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Preface

Herbs and spices have accompanied human civilization for thousands of years,
serving not only as flavoring agents but also as important components of traditional
medicine and cultural practices. Their aromatic properties, preservation potential,
and therapeutic uses have made them essential in culinary, medicinal, and agricul-
tural contexts across different societies. In recent decades, scientific interest in herbs
and spices has expanded considerably as advances in chemistry, pharmacology,
biotechnology, and analytical technologies have revealed the remarkable diversity of
bioactive compounds present in these plant materials.

Today, herbs and spices are increasingly recognized as valuable sources of natural
products with applications in food science, pharmaceutical development, and bio-
technology. Essential oils, phenolic compounds, flavonoids, and other secondary
metabolites derived from these plants have demonstrated a wide range of biological
activities, including antioxidant, antimicrobial, anti-inflammatory, and therapeutic
effects. At the same time, modern technologies are enabling more efficient
extraction methods, more precise chemical characterization, and new strategies to
enhance the functional value of plant-derived compounds.

This edited volume, Herbs and Spices - Innovations in Extraction, Chemical Composition,
Pharmacology, and Biotechnological Applications, aims to provide an accessible overview
of current scientific advances in these important natural resources. The chapters
included in this book cover different aspects of herbs and spices research, ranging from
extraction techniques and essential oil composition to pharmacological investigations
and biotechnological approaches that enhance the functional properties of plant
materials. In addition, modern analytical methodologies are discussed as powerful tools
for identifying and characterizing phytochemicals, thereby contributing to a deeper
understanding of plant metabolomes.

Another important theme addressed in this volume is the relationship between
traditional knowledge and contemporary scientific research. Many herbs and spices
have been used for centuries in traditional healing systems, and modern studies are
increasingly validating these uses through pharmacological and biochemical inves-
tigations. By combining traditional perspectives with modern scientific methods,
researchers are discovering new opportunities for developing functional foods,
nutraceuticals, and plant-based therapeutic agents.

The chapters also highlight the growing role of biotechnology in transforming herbs
and spices into value-added products. Techniques such as microbial fermentation,
advanced extraction processes, and high-resolution analytical platforms are
expanding the possibilities for improving the bioavailability, stability, and biological
effectiveness of plant-derived compounds.



This book is intended for researchers, graduate students, and professionals working in
fields such as natural product chemistry, pharmacology, food science, biotechnology,
and plant sciences. By presenting diverse scientific perspectives, the volume aims to
contribute to a broader understanding of how herbs and spices can support innovation
in health, nutrition, and sustainable bio-based technologies. As Academic Editor, I
would like to express my sincere appreciation to all contributors and reviewers who
generously shared their expertise and helped shape this volume. Their work reflects
the growing global interest in exploring the scientific potential of herbs and spices and
highlights the importance of interdisciplinary collaboration in natural product
research. We hope that this book will serve as a useful reference and encourage further
research into the many possibilities offered by these remarkable plant resources.

Prof. Mozaniel Santana de Oliveira, Ph.D.
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Belém, Brazil
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Chapter 1

Cymbopogon Nardus Essential Oils:
Extraction, Chemical Composition
and Biological Activities

Caroline da Costa Callandrine, Oberdan Oliveira Ferreira,
Marcelo Alves Farias, Fdbio José Bonfim Cardoso,
Moganiel Santana de Oliveira,

Karyme do Socorro de Souza Vilhena and

Eloisa Helena de Aguiar Andrade

Abstract

Essential oils (EOs) have attracted considerable scientific interest due to
their ecological role in plants and their broad biological applications. This
chapter presents an overview of extraction techniques, chemical composition,
and biological properties of EOs, with emphasis on Cymbopogon nardus (L.)
Rendle. Conventional and modern extraction methods are discussed,
highlighting factors that influence oil yield and quality. The genus Cymbopogon
is recognized for its medicinal relevance and high EO content, particularly in
monoterpenes such as citronellal, citronellol, and geraniol, which are
responsible for diverse biological activities. The chemical profile of C. nardus oil
underpins its applications in pharmaceutical, cosmetic, and agricultural
industries. Its biological potential includes antioxidant, antimicrobial, and
insecticidal properties, which reinforce its value as a natural alternative to
synthetic products. The compilation of studies presented in this chapter
demonstrates that C. nardus EO is a promising candidate for environmentally
friendly applications and human health protection.

