery, and validate their clinical efficacy, paving the way for their 
integration into comprehensive cancer prevention, treatment strategies, and manage-
ment [57].

4.  Impact of phytochemicals on cancer treatment

The primary chemopreventive actions of phytochemicals involve reducing cancer 
risk by inhibiting the early phases of carcinogenesis, such as initiation and promo-
tion, and enhancing the sensitivity of cancer cells to chemotherapy, potentially 
preventing metastasis. These naturally occurring compounds, abundant in fruits, 
vegetables, herbs, and spices, have garnered significant attention due to their diverse 
biological activities and potential therapeutic applications against various types of 
cancer [65–68].

4.1  Epidemiological perspective

Most epidemiological studies report significant benefits from increased phyto-
chemical consumption and serum levels, linking higher exposure to these compounds 
with reduced cancer risk across various cancer types [69, 70]. Multiple systematic 
reviews and meta-analyses have identified associations between specific cancer types 
and dietary patterns determined through empirical analyses and predefined dietary 
indexes [71]. However, epidemiological studies do not always align with experimental 
findings. Translating these findings into clinical settings has proven challenging. 
Factors such as non-physiologically relevant concentrations, poor bioavailability, 
and the rapid metabolism of phytochemicals in vivo hinder their efficacy or dif-
ferent mechanisms of action than those observed in experimental settings [72]. 
Additionally, the complexity of exposure conditions and individual host factors con-
tribute to the discrepancy between preclinical and clinical outcomes. Moreover, con-
cerns about the use of phytochemicals include inconclusive evidence regarding their 
cancer prevention effects, inadequate information on potential side effects, insuffi-
cient assessment of pharmacodynamic properties, and conflicting findings regarding 
their molecular pathways, among other issues [73]. Furthermore, epidemiological 
research consistently suggests that fruit and vegetable consumption provides protec-
tive effects against cancer. However, due to the vast array of phytochemicals present 
in plants, pinpointing which specific compounds are responsible for these anticancer 
properties remains challenging [74]. Advancements in statistical methods and 
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metabolomics, which focus on identifying objective biomarkers of dietary patterns, 
offer promising avenues for enhancing our understanding of how dietary factors 
influence cancer risk. These developments could elucidate the mechanisms underly-
ing the disease-specific associations observed in epidemiological studies, despite the 
constraints of current animal models [71]. Despite the strong anticancer effects of 
phytochemicals and their proven efficacy in multiple epidemiological studies, many 
clinical trials have failed to replicate these findings [69]. The lack of evidence or the 
risk of harm has even led to the early withdrawal of some trials. Therefore, there is 
a pressing need for more human studies and clinical trials, with careful attention to 
safety measures, to fully understand the role of phytochemicals in cancer prevention 
and treatment [69].

4.2  Phytochemical modulation of tumor microenvironment and immunity

Organs, tissues, and cells collaboratively build the immune system, which protects 
the body from illnesses caused by microbes and abnormal cell transformations [75]. 
This system is regulated by macromolecules such as proteins, lipids, and carbohydrates 
[76–78]. Disruptions can lead to cancer, autoimmune diseases, allergies, and immu-
nodeficiency disorders. The immune system maintains homeostasis by neutralizing 
harmful pathogens, toxins, and allergens [79]. The tumor microenvironment is pivotal 
in cancer progression, with immune cells playing a significant role [80, 81]. Intact 
immune responses can inhibit tumor development, whereas chronic inflammation 
can promote cancer growth [81]. Immunosuppressive cells, such as cancer-associated 
fibroblasts, tumor-associated macrophages, regulatory T-cells, and myeloid-derived 
suppressor cells, infiltrate tumors and impair cytotoxic T lymphocyte-mediated 
responses [82]. Additionally, metabolic competition between tumor cells and immune 
cells contributes to immunosuppression, as both require glucose and amino acids. 
Tumor cells alter their metabolism to produce immunosuppressive metabolites like 
lactate, which inhibit immune cell activity. These complex interactions between 
cancer cells and immune cells in the tumor microenvironment ultimately foster 
tumor growth and metastasis [83]. Targeting immunosuppressive cells and tumor 
metabolism presents promising avenues for cancer therapy [84]. Recent research 
underscores the potential of phytochemicals in cancer prevention and treatment 
through their immunomodulatory and antiangiogenic effects. Studies have demon-
strated that phytochemicals can modulate the immune system in cancer patients by 
altering the quantity or function of immune cells in the tumor microenvironment, as 
evidenced by both in vitro and in vivo investigations [85–88]. These bioactive com-
pounds enhance immune surveillance by stimulating T-cells, natural killer cells, and 
cytokine production, thereby boosting the body’s ability to detect and destroy tumor 
cells. These substances can regulate various aspects of the immune response, includ-
ing macrophage migration, T-cell stimulation, cytokine production, and immune cell 
reprogramming [86, 89]. For instance, phytochemicals like shikonin and hypericin 
induce immunogenic cell death, thereby enhancing tumor recognition by the immune 
system [90]. Additionally, these compounds exhibit antiangiogenic properties, 
inhibiting the formation of new blood vessels necessary for tumor growth and metas-
tasis [91]. Moreover, they can modulate immune checkpoint molecules within the 
tumor microenvironment, potentially boosting the efficacy of immune checkpoint 
inhibitor therapy [88, 92]. Compounds such as curcumin, EGCG, and resveratrol 
have demonstrated the ability to target key molecular pathways within the tumor 
microenvironment, impacting various cell types and signaling cascades crucial for 
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tumor progression [87]. Their ability to modulate diverse biological processes, coupled 
with their potential to mitigate the inflammatory microenvironment associated with 
cancer, positions phytochemicals as promising candidates for anticancer therapy [93].

4.3  Phytochemical synergy in cancer therapy

Phytochemicals show significant promise as adjunctive therapies in cancer 
therapy, enhancing the efficacy of conventional treatments while mitigating adverse 
effects [94, 95]. These compounds can enhance the efficacy of conventional chemo-
therapy and radiotherapy while mitigating their side effects [96, 97]. Phytochemicals 
exhibit a range of beneficial properties, including antioxidant, anti-inflammatory, 
and immunomodulatory effects, contributing to their protective role against treat-
ment-induced toxicities [96]. Phytochemicals such as resveratrol and sulforaphane 
can potentiate the anti-tumor effects of chemotherapy and radiotherapy by sensitiz-
ing cancer cells and reversing chemoresistance [95]. Clinical studies have highlighted 
the potential of various phytochemicals, such as curcumin, ginsenosides, cannabi-
noids, epigallocatechin gallate, and resveratrol, in directly combating different types 
of cancer and alleviating chemotherapy-induced complications and toxicities [95]. 
Additionally, phytochemicals like quercetin, isoflavones, and catechins have shown 
potential for safeguarding non-cancerous cells from chemotherapy-induced damage 
[98]. While these findings are promising, further clinical trials are essential to fully 
assess the therapeutic potential of many phytochemicals in cancer management.

5.  Mechanisms of plant-derived phytochemicals in cancer therapy

The molecular mechanisms underlying the anticancer effects of phytochemicals 
represent a fascinating and rapidly evolving area of research, shedding light on the 
intricate interactions between plant-derived compounds and cancer cells. Plant-
derived phytochemicals exhibit diverse mechanisms of action that contribute to their 
potential in cancer prevention and treatment (Figure 4) [99]. Oncological research 
has demonstrated that phytochemicals and plant-based functional foods can induce 
apoptosis and suppress tumor cell survival, proliferation, invasion, and angiogenesis 
[100, 101]. They can inhibit the metabolic activation of pro-carcinogens or enhance 
the detoxification of carcinogens. Additionally, phytochemicals influence key cellular 
processes, including cell signaling, cell cycle regulation, oxidative stress, and inflam-
mation. By mimicking the chemical structure and activity of various carcinogenic 
hormones, they disrupt harmful pathways. Furthermore, phytochemicals signifi-
cantly impact epigenetic processes, such as DNA methylation, histone modification, 
and the regulation of non-coding RNAs. These actions help normalize altered cellular 
signaling in cancer cells. Notably, phytochemicals can modulate non-coding RNAs by 
increasing the expression of tumor-suppressing microRNAs (miRNAs) and decreas-
ing the expression of oncogenic miRNAs (Figure 5) [102]. This regulation inhibits 
cancer cell growth and prevents cancer stem cells (CSCs) from self-renewing, thereby 
reducing the potential for cancer progression and recurrence [40].

5.1  Chronic inflammation and oxidative stress

Chronic inflammation is closely associated with cancer as it can lead to DNA 
damage, enhanced cell proliferation, and cancer progression [103]. The nuclear 
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factor κB (NF-κB) plays a key role as a regulator of the inflammatory response, and 
it is a link between persistent inflammation, cell proliferation, and tumor develop-
ment (Figure 6) [104]. NF-κB is activated by external stimuli through canonical 
pathways involving mitogen-activated protein kinases (MAPKs), activator protein 
1 (AP-1), pathogen-associated molecules (e.g., peptidoglycans), antigen receptors, 
and tumor necrosis factor-alpha (TNF-α). Additionally, specific TNF family pro-
teins like lymphotoxin B and B-cell activating factor (BAFF) activate non-canonical 
pathways [105]. When activated, NF-κB moves to the nucleus where it controls the 
expression of over 100 genes, many of which are crucial for normal immune function 
[106]. However, dysregulation of NF-κB can lead to its overexpression, promoting 
cancer growth. The production of cyclooxygenase-2 (COX-2), an enzyme produced 
in response to cellular injury by epithelial cells, macrophages, and stromal cells, 
contributes to this process. COX-2 induction promotes cell proliferation and tumori-
genesis by regulating key proteins involved in angiogenesis, immune evasion, and 
cell growth. Overproduction of prostaglandin E2 (PGE2) by COX-2 initiates inflam-
matory cascades that accelerate cell proliferation, inhibit apoptosis, and modulate 
immune responses, leading to premalignant conditions. PGE2 activates G-protein-
coupled receptors (GPCRs), triggering intracellular anti-apoptotic pathways and 
promoting drug resistance in tumor cells [107].

In the tumor microenvironment, the excessive production of inducible nitric oxide 
synthase (iNOS) leads to inflammatory responses, which in turn trigger molecules 
like matrix metalloproteinases (MMPs) and vascular endothelial growth factor 
(VEGF). This series of events promotes tumor growth, angiogenesis, and metastasis. 

Figure 4. 
Schematic representation of the key mechanisms through which phytochemicals impact and regulate various 
signaling pathways in cancer development and progression.
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The nuclear factor kappa B (NF-κB) significantly influences the expression of both 
cyclooxygenase-2 (COX-2) and iNOS, either directly or indirectly. The interaction of 
multiple signaling pathways activates these molecules, contributing to the develop-
ment of precancerous lesions and the progression of tumors [108]. Targeting COX-2, 
inducible nitric oxide synthase (iNOS), and NF-κB with selective inhibitors offers 
potential for cancer prevention. Several studies have shown that phytochemicals can 
interfere with the activation of these pathways, modulating inflammation and reduc-
ing cancer risk.

Furthermore, phytoconstituents play a crucial role in preventing cancer by 
creating antioxidant environments within normal cells, effectively countering the 
damaging effects of oxidative stress [109]. Elevated levels of reactive oxygen species 
(ROS) and a decline in the body’s antioxidative defenses can lead to oxidative stress, 
disrupting physiological pathways and accelerating cancer development. Plant-based 
foods that are rich in polyphenols possess strong antioxidant properties, offering pro-
tection against oxidative stress-related diseases such as neurodegenerative disorders, 

Figure 5. 
Epigenetic modifications induced by phytochemicals targeting DNA methylation, histone modifications, and 
miRNA-mediated gene regulation. This figure illustrates how phytochemicals influence these key epigenetic 
mechanisms to potentially reverse aberrant gene expression patterns associated with cancer.
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atherosclerosis, diabetes, and cancer. The electron transfer capability of bioactive 
compounds underpins their antioxidative potential, enabling them to directly or 
indirectly counteract the harmful effects of ROS [110]. Many plant products contain 
phytochemicals that induce detoxifying enzymes, particularly in the liver, further 
enhancing the body’s defense mechanisms [111]. These phytochemicals interact 
with the antioxidant response element (ARE) and the electrophile response element 
(EpRE), changing important molecular pathways. This pathway relies on the inter-
play between three key components: ARE, nuclear factor erythroid 2-related factor 
2 (Nrf2), and Keap1 (Kelch-like ECH-associated protein 1). Nrf2 is released from its 
inhibitor Keap1 under oxidative stress, translocates to the nucleus, and activates the 
production of cytoprotective antioxidant enzymes [112, 113]. Dietary antioxidants 

Figure 6. 
Mechanisms by which phytochemicals inhibit reactive oxygen species (ROS) and modulate STAT1-STAT3 
signaling pathways, including the inflammatory responses mediated by COX-2, NF-κB, and iNOS. Activation of 
ARE/EpRE pathway by phytochemicals to prevent oxidative stress-induced cellular damage. ROS: reactive oxygen 
species; ARE: antioxidant response element; GST: glutathione-S-transferase; SOD: superoxide dismutase; Nrf2: 
nuclear factor erythroid 2 p45-related factor 2; EpRE: electrophile response element; Keap1: Kelch-like ECH-
associated protein 1; p-signal transducer and activator of transcription (STAT3); NF-κB: nuclear factor kappa 
B; NO−: nitric oxide radical; NOO−: peroxynitrite radical; COX-2: cyclooxygenase 2; and iNOS: inducible nitric 
oxide synthase. Thick red arrows indicate suppression or inhibition of the corresponding pathways.
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can modulate ARE/EpRE signaling, significantly reducing the risk of cellular damage 
that contributes to carcinogenesis. By targeting these pathways, phytochemicals offer 
a powerful mechanism for reducing cancer risk and promoting long-term cellular 
health.