Keywords: essential oils, Cymbopogon nardus, extraction methods, monoterpenes,
antioxidant activity, antimicrobial activity, insecticidal potential
1. Introduction

In recent decades, the study of essential oils (EOs) has garnered mounting
attention due to their therapeutic properties and industrial applications. These
volatile, aromatic compounds are synthesized from various plant parts, including

flowers, leaves, seeds, and roots. These substances are the result of secondary
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metabolism. In contrast to primary metabolites, which are directly involved in plant
growth and development, secondary metabolites, such as EOs, have adaptive
functions. As demonstrated in the literature, these functions include defense against
herbivores and pathogens, as well as the attraction of pollinators [1-4].

EOs are natural, liquid, and highly volatile substances. EOs are produced and
stored in specialized structures called secretory cavities, glandular trichomes, and
idioblasts. These structures are located in plant organs such as leaves and flowers,
and they play a fundamental ecological role for the plant [5, 6]. EOs have a complex
chemical composition consisting mainly of low-molecular-weight volatile organic
substances and may contain more than 300 different compounds, such as terpenes
and phenylpropanoids [7]. The concentrations of these compounds usually depend
on the specific characteristics of each plant.

The terpene class constitutes the most substantial and varied category of
natural organic compounds, with a total of 80,000 terpenoids identified to
date [1, 8]. Terpenes fulfill pivotal biological functions in living organisms,
including defense against biotic and abiotic stresses. These compounds are
classified as cyclic or acyclic hydrocarbons, with some exhibiting oxygenation
[9]. The classification of these compounds is determined by the number of
isoprene units (CsHg) and the length of the carbon chains [10]. The chemical
composition of these substances varies according to the number of isoprene
units in their structure. Monoterpenes, with 10 carbon atoms (C;oHj¢), and
sesquiterpenes, with 15 carbon atoms (C;sH,4), are the main constituents
[11, 12].

During the process of obtaining EOs, a variety of factors have the capacity to
impact their chemical composition, which, in turn, affects their properties. The
varijability of these factors, both intrinsic and extrinsic, directly influences the yield
and quality of the oil. Among the intrinsic factors, the interaction between species and
environmental conditions, such as the time of collection and water stress, stands out.
Extrinsic factors, such as the extraction method, precipitation conditions, and
postharvest care, have been identified as influential elements in this regard. These
factors have the potential to influence not only the composition of EO but also its
efficacy [5, 13-15].

The EOs have demonstrated applications in various domains due to their
biological activities, including antioxidant, insecticidal, antimicrobial, and
antifungal properties [16, 17]. These oils have a variety of applications, including
their use as natural food preservatives, in aromatherapy for the treatment of
depression and the improvement of sleep quality, and in agriculture as an alternative
to synthetic products for mosquito control [18-20].

2. Extraction methods

The production of EOs is a complex process whose efficiency depends on
numerous factors, such as the handling of the plant material, increased control and
quality of equipment, and improved extraction methods, especially techniques with
lower energy, solvent, and time costs [21]. These extraction techniques are classified
into two categories: traditional (conventional) and modern [22].

Conventional methods for EO extraction involve the use of water distillation by
heating, such as hydrodistillation and steam distillation. Conversely, innovative
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techniques are predicated on enhancing the extraction process with respect to time
criteria for isolating EOs, as well as the yield and quality of these EOs. Among these
techniques are supercritical fluid extraction and solvent-free microwave extraction
(SFME) [23].