5.2  Apoptosis

The exploration of anticancer phytochemicals and their impact on apoptosis 
is a crucial aspect of cancer research, underscoring the potential of natural com-
pounds to induce programmed cell death in cancer cells. Apoptosis, the process of 
programmed cell death, is a highly regulated mechanism essential for removing 
damaged or surplus cells. Researchers have identified phytochemicals as significant 
modulators of apoptosis, providing promising therapeutic avenues for cancer 
treatment [42].

These phytochemicals influence apoptosis through a variety of mechanisms, 
including activating intrinsic or extrinsic apoptotic pathways. For example, curcumin 
and resveratrol are known to activate the intrinsic apoptotic pathway by inducing 
mitochondrial dysfunction and the subsequent release of pro-apoptotic factors such 
as Cytochrome c. In contrast, compounds like epigallocatechin gallate (EGCG) from 
green tea can initiate the extrinsic pathway by upregulating death receptors and their 
ligands, leading to the activation of caspases and cell death. Additionally, phyto-
chemicals often modulate key apoptotic regulators, including both pro-apoptotic 
and anti-apoptotic proteins [114]. As an example, quercetin raises the levels of the 
pro-apoptotic protein Bax while lowering the levels of the anti-apoptotic protein 
Bcl-2 (Figure 7). This causes cancer cells to undergo apoptosis. Similarly, studies have 
demonstrated that resveratrol enhances the activity of p53, a crucial tumor suppressor 
protein that promotes the expression of pro-apoptotic genes. These findings highlight 
the potential of phytochemicals in modulating apoptotic pathways to target cancer 
cells more effectively.

Under normal conditions, cells undergo apoptosis after prolonged cell cycle arrest, 
a process tightly regulated by a balance between pro-apoptotic and anti-apoptotic 
proteins [52]. However, cancer cells often disrupt this balance, resulting in uncon-
trolled cell division and the initiation of cancer. This disruption is frequently associ-
ated with mutations in tumor suppressor genes (TSGs), which enable cells to evade 
apoptosis and continue proliferating uncontrollably. Emerging evidence suggests 
that chemopreventive phytocompounds have the potential to restore apoptosis by 
targeting these disrupted pathways [115]. These phytochemicals may intervene in the 
apoptotic process, offering a promising strategy for cancer prevention and treatment 
(Figure 7).

5.3  Cell cycle and autophagy

Phytochemicals have gained significant attention for their potential anticancer 
properties, particularly through their impact on the cell cycle. A series of checkpoints 
and protein interactions meticulously regulate the cell cycle, which is essential for cell 
division and proliferation. Disruption in these regulatory mechanisms often results 
in uncontrolled cell growth, a defining characteristic of cancer. Phytochemicals can 
affect key regulators of the cell cycle, such as Cyclin-Cdk (Cyclin-dependent kinase) 
complexes. For instance, studies have shown that compounds like resveratrol and 
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genistein inhibit Cyclin-D1 and Cyclin-B1, disrupting the transitions from the G1 to S 
phase and the G2 to M phase. This disruption leads to cell cycle arrest and suppression 
of tumor growth (Figure 8).

Furthermore, phytochemicals can impact tumor suppressor proteins, such as 
p53 and Rb (retinoblastoma). Compounds like curcumin and apigenin enhance the 
activity of p53, which in turn increases the expression of its target proteins, including 
p21 and p27 [116]. These proteins inhibit Cyclin-Cdk complexes, leading to cell cycle 

Figure 7. 
Effects of phytochemicals on apoptotic signaling pathways. Pro-apoptotic proteins include caspases, Bad, and 
IκB, while anti-apoptotic proteins include Bcl-2, PI3K, Akt, IKK, and NF-κB. Phytochemicals such as EGCG, 
resveratrol, isothiocyanates, Indole-3-carbinol, genistein, quercetin, and curcumin can inhibit anti-apoptotic 
proteins like Bcl-2 and stimulate pro-apoptotic proteins such as Bad. Specifically, EGCG, isothiocyanates, 
quercetin, and apigenin enhance caspase activity. Thick red arrows indicate suppression or inhibition of the 
corresponding pathways. TNF: tumor necrosis factor; FASL: FS-7-associated surface antigen ligand; TRAIL: 
targeting TNF-related apoptosis-inducing ligand; TNFR1: tumor necrosis factor receptor 1; DRS: death receptors; 
FADD: FAS-associated death domain protein; TRADD: TNFR1-associated death domain protein; and BCL2-
associated agonist of cell death (BAD).
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arrest. Additionally, phytochemicals can modulate the phosphorylation status of 
critical proteins. For instance, lycopene and quercetin may influence the phosphory-
lation of Rb, affecting its ability to release the E2F transcription factor and thereby 
modulating cell cycle progression. At specific phases, phytochemicals also induce cell 
cycle arrest. Lycopene, quercetin, resveratrol, and genistein are known to arrest cells 
in the G2/M phase, while resveratrol impacts the S phase [117, 118]. This selective 
targeting enables the development of tailored therapeutic strategies based on the cell 
cycle phase most critical for tumor suppression.

Autophagy, a cellular process involving the degradation and recycling of cel-
lular components, plays a dual role in cancer. It can either suppress tumor initia-
tion by removing damaged organelles and proteins, or it can promote cancer cell 
survival under stress. Researchers have shown that phytochemicals like curcumin, 
resveratrol, and quercetin influence autophagy through various mechanisms 
[119, 120]. Curcumin, for example, induces autophagic cell death by upregulating key 
autophagy-related proteins like LC3 and Beclin-1 while downregulating p62, a protein 
associated with autophagy inhibition [121]. Resveratrol activates autophagy through 

Figure 8. 
Effect of various anticancer phytochemicals on the cell cycle. The figure illustrates cell cycle phases with 
stimulatory proteins (+) and inhibitory proteins (−). The tumor suppressor protein p53 enhances the expression 
of p21 and p27, which inhibit Cyclin-Cdk complexes. Phytochemicals such as lycopene, quercetin, resveratrol, 
genistein, berberine, chalcone, and catechins arrest cells at the G2/M phase, while resveratrol and genistein also 
impact the S phase. Apigenin inhibits Cyclin A and B-Cdk1 complexes and promotes p21 and p27 expression, 
whereas resveratrol, curcumin, and apigenin enhance p53 activity. Thick red arrows indicate suppression or 
inhibition effect.
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the AMPK pathway and inhibits mTOR signaling, leading to enhanced cancer cell 
degradation. Quercetin, on the other hand, modulates autophagy by affecting the 
PI3K/Akt/mTOR pathway, contributing to its anticancer effects.

Phytochemicals can also influence the balance between autophagy and apoptosis 
in cancer cells [114]. For example, certain compounds may induce autophagic cell 
death in cancer cells, providing a therapeutic advantage by overcoming resistance to 
conventional treatments. Additionally, phytochemicals like epigallocatechin gal-
late (EGCG) from green tea and sulforaphane from broccoli have shown promise 
in promoting autophagic cell death, which could enhance their efficacy as part of 
integrated cancer therapy. Overall, anticancer phytochemicals modulating autophagy 
represent a promising avenue for developing novel cancer treatments, potentially 
improving therapeutic outcomes by leveraging the dual role of autophagy in cancer 
biology [122].

5.4  Pro-survival signaling (Wnt/β-catenin; PI3K/Akt/mTOR; JAK/STAT 
pathways)

5.4.1  Wnt/β-catenin signaling pathway

The Wnt/β-catenin signaling pathway is pivotal in the self-renewal and mainte-
nance of cancer stem cells (CSCs), making it a critical target in cancer progression 
[40]. Central to this pathway is the Wnt ligand, a modified glycoprotein secreted 
into the extracellular matrix. In the absence of Wnt signaling, β-catenin is phos-
phorylated within a destruction complex comprising glycogen synthase kinase 3β 
(GSK3β), casein kinase 1α (CK1α), AXIN2, and adenomatous polyposis coli (APC) 
protein. This phosphorylation marks β-catenin for ubiquitination by β-transducin 
repeat-containing protein (β-TRCP), leading to its subsequent degradation by the 
proteasome. Upon Wnt activation, the Wnt ligands bind to Frizzled (FZD) and lipo-
protein receptor-related protein (LRP)-5/-6 receptors, inhibiting the degradation of 
β-catenin. This binding triggers the phosphorylation of LRP5/6 by CK1α and GSK3β, 
facilitating the translocation of AXIN2 to the membrane, where it interacts with 
phosphorylated LRP5/6 and Disheveled (DVL) proteins (Figure 9). The recruitment 
of DVL disrupts the degradation complex, allowing β-catenin to accumulate in the 
cytoplasm. Stabilized β-catenin then translocates into the nucleus, forming a complex 
with lymphoid enhancer factor/T-cell factor (LEF/TCF) and various co-activators, 
driving the transcription of target genes. These genes, including Fos-related antigen 
1, Myc, Cyclin D1, ABC transporters, MMP7, CD44, CXCL12, CXCR4, Fibronectin, 
and COX2, are integral to regulating cell polarity, cytoskeletal dynamics, and differ-
entiation, all of which contribute to cancer progression and metastasis.

Anticancer phytochemicals have demonstrated significant potential for modulat-
ing the Wnt/β-catenin signaling pathway, a critical regulator of cellular processes 
such as proliferation, differentiation, and stem cell renewal [100]. In cancer, aberrant 
activation of this pathway contributes to tumorigenesis and progression, particularly 
through the maintenance of cancer stem cells (CSCs) and the promotion of epithelial-
to-mesenchymal transition (EMT). Phytochemicals such as curcumin, resveratrol, 
quercetin, and epigallocatechin gallate (EGCG) have been shown to inhibit the 
Wnt/β-catenin signaling cascade, leading to reduced β-catenin levels in the cytoplasm 
and nucleus (Figure 9). For instance, curcumin can downregulate Wnt ligands and 
receptors, thereby preventing the accumulation of β-catenin and its transcriptional 
activity in the nucleus. Resveratrol has been found to enhance the degradation of 
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β-catenin via increased activity of the destruction complex, while quercetin inhibits 
the transcriptional activity of β-catenin target genes such as Cyclin D1 and Myc. 
EGCG similarly interferes with β-catenin translocation and activation, suppressing 
the downstream transcription of genes involved in cancer cell proliferation and sur-
vival. By disrupting the Wnt/β-catenin axis, these phytochemicals can impede cancer 
cell growth, promote apoptosis, and reduce CSC populations, presenting a promising 
therapeutic avenue for targeting cancers driven by aberrant Wnt signaling.

Figure 9. 
Illustration of the Wnt/β-catenin, PI3K/Akt/mTOR, and JAK/STAT signaling pathways and their roles in 
cancer progression. This figure highlights how various phytochemicals target specific components within these 
pathways to inhibit cancer progression. Key components and interactions are depicted: Wnt/β-catenin pathway 
(involving Wnt ligands, β-catenin, Frizzled receptors, and LEF/TCF complexes); PI3K/Akt/mTOR pathway 
(featuring PI3K, Akt, mTOR, PTEN, and cyclin-dependent kinases (CDKs)); JAK/STAT pathway (showing 
IL-6, JAK, STAT, SOCS, and anti-apoptotic proteins like Mcl-2 and Bcl-xl). The effect of phytochemicals on these 
pathways is illustrated, indicating their potential to inhibit various steps in these cascades. Abbreviations: PI3K: 
phosphatidylinositol-3-kinase; PTEN: phosphatase and tensin homolog; mTOR: mammalian target of rapamycin; 
CDKs: cyclin-dependent kinases; IL-6: interleukin 6; JAK: Janus kinase; STAT: signal transducer and activator 
of transcription; Mcl-2: myeloid cell leukemia 2 protein; SOCS: suppressor of cytokine signaling; Bcl-xl: B cell 
lymphoma extra-large; PTPs: protein tyrosine phosphatases.
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5.4.2  PI3K/Akt/mTOR and JAK/STAT signaling pathways

Several critical signaling pathways that regulate cell survival in response to DNA 
damage are integral to cancer development and spread. Key pathways of interest 
include the Janus kinase (JAK)/signal transducer and activator of transcription 
(STAT) pathway and the phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of 
rapamycin (mTOR) pathway [101].

The PI3K/Akt/mTOR signaling pathway plays a pivotal role in regulating cell 
growth, proliferation, survival, and metabolism [123]. The PI3K/Akt/mTOR signal-
ing cascade is often disrupted in cancer, particularly in liver cancers, where it pro-
motes tumor growth and survival [41]. Aberrant activation of this pathway leads to 
upregulation of anti-apoptotic factors such as NF-κB and cyclin D1, contributing to 
carcinogenesis. Akt activation and subsequent phosphorylation in response to inflam-
matory signals further enhance the cancerous process by targeting nuclear factors like 
mTOR. Inhibiting the PI3K/Akt/mTOR pathway presents a promising strategy for 
cancer therapy [124].

The JAK/STAT signaling pathway plays a crucial role in regulating immune 
responses, cell growth, and differentiation. Similarly, the JAK/STAT pathway plays 
a crucial role in inflammation, neoplastic transformation, tumor progression, 
metastasis, and angiogenesis [99]. Proteins such as suppressor of cytokine signaling 
(SOCS), protein tyrosine phosphatases (PTPs), and protein inhibitors of activated 
STATs (PIAS) regulate the pathway’s activity by modulating both basal and induced 
expressions of JAKs and STATs. Targeting these regulatory proteins with plant-based 
chemotherapeutic compounds could represent a novel approach for cancer preven-
tion and treatment.