2.1 Hydrodistillation

Hydrodistillation is recognized as one of the most widely used techniques for
extracting EOs. In this method, the plant material is immersed in water and
brought to a boil, usually at atmospheric pressure. The steam generated carries
the volatile compounds and is cooled in a condenser, thus separating the EO from
the water. A notable benefit of this approach is that the distillation process takes
place at relatively low temperatures, a factor that aids in the preservation of
compounds that are particularly sensitive to heat. Despite its prevalence as
a technique for distilling botanical material, the method has certain limitations.
These include the necessity for greater time and water input, in addition to
extended heating of the plant material, which can result in the generation of an
undesirable odor in the EO. Moreover, prolonged exposure to boiling water can
trigger chemical reactions, such as ester hydrolysis, which involves the
transformation of alcohols and acids [24, 25].

2.2 Steam distillation

Steam distillation extraction is a method employed for the extraction of EOs from
plant material. This method is regarded as a straightforward and financially feasible
process, with the added benefit of not employing toxic solvents that could
potentially harm the environment [26]. The duration of distillation can vary from
one to 10 hours, depending on factors such as the type of plant, the temperature
applied, the exposure time to steam, and the pressure conditions [27]. In this
method, the plant material is exposed directly to steam, causing the heat from the
steam to break down the plant cells, thereby allowing the release of volatile
compounds. Subsequently, the steam is condensed, yielding water and EO. In
conclusion, the mixture of EO and water is separated [28].

2.3 Supercritical fluid extraction

This technique is one of the most innovative and sustainable, providing
protection to the environment. Furthermore, this method has demonstrated its
efficacy in the extraction of EOs from diverse plant matrices. The use of low
temperatures during the extraction process ensures the preservation of the active
compounds present in EOs, a feature that distinguishes this method from
conventional extraction processes. The gas most commonly used in this method is
carbon dioxide (CO2), which is inert and reduces the pressure at the extractor
outlet during its elimination [29]. This gas possesses a number of advantageous
properties, including its capacity to reach the critical point (with a low critical
pressure of 72.9 atm and temperature of 31.2°C) with ease. It is also nonaggressive
to plant essence molecules, nonflammable, and available in high purity at
a relatively low cost. Additionally, it exhibits a polarity similar to pentane, making
it suitable for the extraction of lipophilic compounds [23].
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2.4 SFME

This extraction method is regarded as innovative, clean, and environmentally
friendly. It is employed for the purpose of obtaining EOs from herbs or aromatic
plants. The isolation and concentration of volatile compounds are carried out in
a single stage [30]. In addition to being regarded as an environmentally sustainable
method, this technique has been shown to yield high levels of EOs while exhibiting
selectivity and a reduced extraction time. This is achieved by integrating two
techniques: first, microwaves are used to heat the samples, and then atmospheric
pressure dry distillation is employed, without the need for solvents [23]. The
utilization of these techniques offers several key benefits, including a reduction in
energy consumption, a decrease in extraction time, and the elimination of hazardous
solvents. At SFME, the chemical constituents of interest are extracted using
microwaves that heat and extract the EO from the plant material [31].

In the context of the extraction of the EO from the Cymbopogon nardus plant,
studies show that the above extraction techniques directly influence the quality of
this EO. In addition, there are no statements about the best method used to obtain
the volatiles of C. nardus. However, it should be noted that extraction methods
involving heating can favor the triggering of significant thermal degradations or the
hydrolysis of thermosensitive constituents.

3. Genus Cymbopogon

The genus Cymbopogon, which is part of the Poaceae family, comprises
approximately 180 species. These species are native to the tropical and subtropical
regions of Asia. Presently, they are cultivated in countries in South and Central
America, Africa, and other tropical regions [32].

In Brazil, the genus comprises eight recognized species and 10 synonyms,
including C. caesius, C. citratus, C. densiflorus, C. flexuosus, C. iwarancusa,

C. marginatus, C. martini, C. natus, C. schoenanthus, and C. winterianus. The species of
the genus were introduced to Brazil and currently have geographical distributions
across the North, Northeast, Midwest, Southeast, and South regions [33].

The species of the genus Cymbopogon have been observed to employ a variety of
reproductive strategies, including vegetative propagation by means of seeds or
rhizomes. However, the process of reproduction by seeds is less efficient due to the
rarity of flowering and fruiting in many species. The method of reproduction is
contingent upon the species and environmental conditions. The genus’s capacity for
versatile reproduction has been demonstrated to contribute to its wide distribution
and facilitate cultivation [32]. Cymbopogon species have been observed to interact
with other plants in the environment, engaging in competition for resources such as
nutrients, light, and water. Furthermore, they are utilized as livestock feed in
agroecological systems [34].

Cymbopogon, a genus of significant medicinal importance, is employed in
traditional medicine for the treatment of various ailments. In Brazil, the leaves of
C. marginatus are utilized in the treatment of epilepsy and anxiety [35]. In East Asia,
the leaves of C. citratus and C. flexuosus have been utilized by traditional peoples for
the treatment of digestive problems and fevers [36, 37]. In Egypt, C. schoenanthus is
utilized in traditional medicine [38]. These traditional applications reflect the
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empirical knowledge of traditional peoples in different countries, demonstrating the
importance of the genus in folk medicine [39].

The genus Cymbopogon is distinguished by its capacity to produce substantial
amounts of EO in its secondary metabolism, a characteristic that confers upon it
significant commercial value. These oils find application in the cosmetic and
pharmaceutical industries, as well as in biological control practices [40, 41]. The EOs
of the genus are characterized by a high content of terpenes, including hydrocarbons
and oxygenated monoterpenes, such as citral, geraniol, myrcene, limonene, and
linalool [42-44]. On the other hand, the minority compounds present in the EO, such
as f-myrcene, a-terpinolene, 4-terpineol, and other compounds, through synergism,
can enhance its application and pharmacological potential.

Finally, it is important to note that the amount and content of volatile compounds
present in the EO of the genus Cymbopogon during the extraction process are
impacted by several factors, both biotic, such as stress caused by fungi and bacteria,
and abiotic, such as temperature, soil type, plant nutrition, and sunlight.

4. Cymbopogon nardus (L.) Rendle

Cymbopogon nardus (L.) Rendle, commonly known as lemongrass, is a species
widely distributed throughout tropical and subtropical regions globally. This species
is native to South Asia, particularly India and Sri Lanka, and it has demonstrated
a high degree of adaptability to diverse climatic conditions, a factor that has
contributed to its successful dispersal and establishment in a variety of environments
[45, 46].

C. nardus is cultivated in various regions worldwide, including South America,
Africa, India, and China, due to the high commercial interest in its EO, which is
produced in the plant’s secretory cavities. These specialized structures have been
shown to be responsible for both the synthesis and storage of EOs [47, 48].

The species C. nardus is notable for its economic potential in industries such as
pharmaceuticals, cosmetics, and agriculture. The chemical composition of the oil is
widely recognized for the presence of monoterpenes, such as citronellal, geraniol, and
citronellol (Figure 1). These monoterpenes have been shown to confer antimicrobial,
antifungal, antiinflammatory, and insect-repellent properties [2, 47, 49, 50].

Despite the prevalence of monoterpenes in C. nardus EO, sesquiterpenes,
encompassing both oxygenated and hydrocarbon compounds, are present in trace

CH; O CH; CH;
H ~ OH OH
H;C CHj; H;C CH; H;C CH;
Citronellal Geraniol Citronellol

Figure 1.
Two-dimensional structures of citronellal, geraniol, and citronellol.
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amounts within the EO of this species. The minimal concentration of these
compounds in C. nardus oil indicates that their contributions to the oil’s overall
biological properties are comparatively negligible when compared to monoterpenes
[49-52].