Plant-derived phytochemicals have demonstrated the potential to inhibit cell 
proliferation by modulating these pathways. For instance, curcumin has been shown 
to inhibit PI3K, an upstream activator of the Akt pathway [125]. By reducing PI3K 
activity, curcumin effectively suppresses downstream signaling, thereby impeding 
tumor growth. Additionally, the mTOR kinase, which is crucial for cell growth and 
protein synthesis, is another key target for phytochemical intervention. Compounds 
such as indole-3-carbinol, ursolic acid, resveratrol, and silibinin have demonstrated 
the capacity to inhibit mTOR activity (Figure 9). Phytochemicals like curcumin and 
resveratrol have been shown to impact the JAK/STAT pathway. Curcumin inhibits 
JAK2 activity by disrupting STAT3 phosphorylation and its subsequent nuclear 
translocation. Similarly, resveratrol can inhibit the JAK2/STAT3 signaling axis, 
reducing the expression of genes involved in tumor growth and metastasis. Other 
phytochemicals, such as genistein, inhibit JAK2 kinase activity, leading to decreased 
STAT3 signaling and enhanced apoptosis in cancer cells. Overall, these phytochemi-
cals offer a multifaceted approach to disrupting the PI3K/Akt/mTOR and JAK/STAT 
pathway, underscoring their potential as complementary or alternative therapies in 
cancer treatment.

5.5  Epigenetic modifications

Epigenetics examines heritable gene expression changes that do not alter the 
DNA sequence itself. Epigenetic mechanisms, including DNA methylation, histone 
modifications, and RNA-mediated gene silencing, significantly contribute to cellular 
differentiation and development, and they are closely associated with the onset and 
advancement of cancer (Figure 5) [125]. DNA methylation involves the addition of a 
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methyl group to cytosine residues within CpG dinucleotides, resulting in the forma-
tion of 5-methylcytosine. The DNA methyltransferase (DNMT) family of enzymes 
catalyzes this modification: DNMT1 acts as a maintenance methyltransferase, and 
DNMT3A and DNMT3B act as de novo methyltransferases [126]. Although CpG 
dinucleotides are sparse throughout the genome, their hypermethylation in tumor 
suppressor gene (TSG) CpG islands can lead to the silencing of these genes and 
contribute to the inactivation of TSG functions in cancer cells. Histone modifications, 
specifically acetylation, and methylation of lysine-rich histone tails, are pivotal in 
regulating chromatin structure and gene expression. Histone methyltransferases 
(HMTs) regulate histone methylation, while histone modification acetyltransfer-
ases (HATs) and histone deacetylases (HDACs) control histone acetylation and 
deacetylation, respectively [127]. Disruptions in these histone modification patterns 
are associated with carcinogenesis, often resulting in the silencing of TSGs [126]. 
Furthermore, researchers are increasingly recognizing the roles of enzymes involved 
in these modifications in modulating the activity of both histone and non-histone 
proteins, thereby influencing cellular processes in both normal physiology and cancer 
pathogenesis [128, 129].

Anticancer phytochemicals exert significant effects on epigenetic modifications, 
which are crucial in regulating gene expression without altering the DNA sequence 
(Figure 5). Inverse epigenetic alteration is a target for chemopreventive and thera-
peutic purposes, with phytochemicals potentially reversing these changes to prevent 
colon cancer [125]. Studies show that phytochemicals like curcumin and resveratrol 
can inhibit DNA methyltransferases (DNMTs), which add methyl groups to DNA, 
reactivating silenced tumor suppressor genes and reducing cancer progression [130]. 
These compounds also affect histone modifications, such as acetylation and methyla-
tion, which are crucial for chromatin structure and gene expression. Resveratrol 
increases histone acetylation, enhancing the expression of tumor suppressor genes. 
EGCG inhibits histone deacetylases, leading to increased acetylation and activation of 
genes that suppress cancer growth. Some phytochemicals also impact RNA-mediated 
gene-silencing mechanisms, such as ellagic acid modulating microRNA expression 
[131]. Phytochemicals have the potential to modify epigenetic processes, offering 
a promising approach to preventing and treating cancer by reversing abnormal 
gene expression patterns and reactivating genes that suppress tumor growth and 
progression.

6.  Challenges in current cancer treatments

Current cancer treatments face numerous challenges, largely due to the complex 
and heterogeneous nature of tumors (Figure 10) [132, 133]. Tumor heterogeneity 
arises from various genetic and epigenetic modifications, resulting in diverse subpop-
ulations of cancer cells within a single tumor. The inherent plasticity of cancer cells, 
which enables them to undergo phenotypic switching at the genetic, metabolic, and 
mechanistic levels, further compounds this heterogeneity. Phenotypic switching plays 
a key role in cancer drug resistance, a major factor contributing to treatment failure. 
Conventional cancer therapies primarily target proliferative cancer cells but fail to 
eliminate a small yet critical subset of tumor-initiating cells known as cancer stem 
cells (CSCs) [40, 134]. These cells are characterized by their quiescence, drug resis-
tance, immune evasion, epithelial-to-mesenchymal transition (EMT), mesenchymal-
to-epithelial transition (MET), and metastatic potential. CSCs are not only resistant 
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to most current treatments but also serve as the driving force behind cancer relapse 
and metastasis. Their ability to evade conventional therapies and survive makes CSCs 
a pivotal obstacle in cancer treatment [40]. Therefore, effective targeting of CSCs is 
essential for achieving long-term therapeutic success, underscoring the urgent need 
for alternative and advanced cancer treatment strategies.

Over the past few decades, extensive research has highlighted the broad-spectrum 
anticancer potential of phytochemicals, which exhibit properties such as inhibition 
of tumor growth, induction of apoptosis, and modulation of key signaling pathways 
involved in cancer progression. However, their clinical application remains limited 

Figure 10. 
A schematic representation of key challenges in current cancer treatments. (A) Various factors contribute 
to multi-drug resistance (MDR), including drug efflux, altered drug targets, and enhanced DNA repair 
mechanisms. (B) Phenotypic plasticity in cancer cells, driven by the rewiring of protein interaction networks, 
plays a pivotal role in MDR, allowing dynamic adaptation and facilitating the transition from drug-sensitive to 
drug-resistant phenotypes. (C) Tumor heterogeneity arises from a range of genetic and epigenetic modifications, 
contributing to treatment resistance and variable patient outcomes. (D) Conventional cancer therapies primarily 
target actively dividing cancer cells, often overlooking cancer stem cells (CSCs), which possess distinct traits such as 
quiescence, drug resistance, immune evasion, epithelial-mesenchymal transition (EMT), and metastasis potential, 
leading to recurrence and treatment failure.
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due to inherent challenges such as poor aqueous solubility, low bioavailability, and 
rapid clearance from the body, all of which reduce their therapeutic efficacy [135]. 
One promising strategy to overcome these limitations is the use of nanoparticle-based 
drug delivery systems, which passively target tumor sites through the enhanced 
permeability and retention (EPR) effect—a phenomenon that allows nanoparticles 
to accumulate in tumor tissue due to leaky vasculature and poor lymphatic drainage 
[136]. Nano-phytomedicine, an emerging field that integrates phytochemicals and 
nanotechnology, provides an innovative solution by improving the pharmacokinetic 
and pharmacodynamic profiles of these compounds. Encapsulating phytochemicals 
in nanoparticles enhances their stability, bioavailability, and retention in the body, 
potentially leading to more effective cancer therapies with reduced systemic toxicity 
and side effects [137]. This approach not only maximizes the therapeutic potential of 
phytochemicals but also opens new avenues for precision medicine in cancer treat-
ment (Figure 11).

Figure 11. 
An overview of nanocarrier design and the applications of nano-phytomedicine in cancer treatment. The 
figure illustrates various strategies for enhancing therapeutic efficacy, including (1) active targeting—direct 
delivery of nano-phytomedicines to specific cancer cells through surface modifications with targeting ligands; 
(2) passive targeting via EPR Effects—utilization of the enhanced permeability and retention (EPR) effect to 
accumulate nanomedicines in tumor tissues; (3) theranostics—integration of therapeutic and diagnostic functions 
within a single nanoformulation for simultaneous treatment and imaging; (4) co-delivery—combination of 
phytochemicals with other therapeutic agents in a single nanocarrier to enhance therapeutic outcomes; and (5) 
combination therapy—synergistic use of phytochemicals with conventional cancer treatments (e.g., chemotherapy, 
radiotherapy) to improve overall treatment efficacy and reduce side effects.
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7.  Nanoparticle-based phytomedicines in cancer therapy

Nanomedicine’s advancement holds significant promise for revolutionizing cancer 
therapy by improving drug delivery specificity and efficacy (Figure 11) [138, 139]. 
The ultimate aim is to optimize phytochemical-nanocarrier systems to achieve targeted 
and efficient delivery of therapeutic agents to cancer cells while minimizing systemic 
toxicity [140]. This goal can be approached through several key strategies, including:

• Designing phytochemical-nanocarriers: the primary objective is to engineer nano-
carriers that improve the delivery and uptake of phytochemicals, specifically 
within cancer cells. By encapsulating phytochemicals in nanoscale carriers, the 
goal is to boost their therapeutic effectiveness and minimize off-target [137]. 
This approach not only increases the concentration of the drug at the tumor site 
but also reduces adverse effects on healthy tissues, thereby improving the overall 
safety profile in clinical settings.

• Enhancing tumor targeting: to further refine the specificity of nano-phytomed-
icine, it is essential to conjugate nanocarriers with targeting ligands that bind 
selectively to tumor-associated receptors. Active targeting strategies utilize these 
ligands to precisely direct nanocarriers to cancer cells, facilitating improved 
accumulation and internalization of phytochemicals within the tumor microen-
vironment. This targeted approach enhances therapeutic outcomes and reduces 
the likelihood of drug resistance.

• Achieving site-specific drug release: one of the significant advantages of 
nanomedicine is its potential for site-specific drug release. By designing 
nanocarriers that release their payload in response to specific tumor micro-
environmental triggers, such as pH or enzymatic activity, nonspecific drug 
distribution can be prevented and systemic toxicity minimized [136]. This 
controlled release mechanism ensures that the therapeutic agents exert their 
effects precisely where needed, thereby optimizing treatment efficacy and 
reducing side effects.

The development of nano-phytomedicine that leverages these strategies represents 
a promising frontier in cancer research. By focusing on targeted delivery, enhanced 
tumor localization, and controlled release, the clinical outcomes of phytochemical-
based therapies can be improved, effectively addressing the challenges associated 
with conventional treatment approaches.

Taking a smart, realistic, and rational approach can enhance the clinical impact 
of nano-phytomedicine. Strategic directions are outlined for improving the perfor-
mance, translation, and application of nano-phytomedicine in cancer treatment.

7.1  Enhancing tissue-specific targeting and half-life enhancement in 
nano-phytomedicine

The challenge of optimizing the tissue-specific targeting and extending the 
half-life of nano-phytomedicine in systemic administration is a significant concern 
in cancer therapy. Achieving targeted delivery of phytochemicals to specific tissues 
while minimizing off-target effects is crucial for maximizing therapeutic efficacy and 
reducing systemic toxicity. PEGylation, the process of covalently or non-covalently 
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attaching polyethylene glycol (PEG) chains to therapeutic molecules or nanoparticles, 
offers a promising solution to address these challenges [141].

PEGylation could potentially confer nanoparticles with a “stealth” property, 
primarily due to its hydrophilic nature, which facilitates the formation of a hydration 
layer. This hydration layer enhances water solubility and decreases protein adsorp-
tion on their surface. This reduction in protein binding minimizes the formation 
of a protein corona, leading to decreased recognition and clearance by the immune 
system. Consequently, PEGylated nanoparticles exhibit prolonged circulation times 
in the bloodstream, enabling them to evade the reticuloendothelial system (RES) 
and significantly reduce their antigenicity. These advantageous properties have the 
potential to significantly improve the effectiveness of nanoparticles in drug delivery 
and targeted therapies, ultimately enhancing treatment outcomes while minimizing 
associated side effects. Therefore, PEGylation has the potential to effectively shield 
nanoparticles from detection and uptake by the immune system, particularly by 
macrophages, and enhance their biocompatibility. This stealth characteristic is crucial 
for improving the circulatory half-life of nano-phytomedicines, allowing them to 
remain in the bloodstream longer and thereby increasing the probability of reaching 
and accumulating in the targeted tissues or tumor sites.

By reducing immune recognition and clearance, PEGylated nanomedicines 
exhibit prolonged systemic circulation, which is essential for effective cancer therapy. 
This extended half-life improves the pharmacokinetics of phytochemicals, allow-
ing for sustained therapeutic concentrations and enhanced therapeutic efficacy. 
Furthermore, PEGylation can be tailored to optimize the size, surface charge, and 
other physicochemical properties of nanoparticles, further improving their tissue-
specific targeting and delivery.

Overall, incorporating PEGylation into the design of nano-phytomedicines rep-
resents a strategic advancement in enhancing their therapeutic potential, improving 
targeting precision, and extending their circulatory half-life, ultimately contributing 
to more effective and less toxic cancer treatments.

7.2  Combination of nano-phytomedicines with current immunotherapeutic 
approaches

Recent advancements in cancer immunotherapy have demonstrated substantial 
progress in treating various malignancies. However, current therapies often face 
significant pathophysiological constraints that can limit their efficacy and patient 
outcomes. These limitations include immune evasion by tumors, insufficient immune 
activation, and adverse effects associated with conventional treatments.

To address these challenges, recent research has focused on developing innovative 
approaches that combine traditional immunotherapies with advanced nanotechnol-
ogy-based solutions. One promising avenue is the use of immunomodulatory nano-
phytomedicines, which integrate phytochemicals with nanotechnology to enhance the 
immune response against cancer cells. These nano-phytomedicines have the potential 
to modulate immune pathways, increase immune targeting specificity, and reduce the 
systemic toxicity commonly associated with conventional therapies.