The prevalence of oxygenated monoterpenes, predominantly geraniol and
citronellal, distinguishes C. nardus EO as a promising candidate for applications
involving insect repellency, antimicrobial, and antioxidant activities. However, the
presence of low concentrations of sesquiterpenes may impose limitations on the
utilization of the EO in contexts requiring biological activities associated with these
compounds, such as sustained antiinflammatory effects. This chemical profile
renders C. nardus oil particularly well-suited for formulations aimed at
environmental protection and human health.

5. Antioxidant activity

Plants have been identified as a promising source of molecules with antioxidant
properties. In this context, the antioxidant activity of EOs can serve as a natural
alternative to synthetic antioxidants. EOs are natural, nontoxic, and have fewer side
effects, whereas synthetic antioxidants can pose potential risks to human health.
Antioxidants are defined as substances with the ability to delay or prevent oxidative
damage by neutralizing free radicals. Free radicals are unstable molecules that cause
damage to cells and DNA, which can lead to degenerative diseases in the body
[53, 54].

There are several methods employed to assess the antioxidant capacity of
a substance. The ABTS" assay is a particularly noteworthy method that is used to
assess the antioxidant capacity of different substances based on the neutralization of
the stable radical cation (ABTS"). The ABTS" radical is distinguished by its blue-
green hue and demonstrates efficacy for both hydrophilic and lipophilic compounds.
The DPPH" test is predicated on the neutralization of the 2,2-diphenyl-
1-picrylhydrazyl radical (DPPH") by electron donation, where the color change
indicates antioxidant activity [55].

The antioxidant activity of C. nardus EO was examined using two radical-based
assays: DPPH" and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS").
The findings of the study demonstrated that the EO manifested antioxidant
properties by impeding the action of DPPH" radicals and the ABTS" radical cation.
In the DPPH’ assay, the results indicated 102.19 + 4.2 ug extract/ug compared to
0.11 + 0.04 pg for gallic acid, which was used as a control. In the ABTS" assay, EO
demonstrated activity of 0.009 + 0.0004 puM TE/g, in comparison to 2.66 + 0.31 uM
TE/g for the control group. The authors attribute the antioxidant potential to the
presence of geraniol, with a concentration of 28.40% in the oil. Conversely, the EO
exhibited reduced activity in comparison to gallic acid, which was utilized as
a standard reference [50].

The antioxidant potential of C. nardus oil was investigated using the DPPH"
method. The study’s findings indicated that the oil exhibited a high antioxidant
capacity, with values reaching 93.86 pg TEAC/mL. This outcome may be associated
with the bioactivity of compounds such as geraniol and limonene [56].

The difference observed in the results of the oxidizing activity of these EOs is
related to the different methods and the mediums in which they react, for example,
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ethanol for the DPPH assay and phosphate-buffered saline for the ABTS assay. In
addition, there is another factor, such as reaction time (5 minutes for the ABTS assay
and 30 minutes for the DPPH assay).

6. Biological potential
6.1 Insecticide and toxicity

The term “insecticidal activity” refers to the capacity of certain compounds,
including EOs, to repel, control, or eliminate insects. This activity offers effective
solutions for pest control in agriculture and can help combat insect resistance to
synthetic insecticides. These compounds are generally nontoxic to mammals and act
as fumigants and repellents. Consequently, EOs have emerged as a promising
alternative for the development of safer insecticides. A notable example is
Cymbopogon nardus oil, which contains active compounds such as geraniol,
citronellal, and limonene. These compounds have the capacity to interfere with the
neural pathways of insects through various mechanisms of action, making it a highly
effective insecticide [2, 57-60].

Boonyuan et al. [61] evaluated the insecticidal potential of the EO from C. nardus
leaves against the Aedes aegypti mosquito. The researchers found a median lethal
concentration (LCsg) of 4.02%, indicating low toxicity of the oil. This result suggests
that C. nardus is less effective at killing mosquitoes compared to other EOs tested,
such as C. citratus oil.

In a related study, the larvicidal activity of C. nardus EO was examined
against A. aegypti larvae, demonstrating effective larvicidal action with an LCso of
75.85 mg/mL. The chemical composition of the EO was characterized by citronellal
(21.8%), citronellol (18.1%), and geraniol (11.3%) [62]. Studies by Manimaran
et al. [63] and Kurniasih et al. [64] demonstrated that C. nardus EOs exhibited
toxicity against A. aegypti larvae at 47.21 mg/L and 35.133 mg/L, respectively, over
a24-hour period. Consequently, the utilization of EO as an alternative to pesticides
is a viable proposition.

The insecticidal potential of C. nardus EO was investigated against larvae of two
genotypes of Anopheles gambiae, a mosquito that hosts and transmits malaria [65].
The EO exhibited high larvicidal activity, with LCs, values of 36.83 mg/L and
97.33 mg/L in two distinct strains. According to the authors, citronellal (37.87%) and
nerol (19.88%) may be responsible for the larvicidal activity of the oil [65].

The insecticidal and repellent activity of the EO was evaluated against two
insect pests, Oryzaephilus surinamensis (L.) and Sitophilus zeamais Motsch. The
repellent activity values after four hours of exposure were determined to be
LCs9=0.03 pL/c:rn2 (O. surinamensis) and LCsq = 0.04 p.L/cm2 (S. zeamais). For
fumigant activity, the EO of C. nardus ranged from 46.9 to >604 uL/L. Although the
EO of C. nardus exhibited low toxicity in relation to fumigant activity against the two
insect pests, it was observed that it has repellent action [49]. Loko et al. [66]
evaluated the repellent activity of C. nardus EO against Dinoderus porcellus, and the
results demonstrated that even low concentrations of the EO can act as a repellent.

The activity of EO against Artemia salina larvae was examined, revealing that the
oil exhibited no toxicity, with LCsq values greater than 1,000 ug/mL. The oil
contained concentrations of citronellal (27.34%), geraniol (23.21%), and geranial
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(13.37%) [67]. In contrast, in the study by Cansian et al. [68], citronella EO

was evaluated against A. aegypti and A. salina larvae. The activity values were
LCsp = 111.84 pg/mL and LCsq = 5.29 pg/mL, respectively, with concentrations of
citronellal (38.98%), geraniol (20.56%), and citronellol (17.54%).

6.2 Antimicrobial

The antimicrobial activity of EOs has been highlighted in several studies due to
their potential to combat the action of microorganisms. These oils contain complex
bioactive compounds that possess antifungal and antibacterial properties. The
antibacterial efficacy of essential oils can vary depending on the plant from which
they are derived and the type of target bacteria, being influenced by the chemical
structure of the compounds present, their functional groups, and synergistic
interactions. Research indicates that the primary antimicrobial action occurs through
the inhibition of cell growth or the death of bacterial cells. Furthermore, these oils
have been the focus of increased research as potential alternatives to combat
bacterial resistance, demonstrating their value in the development of novel
treatments [54, 69, 70].

The antifungal activity of C. nardus EO was evaluated against Candida albicans
in vitro and in vivo, with the minimum inhibitory concentration (MIC) determined
using the microdilution technique. The oil was found to contain citronellal (27.34%),
geraniol (23.21%), and geranial (13.37%), which are known to exhibit antifungal
activity. The MIC values for the standard strain (CAATCC) and the clinical strain
(CAV) were determined to be 500 pg/mL and > 500 pg/mL, respectively. The oil’s
efficacy was demonstrated in an in vivo study [67]. Prado et al. [71] evaluated the
antifungal activity of an EO from C. nardus with a high citronellal (44.44%) and
citronellol (16.97%) content against C. albicans, and the substance demonstrated
efficacy against two strains (planktonic and biofilm). The authors reported that the
EO contains constituents that aid in the antifungal effect and that it is an alternative
for the control of fungal infections.