Additionally, the combination of existing immunotherapies with nano-phyto-
medicine or DNA insert-encapsulated nanoformulations, particularly for CAR-T 
(chimeric antigen receptor T-cell) therapy, offers a novel strategy to overcome current 
limitations. By incorporating nano-phytomedicines or nanoformulations into CAR-T 
therapy, it is possible to enhance the activation and persistence of engineered T-cells 
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within the patient’s body. This approach may improve the efficacy of CAR-T therapy 
by enhancing immune cell functionality and promoting better tumor targeting [132].

This combined approach includes key aspects:

• Enhanced immune activation: immunomodulatory nano-phytomedicines can 
boost the immune system’s ability to recognize and attack cancer cells, poten-
tially overcoming tumor-induced immune suppression.

• Targeted delivery: nanoformulations, including DNA inserts encapsulated in 
nanoparticles, can facilitate targeted delivery of therapeutic agents to specific 
tumor sites or immune cells, thereby increasing therapeutic precision and reduc-
ing off-target effects.

• Improved CAR-T cell efficacy: by combining nano-phytomedicines with CAR-T 
therapy, it is possible to enhance the persistence and effectiveness of engineered 
T-cells, leading to more durable responses and increased survival rates.

• Reduction of adverse effects: combining immunotherapies with nano-phytomed-
icines may help mitigate some of the side effects associated with conventional 
treatments, contributing to a better overall patient experience.

By advancing the integration of nano-phytomedicines with current immunothera-
peutic approaches, this strategy holds the potential to significantly improve immuno-
oncological outcomes and increase the number of long-term cancer survivors. This 
innovative approach represents a forward-looking perspective in cancer treatment, 
leveraging the strengths of both immunotherapy and nanotechnology to overcome 
existing challenges and enhance patient care.

7.3  Combination of conventional chemotherapies with phytochemicals

Numerous studies have highlighted a critical limitation of conventional cancer 
therapies: while these treatments are effective against rapidly dividing cancer cells, 
they often fail to eradicate quiescent cancer stem cells (CSCs) within the tumor mass. 
CSCs are characterized by their ability to self-renew, differentiate, and contribute 
to tumor heterogeneity, making them a significant challenge in achieving complete 
tumor regression [40, 132, 142]. This residual population of CSCs can lead to disease 
recurrence and metastasis, undermining the efficacy of traditional treatments.

In this context, recent research suggests that phytochemicals possess potent anti-
CSC properties. Natural sources provide phytochemicals that specifically target and 
disrupt key pathways involved in CSC maintenance and function. These compounds 
can induce apoptosis, inhibit self-renewal, and affect the signaling pathways criti-
cal for CSC survival, such as the Wnt/β-catenin, Notch, and Hedgehog pathways 
[32, 39, 70, 99, 125].

Combining conventional chemotherapeutics with phytochemicals presents a 
promising strategy to address both cancer cells and CSCs, potentially leading to more 
effective and comprehensive tumor eradication [143]. This approach leverages the 
strengths of each treatment modality.

• Enhanced efficacy against diverse tumor populations: conventional therapies 
target the bulk of rapidly proliferating cancer cells, while phytochemicals can 
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specifically target CSCs, addressing the resistant subpopulation often responsible 
for relapse and metastasis.

• Drug resistance reduction: phytochemicals can modify the tumor microenviron-
ment and influence drug resistance mechanisms, potentially increasing CSCs’ 
sensitivity to conventional treatments.

• Synergistic effects: the combined use of phytochemicals and conventional chemo-
therapeutics can result in synergistic effects, amplifying the overall therapeutic 
impact and reducing the likelihood of CSC-driven tumor relapse [42].

• Improved clinical outcomes: integrating phytochemicals into treatment regimens 
could enhance the overall therapeutic efficacy, leading to better clinical out-
comes, including prolonged remission and a reduced likelihood of recurrence.

Therefore, incorporating phytochemicals into conventional cancer treatment 
regimens offers a strategic advantage by targeting both the proliferative cancer cells 
and the resilient CSCs. This combination approach holds the potential for achieving 
more effective tumor regression, overcoming treatment resistance, and ultimately 
improving patient outcomes.

7.4  Co-delivery of phytochemicals and RNA therapeutics through nanomedicine 
for enhanced cancer therapy

The co-delivery of phytochemicals with microRNA (miRNA) or small interfering 
RNA (siRNA) through nanomedicine represents a promising strategy to enhance 
cancer treatment by targeting multiple facets of tumor biology [139]. This integrated 
approach has the potential to significantly improve therapeutic outcomes by simul-
taneously modulating cancer cells, cancer stem cells (CSCs), and their surrounding 
microenvironment [140].

1. Synergistic effects on cancer cells and CSCs: combining phytochemicals with 
miRNA or siRNA in a single nanomedicine formulation can offer a multifaceted 
approach to cancer therapy. Phytochemicals, known for their ability to induce 
apoptosis, inhibit proliferation, and suppress angiogenesis, can be effectively 
delivered to cancer cells to exert direct cytotoxic effects. Concurrently, miRNAs 
or siRNAs can be used to silence specific genes involved in cancer progression 
or resistance mechanisms. For instance, miRNAs that target oncogenes or genes 
responsible for CSC maintenance can be co-delivered with phytochemicals to 
enhance the overall therapeutic impact.

2. Tumor microenvironment modulation: the tumor microenvironment (TME) plays 
a crucial role in cancer progression and resistance to therapy. Phytochemicals can 
influence the TME by reducing inflammation, inhibiting fibrosis, and modulat-
ing immune responses. This approach, when combined with RNA therapeutics 
that target TME-associated factors, such as those involved in immune evasion or 
extracellular matrix remodeling, can further enhance therapeutic efficacy. For 
example, siRNA targeting pro-inflammatory cytokines or angiogenic factors can 
be co-delivered with phytochemicals to simultaneously address both tumor cells 
and their supportive environment.
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3. Enhanced delivery and reduced toxicity: nanomedicine enables the encapsulation 
and targeted delivery of both phytochemicals and RNA molecules. Nanopar-
ticles can be engineered to enhance the stability, bioavailability, and specific 
delivery of these therapeutic agents to tumor sites. This targeted delivery 
reduces systemic toxicity and improves the therapeutic index. Additionally, by 
utilizing nanocarriers that can release both types of therapeutics in a controlled 
manner, it is possible to achieve a synergistic effect while minimizing adverse 
side effects.

4. Overcoming resistance mechanisms: cancer cells and CSCs often develop resistance 
to conventional therapies through a variety of mechanisms, including upregu-
lation of survival pathways and downregulation of apoptosis-related factors. 
Co-delivering phytochemicals with miRNA or siRNA can address resistance 
mechanisms more effectively. For example, phytochemicals might sensitize cells 
to RNA-based therapies, while RNA therapeutics can modulate pathways that 
confer resistance, leading to improved treatment responses.

5. Personalized therapeutic approaches: individual patient profiles, based on specific 
genetic and molecular characteristics of their tumors, can tailor the combination 
of phytochemicals and RNA-based therapies. This customized approach im-
proves treatment precision by tailoring both the chemical and RNA components 
to the patient’s cancer biology.

As such, the co-delivery of phytochemicals with miRNA or siRNA via nano-
medicine offers a sophisticated and multi-pronged approach to cancer treatment. By 
targeting cancer cells, CSCs, and the TME simultaneously, this strategy holds promise 
for improving therapeutic outcomes, overcoming resistance, and advancing personal-
ized medicine in oncology.

7.5  Enhancing theranostics via nanomedicine

To enhance the effectiveness of cancer treatment, integrating phytochemicals 
with nanotechnology offers a promising approach for both targeted therapy and 
diagnostics [144]. A novel strategy involves nanoformulating phytochemicals with 
fluorescent dyes, followed by conjugation to specific antibodies or peptides. This 
advanced combinational nanoformulation not only facilitates precise targeting of 
cancer cells but also enables real-time monitoring and diagnosis through fluorescence 
imaging [142].

The integration of phytochemicals into nanoformulations with fluorescent dyes and 
targeting agents, such as antibodies or peptides, allows for simultaneous therapeutic and 
diagnostic applications, commonly referred to as theranostics. This approach enables:

• Targeted therapy: by conjugating phytochemicals to antibodies or peptides that 
specifically bind to cancer cell markers, the nanoformulation can deliver thera-
peutic agents directly to tumor sites, minimizing off-target effects and enhanc-
ing treatment efficacy.

• Real-time diagnostics: the inclusion of fluorescent dyes provides a means for 
visualizing and tracking the distribution and accumulation of the nanoformula-
tion in real time. This dual functionality helps in assessing treatment responses 
and adjusting therapeutic strategies accordingly.
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Despite the significant potential benefits of these combinational nanoformula-
tions, successful clinical translation requires addressing several challenges.

• Cost and manufacturing: the development of advanced nanoformulations can be 
expensive due to the complex processes involved in synthesizing and character-
izing nanocarriers, fluorescent dyes, and targeting agents. Scaling up production 
while maintaining cost-effectiveness is crucial.

• Safety and chronic toxicity: ensuring the safety of these nanoformulations is para-
mount. Long-term studies are needed to assess the potential for chronic toxicity, 
especially with repeated exposure.

• Batch-to-batch variability: consistency in the quality and efficacy of nanofor-
mulations across different production batches is essential for reliable clinical 
outcomes. Rigorous quality control measures and standardized manufacturing 
processes are required.

• Regulatory approval: navigating the regulatory landscape for novel nanoformula-
tions involves comprehensive preclinical and clinical testing to demonstrate 
safety, efficacy, and compliance with regulatory standards.

Future research should focus on the following areas to overcome these obstacles 
and advance the clinical application of phytochemical-based nanoformulations:

• Nanocarrier design optimization: developing more efficient and cost-effective 
nanocarriers with enhanced targeting capabilities and reduced toxicity profiles.

• Standardization of manufacturing processes: implementing robust and repro-
ducible manufacturing practices to ensure batch consistency and regulatory 
compliance.

• Long-term safety studies: conducting extensive preclinical and clinical trials to 
evaluate the long-term safety and efficacy of these nanoformulations.

• Interdisciplinary collaboration: encourage collaboration between researchers, 
clinicians, and industry professionals to address the multifaceted challenges 
associated with the development and clinical translation of these advanced 
therapeutic and diagnostic tools.

By addressing these challenges and focusing on strategic advancements, the 
integration of phytochemicals with nanotechnology holds the potential to revolution-
ize cancer treatment, offering more effective and personalized therapeutic options for 
patients [145].

8.  Challenges and opportunities in phytochemical cancer therapy

Recent advances in phytochemical research have highlighted their potential in 
cancer therapy, with preclinical screening models assessing their toxicity, safety, 
pharmacokinetics, and efficacy. Several phytochemicals, including ursolic acid, 
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baicalein, genistein, 6-shogaol, apigenin, thymoquinone, allicin, dicumarol, epi-
gallocatechin, alpinumisoflavone, sulforaphane, curcumin, emodin, withaferin 
A, resveratrol, gingerol, physapubescin B, nimbolide, licochalcone A, glycyrrhizin, 
and hispidulin, have demonstrated preclinical efficacy using animal models [42]. 
However, most trials are in the early stages, with the most important phytochemicals 
under investigation targeting the autophagy-apoptosis pathway [142].

To optimize their clinical effectiveness, phytochemical-based cancer therapies must 
address several critical challenges (Table 1). One major issue is the poor bioavailability 
of these compounds, which is often due to their low solubility and absorption rates. 
Advanced strategies like nanoencapsulation and the development of novel delivery 
systems can mitigate this issue and enhance pharmacokinetics [137, 145]. Another chal-
lenge is the inherent variability in phytochemical compositions from different plant 
sources, which complicates efforts to standardize formulations for consistent dosage, 
efficacy, and safety [140]. Rigorous standardization, including the use of validated 

Problem Possible solution(s)

1: Poor bioavailability of phytochemicals due to 
limited solubility, stability, and absorption rates, 
which restricts their effectiveness in reaching 
target tissues and exerting anticancer effects.

Improve bioavailability through nanoencapsulation, 
formulation optimization, and novel delivery systems 
to enhance pharmacokinetic profiles and therapeutic 
efficacy.

2: Heterogeneity in phytochemical compositions 
caused by variations in plant sources, extraction 
methods, geographical origins, and cultivation 
conditions, leading to inconsistencies in 
phytochemical profiles, potency, and purity, 
affecting research reproducibility and clinical 
applications.

Standardize phytochemical extracts and formulations 
using rigorous quality control measures, including 
validated analytical techniques like HPLC, MS, and 
NMR spectroscopy. Establish standardized protocols 
for cultivation, harvesting, and extraction processes to 
minimize variability.

3: Challenges in identifying and isolating active 
compounds within complex phytochemical 
mixtures due to synergistic or additive effects, 
which complicates understanding their therapeutic 
potential.

Conduct comprehensive studies using advanced 
techniques such as bioactivity-guided fractionation 
and systems biology approaches to identify key active 
constituents and understand their interactions. Perform 
robust pharmacokinetic and pharmacodynamic studies 
to optimize dosing regimens.

4: Lack of mechanistic understanding of 
phytochemical actions in cancer cells, which 
hinders the rational design and optimization of 
treatments despite promising preclinical results.

Conduct further research to elucidate molecular 
mechanisms, identify biomarkers of response, 
and optimize treatment regimens based on patient 
characteristics and tumor biology.

5: Challenges in translating preclinical findings 
into clinical practice due to regulatory approval, 
safety assessment, and clinical trial design 
issues, requiring rigorous methodologies and 
standardized protocols.

Systematically evaluate long-term safety data, potential 
drug interactions, and adverse effects to establish risk-
benefit profiles and inform clinical decision-making.

6: Limited awareness among healthcare 
professionals, variable insurance coverage, and 
cultural beliefs about natural remedies, which 
may affect patient access and acceptance of 
phytochemical-based treatments.

Integrate phytochemical-based therapies into 
conventional cancer care pathways through 
interdisciplinary collaboration, patient education, and 
healthcare provider training.

This table provides an overview of the main challenges encountered in developing phytochemical-based cancer 
treatments and corresponding approaches to address these issues.

Table 1. 
Key challenges and proposed solutions in the development of phytochemical-based cancer treatments.
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analytical methods and quality control measures, is essential to ensuring uniformity 
across batches. Identifying and isolating active compounds within complex phyto-
chemical mixtures and understanding their synergistic effects requires sophisticated 
research techniques and comprehensive studies. Additionally, the limited mechanistic 
insight into phytochemical actions hampers the rational design and optimization of 
these treatments. Researchers are leveraging ethnobotanical knowledge, high-through-
put screening, and Omics technologies to identify bioactive compounds and elucidate 
their mechanisms of action. Successful clinical translation necessitates thorough 
regulatory assessments, safety evaluations, and the creation of robust clinical trials. 
To fully integrate phytochemicals into conventional cancer care, it is crucial to foster 
interdisciplinary collaboration, enhance patient education, and address insurance 
and cultural barriers. Overcoming these challenges will enable phytochemical-based 
therapies to achieve their full potential as effective and safe cancer treatment options.

9.  Final thoughts and future research directions

Cancer remains a significant challenge due to its rising prevalence and mortal-
ity rates, with conventional treatments like surgery and chemotherapy often facing 
limitations such as adverse effects, drug resistance, and lack of targeting precision. 
The complexity of cancer biology further complicates the development of effective, 
targeted therapies. Medicinal plants offer promising avenues for new pharmacological 
leads, supported by ethnopharmacological insights. Integrating this traditional knowl-
edge with modern analytical and computational techniques can enhance drug discov-
ery efforts. Phytochemicals, while showing potential for anti-tumorigenic effects by 
modulating key cellular and molecular pathways, face challenges related to stability, 
solubility, and metabolism. Nanomedical applications utilizing phytochemicals are 
emerging as a solution, improving drug delivery, enhancing therapeutic efficacy, and 
reducing side effects. These advances offer targeted strategies, particularly in combat-
ing cancer stem cells, and could significantly improve outcomes in cancer treatment.

The burgeoning epidemiological research on dietary patterns and cancer preven-
tion highlights the need for tailored dietary recommendations, as no single “healthy” 
diet has been universally proven effective against all cancer types. While animal 
models offer insight into dietary impacts, replicating human diets and their effects 
remains challenging. Notably, dietary patterns like the ketogenic diet have been exten-
sively studied in animals but require larger human studies to guide dietary guidelines. 
Furthermore, the question of personalizing dietary advice based on individual suscep-
tibility factors such as genetics or microbiota remains unresolved. Phytochemicals, 
known for their anticancer properties through mechanisms like apoptosis induction 
and oxidative stress inhibition, have shown promise, but most studies are limited by in 
vitro models and ethnopharmacological data. The variability in phytochemical effects 
and potential negative impacts complicates their application. Despite the encouraging 
preclinical results, issues with bioavailability and toxicity underscore the need for 
cautious, well-designed human clinical trials to better understand the efficacy, safety, 
and interactions of phytochemicals as cancer prevention agents.

Phytochemicals, though recognized for their potential health benefits and pro-
tective effects, present challenges in determining optimal intake levels due to their 
diverse biological activities and lack of established disease associations. Efforts to 
establish consumption guidelines are complicated by factors such as bioavailability, 
food processing, and individual variability in absorption. For instance, a US study 
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demonstrated that 13–22 g of dietary fiber daily can reduce cholesterol by 7%, while 
recommended intake levels for carotenoids vary significantly across populations. 
Despite the anticancer potential of phytochemicals and supportive epidemiologi-
cal data, clinical trials often fail to replicate these benefits, sometimes due to early 
termination or safety concerns. Specific phytochemicals, such as capsaicin, have 
shown both protective and potentially carcinogenic effects, underscoring the need 
for careful consumption and further research. Preclinical studies suggest promising 
therapeutic potential, but more in-depth molecular and clinical investigations are 
needed to fully understand their effects and ensure safety. In silico tools like molecular 
docking, combined with in vitro and in vivo studies, are crucial for elucidating these 
interactions and advancing phytochemical research.

Phytochemical-based nanotechnology holds significant promise for overcoming the 
limitations of conventional anticancer drugs, such as low solubility, poor specificity, 
and short half-life. By combining phytochemicals with synthetic drugs in nanoparticle-
based delivery systems, bioavailability can be enhanced, toxicity reduced, and circula-
tion time extended. Nanotechnology can improve the solubility, stability, and targeted 
delivery of these compounds, although challenges remain, such as limited encapsula-
tion capacity and manufacturing complexities. Further research is needed to optimize 
these systems for clinical use. Nanoparticle-based drug delivery systems (NDDSs) are 
emerging as key tools for cancer diagnostics, imaging, and treatment, with potential 
applications in early diagnosis, targeted therapy, and mitigating mitochondrial impair-
ments. Tailoring these approaches to individual patient profiles and integrating them 
with conventional treatments could significantly advance cancer care.

The pharmaceutical industry is increasingly integrating traditional and modern 
approaches to enhance drug development, particularly through the combination of 
plant-derived phytochemicals with conventional chemotherapeutics. This strategy 
aims to leverage the synergistic effects of these combinations, which have shown 
promise in improving therapeutic efficiency and minimizing side effects in cancer 
treatment. Recent research highlights the potential of phytochemicals to target cancer 
cells more specifically while sparing normal cells, thanks to their low intrinsic toxic-
ity. Nanotechnology-based delivery systems, including solid lipid nanoparticles, 
liposomes, and polymeric micelles, are enhancing the efficacy of these phytochem-
ical-drug combinations by improving solubility, targeting, and bioavailability. 
However, optimizing these combinations remains a challenge due to the need for 
precise drug exposure sequences and ratios. Advanced pharmacodynamic evaluation 
is crucial for justifying the use of these nanoformulations. Preliminary studies suggest 
that combinations of phytochemicals, such as lycopene and compounds from car-
rots, can affect multiple cancer-related pathways and improve treatment outcomes. 
Nonetheless, further research is necessary to fully understand their interactions, 
potential side effects, and clinical applicability.

Autophagy and apoptosis are critical cellular processes in cancer development and 
treatment, with their interplay influencing cancer progression and drug resistance. 
Defects in apoptotic signaling often lead to chemotherapy resistance, prompting the 
exploration of autophagy as an alternative mechanism for cancer therapy. Further 
investigations are needed to better understand cancer pathobiology and exploit the 
full potential of autophagy-apoptosis-targeted drug design. Phytochemicals such 
as sulforaphane, resveratrol, lycopene, epigallocatechin, curcumin, and berberine, 
known for their selective anticancer properties, modulate both autophagy and apopto-
sis. While these compounds show promise, their multi-target effects and the complex-
ity of cellular signaling pathways present challenges in drug development. To optimize 
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phytochemical-based therapies, further research is needed to understand their 
mechanisms through in vitro and in vivo studies, and by integrating system pharma-
cology and computational approaches to better elucidate their anticancer potential.

Clinical studies on phytochemicals often face methodological challenges, such as 
inadequate control groups, small sample sizes, and brief trial durations. To establish 
the efficacy, safety, and adverse effects of phytochemicals in cancer treatment, large-
scale, well-controlled clinical trials are essential. There is a critical need for standard-
ized methods across bioavailability, efficacy, safety, quality, and regulatory practices 
to meet international standards. While extensive research on cell lines and animal 
models exists, human studies on phytochemical benefits remain limited. Additionally, 
evidence suggests that phytochemicals from fruits and vegetables may offer benefits 
for gastrointestinal cancers and improve prognosis. Further research is required to 
validate these findings and explore the role of bacteria in metabolizing phytochemi-
cals. Overall, a diet rich in fruits and vegetables is recommended for its potential to 
enhance cancer prognosis and possibly aid in prevention.

Future research on phytochemicals for cancer therapy will harness advances in 
biotechnology and molecular biology to clarify their mechanisms and establish clini-
cal efficacy. Key efforts will involve using high-throughput screening, genomics, pro-
teomics, and metabolomics to understand how phytochemicals interact with cellular 
targets and signaling pathways. Improving their bioavailability through advanced 
delivery systems like nanoparticles and liposomes is essential for enhancing clinical 
effectiveness. Rigorous clinical trials, including large-scale randomized controlled 
trials with extended follow-ups, will be crucial for validating safety, efficacy, and 
optimal dosing. Additionally, exploring synergistic effects with conventional treat-
ments and integrating phytochemicals into cancer prevention strategies could open 
new therapeutic and preventive possibilities. Ensuring public and regulatory accep-
tance, supported by education and robust regulatory frameworks, will be critical for 
the successful adoption of phytochemical-based therapies.
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Chapter 8

Phytochemicals: Potential Drug 
Candidates for Leishmaniasis
Nergiz Gürbüz Çolak

Abstract

Leishmaniasis is a neglected tropical disease with three main clinical manifestations. 
This disease is caused by protozoan parasites that are transmitted through the bite of 
female sandflies. Each year, more than one million cases of leishmaniasis are reported, 
and over one billion people are at risk of contacting the disease. Leishmaniasis is a 
complex disease that relapses when the immune system is suppressed. The currently 
available antileishmanial drugs have serious side effects. Therefore, it is important to 
identify novel drug candidates for leishmaniasis treatment. Phytochemicals are promis-
ing drug candidates because of their wide chemical diversity and bioavailability. This 
chapter provides an overview of leishmaniasis and highlights the phytochemicals that 
can be used to treat the disease.

Keywords: phytochemicals, bioactivity, drug candidates, neglected tropical diseases, 
leishmaniasis

1.  Introduction

Among the numerous infectious diseases that affect humans, a significant majority, 
amounting to 60%, has an origin that is zoonotic in nature. These diseases not only 
have a detrimental impact on human and animal health but also on ecosystems and 
the economy [1]. Zoonotic diseases particularly affect vulnerable populations, such 
as women and children, in low- and middle-income regions. These diseases are often 
referred to as “neglected” diseases, a term that reflects the limited funding available 
for their prevention and control [2]. The World Health Organization (WHO) recently 
developed a roadmap to combat 20 neglected tropical diseases, including leishmaniasis 
[3]. This roadmap outlines the strategies for controlling and eliminating leishmaniasis, 
including the need for new treatment approaches.

Development of new drugs to combat leishmaniasis, particularly in endemic coun-
tries, is of utmost importance. The treatment of leishmaniasis is heavily dependent 
on a limited number of medications such as pentavalent antimonials, amphotericin B, 
miltefosine, pentamidine, and paromomycin. Nevertheless, these drugs have several 
limitations, including increased treatment failure rates, high costs, and significant 
side effects, which collectively compromise their effectiveness [4]. Secondary plant 
metabolism plays a pivotal role in the discovery of novel medications against proto-
zoal infections, including chemotherapeutic agents. This could potentially lead to the 
identification of novel and selective antileishmanial compounds [5].
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2.  Overview of Leishmania and Leishmaniasis

Leishmaniasis is a disease caused by the Leishmania parasite, a eukaryotic proto-
zoan belonging to the class Trypansomatidae and order Kinetoplastida [6]. Over 20 
species of Leishmania are known to be pathogenic to humans [7]. The transmission of 
this disease is facilitated by the bites of female phlebotomine sandflies, more specifi-
cally Phlebotomus in the Old World [8] and Lutzomyia in the New World [9]. According 
to the Pan American Health Organization, leishmaniasis poses a significant threat to 
global health, as it is prevalent in 99 countries [10]. Each year, this disease is estimated 
to cause approximately one million new cases of cutaneous leishmaniasis and 30,000 
new cases of visceral leishmaniasis, as reported by the World Health Organization 
[11]. The economic consequences of the disease are severe due to extended treatment 
regimens and hospitalization, which could be fatal if left untreated [12]. Every year, 
20,000–30,000 deaths occur worldwide [8]. It is crucial to recognize that the number 
of reported cases represents only a fraction of the actual cases, as individuals with 
asymptomatic infections are typically unaware of their condition [13]. Consequently, 
the actual number of cases is likely greater than the reported number.

2.1 Mode of transmission

Transmission of the Leishmania parasite mainly occurs via vectors, specifically 
through the bite of sand flies, but it can also spread in other ways. For instance, 
transmission can occur through blood transfusions from asymptomatic individuals 
who are infected, sharing of needles among drug users, transmission via the placenta 
to the fetus in the womb, transmission through sexual contact, and contamination of 
laboratory samples [14].

2.2 Life cycle of Leishmania

Leishmania exists in two primary forms, promastigotes and amastigotes, which dif-
fer morphologically. Promastigotes are extracellular, elongated, and flagellated, whereas 
amastigotes are intracellular and spherical [15]. The parasite’s life cycle alternates 
between host and carrier, undergoing morphological changes at each stage [16]. Female 
sand flies acquire parasites by ingesting blood from infected hosts. Inside the sandfly, 
the parasite develops into a procyclic promastigote that attaches to the gut lining using 
flagella [17]. Procyclic forms are then transformed into nectomonad promastigotes in 
the abdominal midgut. These promastigotes migrate to the anterior midgut, become 
leptomonads, and differentiate into metacyclic promastigotes. Metacyclic promastigotes 
travel to insect proboscises for transmission to mammalian hosts. Metacyclogenesis 
involves the introduction of promastigotes into the host via sandfly bite, initiating a 
phagocytic process in which promastigotes enter phagocytes and attack parasitophorous 
vacuoles. Inside the vacuole, promastigotes transform into oval-shaped amastigotes, 
which multiply until macrophages rupture, thereby releasing mature amastigotes. This 
release triggers a chain reaction that leads to leishmaniasis [14, 18].