The EO of Cymbopogon nardus, collected in Piraquara, Brazil, was evaluated for its
antifungal potential iz vitro against mycotoxin-producing strains of Aspergillus niger,
A. nomius, A. flavus, and Fusarium graminearum. The EO, which is abundant in
geraniol (35.52%), citronellal (24.39%), and citronellol (10.73%), demonstrated
antimicrobial activity against all fungi tested through contact and volatilization
methods, with MIC values of 0.75%, 0.75%, 0.5%, and 0.25% [72].

A number of studies have demonstrated the antibacterial properties of C. nardus
EO in combating pathogens. The antibacterial activity of C. nardus EO was evaluated
against Escherichia coli strains, with MIC determined using the microdilution
technique. The oil exhibited no substantial effects against the 22 E. coli strains, with
MIC of 6,400 pg/mL [73]. As demonstrated in studies conducted by Millezi et al.
[74], the oil exhibited antibacterial properties against Staphylococcus aureus and
E. coli bacteria. This effect was attributed to the presence of elevated concentrations
of citronellal.

In other studies, the EO was evaluated for its antibacterial action against 10
species of Pseudomonas isolated from freshwater fish. Utilizing disc diffusion and
MIC methodologies, the oil exhibited favorable properties for impeding the
proliferation of these species, which are frequently linked with the deterioration of
foodstuffs such as fish [56].
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7. Conclusions

This chapter has therefore presented a significant compilation of information
about EOs, also demonstrating the main techniques for obtaining them. The chapter
has considered both conventional methods, such as hydrodistillation and steam
distillation, and modern methods, such as supercritical fluid extraction and
microwave extraction. Furthermore, the text underscores the significance of the
genus Cymbopogon and the species Cymbopogon nardus in the production of EO,

a matrix distinguished by the presence of oxygenated monoterpenes, including
citronellal, geraniol, and citronellol. Moreover, it elucidates numerous pertinent
studies that document the antioxidant potential of C. nardus EO, along with its
antimicrobial and insecticidal properties.
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Abstract

This chapter explores microbial fermentation as a biotechnological strategy to
enhance the functional and nutraceutical properties of herbs and spices. Although
these vegetable materials are naturally rich in bioactive compounds such as poly-
phenols, terpenes, and organosulfur compounds, their efficacy is often constrained
by poor bioavailability, instability, or metabolic inactivation in the human body.
Controlled microbial fermentation offers a promising approach to overcome these
limitations by promoting the biotransformation of complex phytochemicals into
more bioactive, soluble, or absorbable forms, thereby enhancing their physiological
impact. This chapter includes a comprehensive overview of traditional, advanced,
and assisted separation techniques used to isolate bioactive constituents, as well as
hybrid and specialized methodologies. It also addresses key variables that influence
the phytochemical profiles of herbs and spices prior to fermentation. Illustrative case
studies involving turmeric, ginger, garlic, clove, and oregano are discussed to
demonstrate how fermentation can reduce antinutritional factors and increase the
release or synthesis of health-promoting metabolites. Microbial species such as lactic
acid bacteria, Saccharomyces spp., and Bacillus spp. are analyzed in terms of their
functional roles and process requirements. This chapter concludes with an evaluation
of current applications in functional foods, fermented beverages, and dietary sup-
plements that must be considered for their industrial implementation. Special
emphasis is placed on the role of fermentation in expanding access to bioavailable,
evidence-based botanical products with potential public health benefits.

Keywords: fermented herbs, spices, biotechnology, microbial fermentation,
health-promoting metabolites, andantioxidant activity

1. Introduction
Herbs and spices have been used since ancient times not only to enhance the
flavor, aroma, and color of food but also for their medicinal properties [1]. In recent

decades, interest in these plants has grown substantially in both scientific and clinical
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fields due to their richness in bioactive compounds with recognized antioxidant,
anti-inflammatory, antimicrobial, and other health-promoting effects [2, 3]. Despite
their potential, many of these phytochemicals face significant challenges, such as low
bioavailability, poor stability under physiological conditions, and limited in vivo
efficacy [4]. Moreover, although numerous studies describe their chemical
composition and biological effects, there are still important gaps regarding their
mechanisms of action in humans, the influence of food matrices on their bioactivity,
and the lack of standardized clinical trials that validate their long-term safety and
efficacy. These compounds are responsible for a broad spectrum of physiological
effects that contribute to the therapeutic value of herbs and spices. They have been
associated with the prevention and mitigation of chronic diseases, modulation of
oxidative stress, and enhancement of immune responses. However, their
effectiveness often depends on their chemical structure, concentration, and
interactions with other dietary components — aspects that remain insufficiently
explored in translational and clinical research.