2.3 Clinical forms of Leishmaniasis

Leishmaniasis can take three primary forms, cutaneous (CL), mucocutaneous 
(MCL), and visceral leishmaniasis (VCL), which are determined by the specific 
clinical features of the infection and the type of parasite causing it [19]. The clinical 
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presentation of the disease is influenced by the intricate relationship between the 
parasite and the host’s immune response. It can range from minor skin lesions to 
severe, potentially life-threatening illnesses [20]. Cutaneous leishmaniasis (CL), 
one of the most common form, is caused by various Leishmania species, including 
L. major, L. aethiopica, L. mexicana, L. tropica, L. braziliensis, L. venezuelensis, L. 
peruviana, L. amazonensis, L. panamensis, and L. guyanensis. CL typically manifests 
as painful ulcerative nodular lesions on the hands, face, and feet that may result in 
scarring. Diffuse cutaneous leishmaniasis (DCL), a form of CL, is a widely distrib-
uted non-ulcerative skin lesion primarily caused by L. aethiopica and L. amazonensis 
[14]. Mucocutaneous leishmaniasis (MCL) involves progressive destruction of the 
nasal mucosa and pharyngeal regions, leading to difficulties in food consumption and 
an increased risk of secondary infections. However, L. braziliensis, L. amazonensis, 
L. mexicana, L. panamensis, and L. aethiopica are the primary causative species, L. 
tropica, L. infantum, and L. major have also been reported [14]. Visceral leishmani-
asis (VL), or Kala-azar, is the most severe form, primarily caused by L. chagasi, L. 
donovani, L. tropica, and L. infantum. Symptoms range from asymptomatic infections 
to life-threatening conditions, with a significant risk of secondary infections that 
complicate treatment. In addition, VL can be fatal if left untreated. Moreover, even 
if treated, it may progress to post-Kala-azar dermal leishmaniasis, which can cause 
extensive damage to the mucous membranes of the nose, throat, and oral cavity, 
resulting in disfiguring lesions [21].

2.4 Current treatment options and limitations

Leishmaniasis treatment depends on the Leishmania species, patient’s clinical 
condition, medication availability, and possible side effects. Common treatments 
include pentavalent antimonials, amphotericin B, miltefosine, pentamidine, and 
paramomycin, each with distinct advantages and disadvantages [14].

Antimonial compounds, pentavalent antimony (SbV), are known as first-line 
therapies and have been used to treat leishmaniasis since 1945. Commercially avail-
able formulations of antimonials are Glucantime® and Pentostam® [22], and their 
efficacy varies for visceral and cutaneous leishmaniasis; however, they remain the 
most common treatments [23]. The main reasons for the limited application of 
antimonials are their adverse reactions/toxicity and emergence of resistance and 
treatment failures in countries within the subcontinent. Patients often report local 
pain from intramuscular injections and severe side effects, such as nausea, vomiting, 
appetite loss, muscle and abdominal pain, headache, joint pain, and fatigue [24]. In 
rare cases, these medications may cause fatal cardiac arrhythmias [25].

Amphotericin B (AmB) is a broad-spectrum antifungal used to treat leishmaniasis, 
including the initial treatment of visceral leishmaniasis (VL) in India due to antimo-
nial drug ineffectiveness [26]. It is effective against multiple Leishmania species and 
is recommended for pregnant women and individuals coinfected with Leishmania 
and HIV. While the efficacy of AmB exceeds 90%, it is associated with significant 
toxicity and high cost [27]. Patients may experience adverse reactions that require 
hospital observation, such as fever, myocarditis, and nephrotoxicity [28]. Lipid-based 
formulations, such as AmBisome®, Amphocil®, and Abelcet®, have been developed 
to reduce these adverse effects [29]. Liposomal amphotericin B has fewer adverse 
effects and is preferred as a first-line treatment in Brazil [30]. Liposomal AmB, which 
is available at lower costs (Fungisome®), and other delivery systems offer feasible 
solutions for low-income regions [31].
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Miltefosine, an alkyl phosphocholine derivative, was initially identified as an 
antineoplastic agent for cutaneous neoplasm [32]. In the 1980s, it was found to have 
antileishmanial properties and has since become a widely accepted chemotherapy 
option for leishmaniasis, showing clinical effectiveness comparable to AmB [33]. Its 
primary advantage is that it is the only approved oral medication for leishmaniasis [34]. 
However, the long half-life (> 120 h) and teratogenic potential of miltefosine restrict its 
use during pregnancy. Additionally, its limited efficacy in certain leishmaniasis types, 
necessity for high doses, and emerging resistance are significant concerns [24].

Pentamidine serves as a second-line treatment for leishmaniasis by enhancing the 
immune system’s ability to fight the parasite [35]. It is administered intravenously 
or intramuscularly to patients who are unresponsive to pentavalent antimony [36]. 
Despite its efficacy, pentamidine exhibits high toxicity, including cardiotoxicity, 
hypotension, and irreversible insulin-dependent diabetes mellitus [37], particularly 
in visceral leishmaniasis. Additionally, resistance has been reported to result from 
increased drug efflux [38].

Paromomycin, an aminoglycoside antibiotic, has demonstrated efficacy in combat-
ing leishmanial infections [39]. This drug is utilized in certain areas of the Indian 
subcontinent for both systemic and topical purposes in the treatment of VL, as well 
as for the systemic treatment of CL [40]. Despite its low cost and lack of significant 
toxicity, the use of paromomycin as a monotherapy is hindered by the emergence of 
resistance [24].

Current therapeutic strategies for leishmaniasis face considerable obstacles, 
including high cost, toxicity, emergence of drug resistance, various routes of admin-
istration, extended treatment periods, and documented treatment failures. The rising 
issue of severe resistance to medications such as amphotericin B and miltefosine, 
especially in regions with recurrent outbreaks, is a matter of great concern [24]. 
Furthermore, the control and treatment of leishmaniasis are complicated by factors 
such as lack of public awareness and knowledge, low socioeconomic conditions, 
malnutrition, immunosuppressive medication use, weak healthcare systems, mis-
diagnosis, delayed or undiagnosed patients, climate change, unfeasibility of vector 
and reservoir control, parasite drug resistance, and absence of a vaccine [41]. These 
factors also compromise the effectiveness of the current treatment approaches. 
Therefore, there is an urgent need to discover and develop new drug candidates for 
leishmaniasis treatment.

3.  Phytochemicals as a potential source for Leishmaniasis

The contemporary therapeutic choices for leishmaniasis are becoming less effec-
tive as a result of the emergence of resistance, which poses a significant challenge 
[42]. Many natural products possess exceptional biological properties, making them 
promising sources of new compounds for use in drug development. These products 
can serve as the basis for the creation of new agents to treat a range of diseases, includ-
ing neglected tropical diseases such as leishmaniasis. The use of plants for medicinal 
purposes has a history dating back thousands of years [43]. Plants have traditionally 
been employed in unprocessed forms, such as teas, powders, tinctures, poultices, 
and other herbal preparations. During the early ninteenth century, the use of plants 
as medicines progressed to involve the isolation of active compounds, starting with 
the extraction of morphine from the opium [43]. Several notable active compounds, 
including betulinic acid, combretastatin A4 phosphate, harpagoside [44], quinine, 
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artemisinin [45], digitoxin, paclitaxel, and pilocarpin [46], have been extracted from 
plants and are currently being used as drugs. In numerous tropical countries, con-
ventional leishmaniasis therapy commonly entails oral administration of crude plant 
extracts for the systemic form of the disease, whereas topical treatments are applied to 
treat skin infections [47].

Medicinal plants possess considerable potential for the production of compounds 
capable of effectively treating a wide variety of ailments owing to their substantial 
concentration of potent metabolites. Therefore, researchers are increasingly focusing 
on natural, sustainable sources for the effective management of parasitic diseases and 
their complications. This approach offers several advantages, including fewer side 
effects, lower costs, and environmental friendliness [48]. In addition, the pharmaceuti-
cal sector has recently shifted its attention towards plant-based medicines and formula-
tions, as these tend to exhibit low toxicity and heightened efficacy [42]. The untapped 
potential of plants as sources of new medications is yet to be fully harnessed. Despite 
the fact that there are approximately 250,000 medicinal plants, only a small percentage 
of them have had their biological activities studied, with only 6% being known, and a 
mere 0.75% of herbal compounds has been scientifically investigated [49].

3.1 Limitations of phytochemicals

The use of plant-based therapies offers several advantages, including reduced 
likelihood of adverse reactions and high potency [50]. However, most of these 
compounds have only demonstrated effectiveness in in vitro studies and have not 
advanced to the pre-clinical trial stage [14]. In addition, the pharmaceutical industry 
faces several obstacles when attempting to commercialize natural products. One sig-
nificant challenge is to precisely identify and assign taxonomic names to plant sources 
that are frequently harvested from their natural habitats. The scarcity of these natural 
products further complicates the assessment of their broad range of biological activi-
ties. The chemical makeup of plant materials is critical and is influenced by various 
factors such as species type, harvest timing, soil composition, altitude, climate condi-
tions, and storage practices. Moreover, the extraction and isolation processes can lead 
to the degradation of compounds. Addressing the challenges posed by incompatibility 
between crude extracts and high-throughput assay procedures in natural product 
research is crucial. One of the major challenges in this field is understanding the 
precise molecular mechanisms of plant extracts, which are compounded by inconsis-
tent experimental results and the high costs associated with obtaining natural product 
samples. The presence of artifacts in some extracts also hinders progress, making it 
difficult to isolate the active compounds from these extracts. Obtaining substantial 
quantities of these substances is particularly challenging because of their natural 
origin and lengthy resupply times. The slow growth and sparse distribution of certain 
species exacerbate these difficulties. Moreover, compliance with the Convention on 
Biological Diversity poses additional obstacles, especially when a plant is commercial-
ized for use as a herbal remedy or in pharmaceutical drug production, leading to risks 
from extensive wildcrafting and unsustainable harvesting practices [51, 52].

3.2 Antileishmanial phytochemicals: Literature examples

An isolated compound, luteoside B, from stem bark of Tecoma mollis [53], an 
isolated labdane diterpenoid, sceptrumlabdalactone B, from rhizomes of Aframomum 
spectrum K. Schum [54], methanolic extract of stem bark of Sterculia villosa [55], ethyl 
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acetate and dichlormethane extracts of husks of Acacia nilotica, ethyl acetate, dichlor-
methane, pethrolium ether and water extracts of aerial shoots of Ambrosia miratima 
[56], an isoquinoline alkaloid, (−) caaverine, isolated from stem bark of Ocotea 
lancifolia [57], semi-purified fractions of ethyl acetate extract of leaves of Parthenium 
hysterophorus [58], an isolated compund, emodin, from rhizomes of Rumex abyssinicus 
[59], an isolated compound, putranoside A, from leaves of Drypetes gerrardii [60], 
hydroethanolic extract of aerial parts of Cicer microphyllum [61], crude methanolic 
extract and isolated compunds, funtumic acid A and B, from leaves of Funtumia 

L. donovani promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Tecoma mollis Stem bark Luteoside B [53]

Aframomum spectrum 
K. Schum

Rhizomes Sceptrumlabdalactone B [54]

Sterculia villosa Stem bark Methanolic extract [55]

Acacia nilotica Husks Ethyl acetate and dichlormethane extracts [56]

Ambrosia miratima Aerial shoots Ethyl acetate, dichlormethane, pethrolium 
ether, and water extracts

[56]

Ocotea lancifolia Stem bark (−) Caaverine [57]

Parthenium 
hysterophorus

Leaves Semi-purified fractions of ethyl acetate extract [58]

Rumex abyssinicus Rhizomes Emodin [59]

Drypetes gerrardii Leaves Putranoside A [60]

Cicer microphyllum Aerial parts Hydroethanolic extract [61]

Funtumia elastica Leaves Crude methanolic extract [62]

Funtumia elastica Leaves Funtumic acid A and B [62]

Funtumia elastica 
Preuss Stapf.

Trunk bark Funtulatine [63]

Delphinium gracile N/A Newly identified [64]

Cycas revoluta Leaves Vitexin-2″-rhamnoside [65]

Lantana montevidensis Roots Oleanonic acid [66]

Dodonaea viscosa Linn. Aerial parts 5-Hydroxy-3,6,7,4′ -tetramethoxy flavone and 
aliarin

[67]

Quetzalia ilicina Root bark Acetone extract [68]

Garcinia cowa Leaves and 
barks

Methanolic extract [69]

Lantana ukambensis N/A Methanolic extract [70]

Prosopis juliflora Leaves Methanolic extract [71]

Clematis simensis fresen Leaves Hydromethanolic extract [72]

Euphorbia abyssinica Latex Hydromethanolic extract [72]

Calea zacatechichi Schl. Aerial parts Germacranolides [73]

Table 1. 
Antileishmanial activity of extracts and isolated compounds against L. donovani promatsigotes.
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elastica [62], an isolated compound, funtulatine, from trunk bark of Funtumia 
elastica Preuss Stapf. [63], newly isolated compunds from Delphinium gracile [64], 
an isolated compound, vitexin-2″-rhamnoside, from leaves of Cycas revoluta [65], an 
isolated compound, oleanonic acid, from roots of Lantana montevidensis [66], isolated 
compounds, 5-hydroxy-3,6,7,4′-tetramethoxy flavone and aliarin, from aerial parts 
of Dodonaea viscosa Linn. [67], acetone extract of root bark of Quetzalia ilicina [68], 
methanolic extract of leaves and barks of Garcinia cowa [69], methanolic extract of 
Lantana ukambensis [70], methanolic extract of leaves of Prosopis juliflora [71], hydro-
methanolic extract of leaves of Clematis simensis fresen and latex of Euphorbia abys-
sinica [72], and isolated germacranolides from aerial parts of Calea zacatechichi Schl. 
[73] exhibited antileishmanial activity against L. donovani promatsigotes (Table 1).

A newly isolated compound from leaves of Piliostigma thonningii [74], dichlo-
romethane fraction of methanol extract of aerial parts of Helichrysum oligocephal 
[75], isolated napththylisoquinoline alkaloids, ancistrogriffine A and C, from 
leaves of Ancistrocladus griffithii [76], and ancistrotanzanine A and B, from leaves 
of Ancistrocladus tanzaniensis [77], an isolated abietane diterpenoid, leriifoliol, 
from roots of Salvia leriifolia [78], an isoflavanol, pumilanol, isolated from roots 
of Tephrosia pumila [79], an isolated compound, emodin, from rhizomes of Rumex 
abyssinicus [59], isolated compounds, 7-deacetylgedunin and 7-deacetyl-7-oxoge-
dunin, from roots of Pseudocedrela kotschyi [80], isolated compounds, apigenin 
and luteolin, from aerial parts of Melampyrum arvense [81], isolated biflavanoids, 
2,3-dihydrohinokiflavone and 7-O-methylhinokiflavone, from Selaginella bryopteris 
[82], an isolated compound, geranylfarnesol, from aerial parts of Thalia geniculata 
[83], a diarylheptanoid, 1,7-bis-(4-hydroxyphenyl)-3-hepten-5-one, from aerial 
parts of Schrankia leptocarpa DC. [84], an isolated compound, guttiferone A, from 
fruits of Allanblackia monticola and isolated compound, guttiferone F, from leaves 
of Symphonia globulifera [85], isolated compounds, betunilic acid and quarcetrin, 
from leaves of Pelliciera rhizophorae [86], newly isolated compunds from Delphinium 
gracile [64], isolated compounds, vismione D and emodin, from stem bark of Vismia 
orientalis Engl. [87], an isolated compound, oleanonic acid, from roots of Lantana 
montevidensis [66], aqueous extracts of aerial parts of Xanthium brasilicum Vell., 
and isolated compounds, 4,15-dinor-1,11(13)-xanthadiene-3,5β:12,8β-diolide and 
8-epixanthatin 1β,5β-epoxide, from aerial parts of Asteraceae species native to Sudan 
[88], dichloromethane extract of aerial parts of Ageratum conyzoides L. [89], dichlo-
romethane extract of aerial parts of Larrea tridentata [90], an isolated compound, 
2-acetylnaphtho[2,3-b]furan-4,9-dione, from stem bark of Markhamia tomentosa 
[91], dichloromethane extract of leaves of Piper casapiense, Piper acutilimbum, Piper 
lineatum, and methanolic extract of leaves of Piper pseudoarboreum [92], hexane 
extract of roots of Zhumeria majdae [93] exhibited antileishmanial activity against  
L. donovani amastigotes (Table 2).

Methanolic extract of Teucrium oliverianum [94], methanolic extract and iso-
lated compound, hesperidin, from flowers of Calendula officinalis L. [45], isolated 
physalins from Physalis minima [42], chloroform and ethyl acetate extracts from 
stems of Tocoyena hispidula [95], isolated steroidal alkaloids, hookerianamide J, K, 
H and I, vagenine A,2,3-dehydrosarsalignone and sarcovagine C, from Sarcococca 
hookeriana [96], an isolated sesquiterpene lactone, 1b,2b,8a-trihydroxy-11b,13-
dihydroelema-12,6a-olide, from aerial parts of Seriphidium khorassanicum [97], ethyl 
acetate extract of aerial parts of Echium arenarium (Guss) [98], chloroform extracts 
of Euphorbia retusa and Pulicaria undulata [99], isolated compounds, oleanolic 
acid and ursolic acid, from leaves of Tabebuia aurea [100], isolated compounds, 
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5,3′,4′-trihydroxy-6-(g,g-dimethylallyl)-6″,6″-dimethylpyrano-(2″,3″,7,8)-flavanone, 
dorsmanine I, lonchocarpol A and 6,8-diprenyleriodictyol, from stem and leaves of 
Derris ferruginea [101], an isolated steroidal saponin from bulbs of Allium paradoxum 
L. [102], isolated compounds, minutin A and B, 8-hydroxyisocapnolactone-2′,3′ -diol 
and clauslactone E, from leaves of Micromelum minutum [103], an isolated compound, 

L. donovani amastigotes

Plant Plant part Extract/isolated compound(s) Reference

Rumex abyssinicus Rhizomes Emodin [59]

Delphinium gracile N/A Newly identified [64]

Lantana montevidensis Roots Oleanonic acid [66]

Piliostigma thonningii Leaves Newly identified [74]

Helichrysum oligocephal Aerial parts Dichloromethane fraction of methanol extract [75]

Ancistrocladus griffithii Leaves Ancistrogriffine A and C [76]

Ancistrocladus 
tanzaniensis

Leaves Ancistrotanzanine A and B [77]

Salvia leriifolia Roots Leriifoliol [78]

Tephrosia pumila Roots Pumilanol [79]

Pseudocedrela kotschyi Roots 7-Deacetylgedunin and 7-deacetyl-7-oxogedunin [80]

Melampyrum arvense Aerial parts Apigenin and luteolin [81]

Selaginella bryopteris N/A 2,3-Dihydrohinokiflavone and 
7-O-methylhinokiflavone

[82]

Thalia geniculata Aerial parts Geranylfarnesol [83]

Schrankia leptocarpa DC. Aerial parts 1,7-Bis-(4-hydroxyphenyl)-3-hepten-5-one [84]

Allanblackia monticola Fruits Guttiferone A [85]

Symphonia globulifera Leaves Guttiferone F [85]

Pelliciera rhizophorae Leaves Betunilic acid and quarcetrin [86]

Vismia orientalis Engl. Stem bark Vismione D and emodin [87]

Xanthium brasilicum 
Vell.

Aerial parts Aqueous extracts [88]

Asteraceae species native 
to Sudan

Aerial parts 4,15-Dinor-1,11(13)-xanthadiene-3,5β:12,8β-diolide 
and 8-epixanthatin 1β,5β-epoxide

[88]

Ageratum conyzoides L. Aerial parts Dichloromethane extract [89]

Larrea tridentata Aerial parts Dichloromethane extract [90]

Markhamia tomentosa Stem bark 2-Acetylnaphtho[2,3-b]furan-4,9-dione [91]

Piper casapiense Leaves Dichloromethane extract [92]

Piper acutilimbum Leaves Dichloromethane extract [92]

Piper lineatum Leaves Dichloromethane extract [92]

Piper pseudoarboreum Leaves Methanolic extract [92]

Zhumeria majdae Roots Hexane extract [93]

Table 2. 
Antileishmanial activity of extracts and isolated compounds against L. donovani amastigotes.
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chamuangone, from leaves of Garcinia cowa [104], methanolic extract of Veronica per-
sica Poir. [105], chloroform extract of Gossypium hirsutum [106], methanolic extract 
of stem bark of Azadirchta indica [107], an isolated triterpene, pistagremic acid, from 
galls of Pistacia integerrima Stewart [108], isolated compounds, crossoseamine A 
and B [109], and crossostenin A, B, C and D, and crossoseamine C from aerial parts 
of Crossostephium chinense [110] exhibited antileishmanial activity against L. major 
promatsigotes (Table 3).

Methanolic extract of Teucrium oliverianum, Pergularia tomentosa and Cleome 
amblyocarpa [94], isolated compounds, hesperidin and rutin, from flowers of 

L. major promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Physalis minima N/A Physalins [42]

Calendula officinalis L. Flowers Methanolic extract [45]

Calendula officinalis L. Flowers Hesperidin [45]

Teucrium oliverianum N/A Methanolic extract [94]

Tocoyena hispidula Stems Chloroform and ethyl acetate extracts [95]

Sarcococca hookeriana N/A Hookerianamide J, K, H, and I, vagenine A,2,3-
dehydrosarsalignone and sarcovagine C

[96]

Seriphidium 
khorassanicum

Aerial 
parts

1b,2b,8a-Trihydroxy-11b,13-dihydroelema-12,6a-olide [97]

Echium arenarium 
(Guss)

Aerial 
parts

Ethyl acetate extract [98]

Euphorbia retusa N/A Chloroform extract [99]

Pulicaria undulata N/A Chloroform extract [99]

Tabebuia aurea Leaves Oleanolic acid and ursolic acid [100]

Derris ferruginea Stems and 
leaves

5,3′,4′-Trihydroxy-6-(g,g-dimethylallyl)-6″,6″-
dimethylpyrano-(2″,3″:7,8)-flavanone, dorsmanine I, 

lonchocarpol A and 6,8-diprenyleriodictyol

[101]

Allium paradoxum L. Bulbs Steroidal saponin [102]

Micromelum minutum Leaves Minutin A and B, 8-hydroxyisocapnolactone-2′,3′ 
-diol and clauslactone E

[103]

Garcinia cowa Leaves Chamuangone [104]

Veronica persica Poir. N/A Methanolic extract [105]

Gossypium hirsutum N/A Chloroform extract [106]

Azadirchta indica Stem bark Methanolic extract [107]

Pistacia integerrima 
Stewart

Galls Pistagremic acid [108]

Crossostephium chinense Aerial 
parts

Crossoseamine A and B [109]

Crossostephium chinense Aerial 
parts

Crossostenin A, B, C, and D and crossoseamine C [110]

Table 3. 
Antileishmanial activity of extracts and isolated compounds against L. major promatsigotes.
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Calendula officinalis L. [45], methanolic extract of aerial parts of Ziziphus spina-christi 
[111], isolated compound, curcumin, from Curcuma longa Linn [112], and chloroform 
extracts of Euphorbia retusa and Pulicaria undulata [99] exhibited antileishmanial 
activity against L. major amastigotes (Table 4).

Ethanolic extract of leaves of Senna rugosa [113], isolated compounds, 3-chlorosin-
tenpyridone and (S)-13-hydroxy-octadeca-(9Z,11E,15Z)-trienoic acid, from leaves of 
Piper pseudoarboreum [114], ethyl acetate extract of aerial parts of Echium arenarium 
(Guss) [98], newly isolated compunds from Delphinium gracile [64], semisynthetic 
terpenoid derivatives from latex of Euphorbia resinifera and Euphorbia officinarum 
[115], and dichloromethane and methanol fraction of radix of Pycnarrhena cauliflora 
[116] exhibited antileishmanial activity against L. infantum promatsigotes (Table 5).

Dichloromethane extract and isolated compound, α-mangostin, from Garcinia 
mangostana [117], essential oil of leaves of Piper angustifoliu [118], neem seed oil 
of Azadirachta indica A. Juss [119], ethyl acetate extract of aerial parts of Echium 
arenarium (Guss) [98], newly isolated compounds from Delphinium gracile [64], and 
methanolic extract of aerial parts of Hypoestes forskalei [120] exhibited antileishman-
ial activity against L. infantum amastigotes (Table 6).

L. major amastigotes

Plant Plant part Extract/isolated compound(s) Reference

Calendula officinalis L. Flowers Hesperidin and rutin [45]

Teucrium oliverianum N/A Methanolic extract [94]

Pergularia tomentosa N/A Methanolic extract [94]

Cleome amblyocarpa N/A Methanolic extract [94]

Euphorbia retusa N/A Chloroform extract [99]

Pulicaria undulata N/A Chloroform extract [99]

Ziziphus spina-christi Aerial parts Methanolic extract [111]

Curcuma longa Linn. N/A Curcumin [112]

Table 4. 
Antileishmanial activity of extracts and isolated compounds against L. major amastigotes.

L. infantum promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Delphinium gracile N/A Newly identified [64]

Echium arenarium 
(Guss)

Aerial 
parts

Ethyl acetate extract [98]

Senna rugosa Leaves Ethanolic extract [113]

Piper pseudoarboreum Leaves 3-Chlorosintenpyridone and (S)-13-hydroxy-octadeca-
(9Z,11E,15Z)-trienoic acid

[114]

Euphorbia resinifera Latex Semisynthetic terpenoid derivatives [115]

Euphorbia officinarum Latex Semisynthetic terpenoid derivatives [115]

Pycnarrhena cauliflora Radix Dichloromethane and methanol fraction [116]

Table 5. 
Antileishmanial activity of extracts and isolated compounds against L. infantum promatsigotes.
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An isolated compound, lupenone, from aerial parts of Albizia inundata [121], 
methanolic extract of fruits of Libidibia ferrea [122], ethanolic extract of leaves of 
Senna rugosa [113], essential oils of Copaifera reticulate (Para), Copaifera reticulata 
(Acre), Copaifera martii, Copaifera cearensis, Copaifera paupera, Copaifera langsdorf-
fii, Copaifera officinalis, Copaifera multijuga and Copaifera lucens [123], isolated 
compounds, kaurenoic acid, hydroxycopalic acid, polyalthic acid and pinifolic acid, 
from copaiba oil [124], aqueous extract of root bark of Juglans regia L. [125], hydro-
methanolic extract of aerial parts of Mitracarpus frigidus [126], volatile oil of leaves 
of Psidium firmum O. BERG [127], isolated compounds, 3-chlorosintenpyridone and 
(S)-13-hydroxy-octadeca-(9Z,11E,15Z)-trienoic acid, from leaves of Piper pseudoarbo-
reum [114], an isoquinoline alkaloid, (−) caaverine, isolated from stem bark of Ocotea 
lancifolia [57], an isolated alkaloids, 14-oxoprunifoleine and strictosamide, from roots 
of Psychotria prunifolia [128], dichloromethane extract and an isolated oxoaporphine 
alkaloid, liriodenine, from leaves of Annona mucosa [129], isolated compound, trix-
anolide, from aerial parts of Trixis antimenorrhoea [130], acetone extract of root bark 
of Quetzalia ilicina [68], dichloromethane fraction of hydroalcoholic extract of aerial 
parts of Tanacetum parthenium (L.) [131], and dichloromethane extract of flowers of 
Chromolaeana hirsuta [132] exhibited antileishmanial activity against L. amazonensis 
promatsigotes (Table 7).

An isolated compound, lupenone, from aerial parts of Albizia inundata [121], 
isolated xanthones from stem bark of Allanblackia gabonensis [133], isolated sesqui-
terpenes from leaves of Renealmia thyrsoidea [134], methanolic extract of fruits of 
Libidibia ferrea [122], ethyl acetate extracts of aerial parts of Coronilla scorpioides, 
Eremanthus incanus and Pseudogynoxys cabrerae [135], isolated compounds, kaurenoic 
acid, hydroxycopalic acid, polyalthic acid and pinifolic acid, from copaiba oil [124], 
hydroethanolic extracts of roots and leaves of Leonotis nepetifolia (L.) Br. [136], 
dichloromethane fraction of hydroalcoholic extract of aerial parts of Tanacetum 
parthenium (L.) [131], hydroethanolic extract and isolated biflavanoids, amentofla-
vone and robustaflavone, from Selaginella sellowii [137], and an isolated compound, 
2′-hydroxy-3′,4′,6′-trimethoxychalcone, from leaves of Piper hispidum [138] exhib-
ited antileishmanial activity against L. amazonensis amastigotes (Table 8).

Ethanolic extract of leaves of Tarenaya spinosa (Jacq.) Raf. [139], isolated com-
pounds, deacetylspathelin and casimiroin, isolated compounds, 3-chlorosintenpyri-
done and (S)-13-hydroxy-octadeca-(9Z,11E,15Z)-trienoic acid, from leaves of Piper 
pseudoarboreum [114], an isoquinoline alkaloid, (−) caaverine, isolated from stem 

L. infantum amastigotes

Plant Plant part Extract/isolated compound(s) Reference

Delphinium gracile N/A Newly identified [64]

Echium arenarium (Guss) Aerial parts Ethyl acetate extract [98]

Garcinia mangostana N/A Dichloromethane extract [117]

Garcinia mangostana N/A α-Mangostin [117]

Piper angustifoliu Leaves Essential oil [118]

Azadirachta indica A. Juss Seeds Neem seed oil [119]

Hypoestes forskalei Aerial parts Methanolic extract [120]

Table 6. 
Antileishmanial activity of extracts and isolated compounds against L. infantum amastigotes.
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bark of Ocotea lancifolia [57], dichloromethane extract and an isolated oxoaporphine 
alkaloid, liriodenine, from leaves of Annona mucosa [129], isolated compound, 
trixanolide, from aerial parts of Trixis antimenorrhoea [130], newly isolated com-
punds from Delphinium gracile, Consolida oliveriana and Aconitum napellus subsp. 
Lusitanicum [64], ethanol extract of leaves of Pityrogramma calomelanos (L.) [140], 

L. amazonensis promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Ocotea lancifolia Stem bark (−) Caaverine [57]

Quetzalia ilicina Root bark Acetone extract [68]

Senna rugosa Leaves Ethanolic extract [113]

Piper pseudoarboreum Leaves 3-Chlorosintenpyridone and (S)-13-hydroxy-octadeca-
(9Z,11E,15Z)-trienoic acid

[114]

Albizia inundata Aerial 
parts

Lupenone [121]

Libidibia ferrea Fruits Methanolic extract [122]

Copaifera reticulate 
(Para)

N/A Essential oil [123]

Copaifera reticulata 
(Acre)

N/A Essential oil [123]

Copaifera martii N/A Essential oil [123]

Copaifera cearensis N/A Essential oil [123]

Copaifera paupera N/A Essential oil [123]

Copaifera langsdorffii N/A Essential oil [123]

Copaifera officinalis N/A Essential oil [123]

Copaifera multijuga N/A Essential oil [123]

Copaifera lucens N/A Essential oil [123]

Copaiba oil N/A Kaurenoic acid, hydroxycopalic acid, polyalthic acid, 
and pinifolic acid

[124]

Juglans regia L. Root bark Aqueous extract [125]

Mitracarpus frigidus Aerial 
parts

Hydromethanolic extract [126]

Psidium firmum O. 
BERG

Leaves Volatile oil [127]

Psychotria prunifolia Roots 14-Oxoprunifoleine and strictosamide [128]

Annona mucosa Leaves Dichloromethane extract [129]

Annona mucosa Leaves Liriodenine [129]

Trixis antimenorrhoea Aerial 
parts

Trixanolide [130]

Tanacetum parthenium 
(L.)

Aerial 
parts

Dichloromethane fraction of hydroalcoholic extract [131]

Chromolaeana hirsuta Flowers Dichloromethane extract [132]

Table 7. 
Antileishmanial activity of extracts and isolated compounds against L. amazonensis promatsigotes.
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and isolated compounds, phaeophytin A, 132(S)-hydroxyphaeophytin A, 132(S)- 
hydroxy-(173)-ethoxyphaeophorbide A and 7,4 -di-O-methylisoescutellarein, from 
aerial parts of Sidastrum paniculatum (L.) [141] exhibited antileishmanial activity 
against L. braziliensis promatsigotes (Table 9). Moreover, newly isolated compunds 
from Delphinium gracile [64] exhibited antileishmanial activity against L. braziliensis 
amastigotes (Table 9).

Isolated physalins from Physalis minima [42], methanol/water extract of leaves 
of Otostegia limbata (Benth.) [142], n-hexane extract of Isodon rugosus Wall. ex 
Benth [143], an isolated terpenoid, 3-O-Methyl-6-oxopristimerol, from root bark of 
Maytenus chubutensis [144], aqueous and methanolic extracts of Capparis spinosa L. 
[145], hydroalcoholic extract of leaves of Avicennia marina [146], methanol extract 
and ethyl acetate fraction of Jurinea dolomiaea [147], methanol/water extract of roots 
of Malvastrum coromandelianum (L.) Garcke [148], n-hexane extract of leaves of Rhus 
Punjabensis Stewart [149], and ethyl acetate extract of roots of Dysphania ambrosi-
oides (L.) [150] exhibited antileishmanial activity against L. tropica promatsigotes 
(Table 10). In addition, neem seed oil of Azadirachta indica A. Juss [119] exhibited 
antileishmanial activity against L. tropica amastigotes (Table 10).

An isolated benzechromene from roots of Bourreria pulchra [151], an isolated com-
pound, bokkosin, from roots of Calliandra portoricensis [152], essential oil and n-hexane 
extract of Plagiochila porelloides [153], isolated compounds, cycloartocarpesin and 1-O- 
linolenoyl-2-O-stearoyl-3-O-b-D-galactopyranosyl glycerol, from rhizomes of Dorstenia 
contrajerva [154], and an isolated compound, most active one: 2′,4′-dimethoxy-
6′-hydroxychalcone, from aerial parts of Polygonum salicifolium [155] exhibited 

L. amazonensis amastigotes

Plant Plant part Extract/isolated compound(s) Reference

Albizia inundata Aerial parts Lupenone [121]

Libidibia ferrea Fruits Methanolic extract [122]

Copaiba oil N/A Kaurenoic acid, hydroxycopalic acid, polyalthic 
acid, and pinifolic acid

[124]

Allanblackia 
gabonensis

Stem bark Xanthones [133]

Renealmia thyrsoidea Leaves Sesquiterpenes [134]

Coronilla scorpioides Aerial parts Ethyl acetate extracts [135]

Eremanthus incanus Aerial parts Ethyl acetate extracts [135]

Pseudogynoxys 
cabrerae

Aerial parts Ethyl acetate extracts [135]

Leonotis nepetifolia 
(L.) Br.

Roots and 
leaves

Hydroethanolic extracts [136]

Tanacetum 
parthenium (L.)

Aerial parts Dichloromethane fraction of hydroalcoholic 
extract

[131]

Selaginella sellowii N/A Hydroethanolic extract [137]

Selaginella sellowii N/A Amentoflavone and robustaflavone [137]

Piper hispidum Leaves 2’-Hydroxy-3′,4′,6′-trimethoxychalcone [138]

Table 8. 
Antileishmanial activity of extracts and isolated compounds against L. amazonensis amastigotes.
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L. braziliensis promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Ocotea lancifolia Stem bark (−) Caaverine [57]

Delphinium gracile N/A Newly identified [64]

Consolida oliveriana N/A Newly identified [64]

Aconitum napellus subsp. 
Lusitanicum

N/A Newly identified [64]

Piper pseudoarboreum Leaves 3-Chlorosintenpyridone and (S)-13-hydroxy-
octadeca-(9Z,11E,15Z)-trienoic acid, 

Deacetylspathelin and casimiroin

[114]

Annona mucosa Leaves Liriodenine [129]

Trixis antimenorrhoea Aerial parts Trixanolide [130]

Tarenaya spinosa Leaves Ethanolic extract [139]

Pityrogramma calomelanos 
(L.)

Leaves Ethanol extract [140]

Sidastrum paniculatum (L.) Aerial parts Phaeophytin A, 132(S)-hydroxyphaeophytin 
A, 132(S)- hydroxy-(173)-

ethoxyphaeophorbide A, and 7,4 
-di-O-methylisoescutellarein

[141]

L. braziliensis amastigotes

Delphinium gracile N/A Newly identified [64]

Table 9. 
Antileishmanial activity of extracts and isolated compounds against L. braziliensis promatsigotes and 
amastigotes.

L. tropica promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Physalis minima N/A Isolated compounds [42]

Otostegia limbata (Benth.) Leaves Methanol/water extract [143]

Isodon rugosus Wall. ex Benth N/A n-Hexane extract [143]

Maytenus chubutensis Root bark 3-O-Methyl-6-oxopristimerol [144]

Capparis spinosa L. N/A Aqueous and methanolic extracts [145]

Avicennia marina Leaves Hydroalcoholic extract [146]

Jurinea dolomiaea N/A Methanol extract and ethyl acetate 
fraction

[147]

Malvastrum coromandelianum (L.) 
Garcke

Roots Methanol/water extract [148]

Rhus Punjabensis Stewart Leaves n-Hexane extract [149]

Dysphania ambrosioides (L.) Roots Ethyl acetate extract [150]

L. tropica amastigotes

Azadirachta indica A. Juss Neem seed oil [119]

Table 10. 
Antileishmanial activity of extracts and isolated compounds against L. tropica promatsigotes and amastigotes.
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antileishmanial activity against L. mexicana promatsigotes (Table 11). Moreover, 
n-hexane extract of of leaves of Thouinia paucidentata Radlk [156] exhibited antileish-
manial activity against L. mexicana both promatsigotes and amastigotes (Table 11).

Dichloromethane extract of earial parts of Mitracarpus frigidus [126] exhibited 
antileishmanial activity against L. chagasi promatsigotes, while ethyl acetate/metha-
nol extract of leaves of Spondias mombin [157] exhibited antileishmanial activity 
against both L. chagasi promatsigotes and amastigotes (Table 12).

A hydromethanolic extract of leaves of Clematis simensis fresen and latex of 
Euphorbia abyssinica [72] exhibited antileishmanial activity against L. aethiopica 
promatsigotes (Table 13).

L. mexicana promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Bourreria pulchra Roots Isolated compound [151]

Calliandra portoricensis Roots Bokkosin [152]

Plagiochila porelloides N/A Essential oil and n-hexane extract [153]

Dorstenia contrajerva Rhizomes Cycloartocarpesin and 1-O- linolenoyl-2-O-
stearoyl-3-O-b-D-galactopyranosyl glycerol

[154]

Polygonum salicifolium Aerial parts 2′,4’-Dimethoxy-6′-hydroxychalcone [155]

Thouinia paucidentata Radlk Leaves n-Hexane extract [156]

L. mexicana amastigotes

Thouinia paucidentata Radlk Leaves n-Hexane extract [156]

Table 11. 
Antileishmanial activity of extracts and isolated compounds against L. mexicana promatsigotes and amastigotes.

L. chagasi promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Mitracarpus frigidus Aerial parts Dichloromethane extract [126]

Spondias mombin Leaves Ethyl acetate/methanol extract [157]

L. chagasi amastigotes

Spondias mombin Leaves Ethyl acetate/methanol extract [157]

Table 12. 
Antileishmanial activity of extracts and isolated compounds against L. chagasi promatsigotes and amastigotes.

L. aethiopica promatsigotes

Plant Plant part Extract/isolated compound(s) Reference

Euphorbia abyssinica Latex Hydromethanolic extract [72]

Clematis simensis fresen Leaves Hydromethanolic extract [72]

Table 13. 
Antileishmanial activity of extracts and isolated compounds against L. aethiopica promatsigotes.
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4.  Conclusion

Recently, there has been a significant increase in scientific research aimed at 
developing effective treatments for leishmaniasis. Several investigations within the 
scientific community have highlighted the promising effects of phytochemicals as 
potential treatments for leishmaniasis. Based on these studies, extracts or essential 
oils obtained from Spondias mombin, Physalis minima, Copaifera reticulate, Acacia 
nilotica, Ambrosia maratima, Vismia orientalis Engl. Capparis spinosa L., Zinowewia 
integerrima, Maytenus segoviarum, Quetzalia ilicina, Avicennia marina, Markhamia 
tomentosa and medicinal Piper species, and phytochemicals form Ancistrocladus 
tanzaniensis, Piper pseudoarboreum, Allanblackia monticola, Delphinium gracile, 
Consolida oliveriana and Aconitum napellus subsp. Lusitanicum, Ageratum conyzoides 
L., Crossostephium chinense, and Calea zacatechichi are promising against different 
Leishmania species and should be further investigated.

Although several studies have shown promising results, most of the research 
has been limited to in vitro experiments utilizing promastigotes and amastigotes. 
Nonetheless, it is indispensable to conduct in vivo studies and standardize the tech-
niques employed to evaluate compounds capable of surmounting the cellular barriers 
of host cells and withstanding the immune defenses of the body.
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