A schematic representation of the health-related benefits of herbs and spices is
shown in Figure 1. This diagram not only illustrates their functional roles but also
highlights the most common limitations that hinder their application in clinical and
nutritional settings, particularly due to compound instability and low bioavailability.

The figure outlines five key dimensions of herb and spice functionality: (1)
culinary purposes, including their ability to enhance flavor, color, and aroma in food;
(2) food preservation, particularly through extending the shelf life of pickled or
fermented products; (3) medical purposes, as traditionally used in herbal medicine

Functional Roles of Herbs and Spices

Figure 1.
Multifunctional voles and bioactive compounds of herbs and spices.
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to treat various ailments; (4) modulation of gut microbiota, helping correct dysbiosis
and support a balanced intestinal ecosystem; and (5) the presence of diverse
bioactive compounds, such as polyphenols, flavonoids, phenolic acids, tannins,
terpenes, alkaloids, saponins, essential oils, organosulfur compounds, chalcones,
polysaccharides, and bioactive peptides.

Together, these elements emphasize the multifunctionality of herbs and spices,
linking their culinary value to significant nutraceutical and therapeutic potential.
However, their clinical use remains limited unless strategies are developed to
improve the stability and bioavailability of these bioactive compounds.

Microbial fermentation emerges as an innovative biotechnological strategy to
overcome the limitations associated with the traditional use of herbs and spices.
Through controlled fermentation processes, the compounds present in these
natural products can be transformed to improve their solubility, bioavailability,
and biological activity. Nevertheless, more evidence is needed to clarify which
microbial strains and fermentation conditions are most effective, and how these
processes influence the safety, sensory profile, and regulatory acceptance of the
final products. This chapter aims to examine the mechanisms by which microbial
fermentation enhances the functional and nutraceutical properties of herbs and
spices. Additionally, it will address clean technology-based methods for extraction
and purification, review relevant scientific studies, and assess their current
applications and prospects in the food, pharmaceutical, and nutraceutical
industries.

2. Bioactive composition of herbs and spices

Herbs and spices are abundant in a wide range of bioactive compounds, primarily
polyphenols (including flavonoids and phenolic acids), terpenes, alkaloids, sulfur-
containing compounds, tannins, and essential oils. These secondary metabolites are
largely responsible for their beneficial biological effects. For example, curcumin in
turmeric, gingerol in ginger, eugenol in clove, and allicin in garlic have demonstrated
strong antioxidant and anti-inflammatory activities [5-7].

A summary of the main groups of bioactive compounds commonly identified in
herbs and spices is illustrated in Figure 2. This includes flavonoids, terpenoids,
alkaloids, tannins, phenolic acids, resistant starches, bitter compounds, sulfur-
containing compounds, and essential oils, among others. These metabolite groups
are closely associated with a wide range of biological activities, such as antioxidant,
anti-inflammatory, antimicrobial, and metabolic regulatory effects. Their structural
diversity underpins the therapeutic potential and functional properties of botanical
products applied in food, pharmaceutical, and nutraceutical formulations,
highlighting their relevance for health-promoting interventions [8].

However, many of these compounds exhibit low oral bioavailability due to factors
such as poor water solubility, first-pass hepatic metabolism, or transformation by the
intestinal microbiota. Additionally, some of these compounds may be present in
conjugated or “inactive” forms that require release or modification to exert their
biological effects [9].

Table 1 below presents a summary of the main bioactive compounds found in
commonly used herbs and spices [10]. It includes their most studied functional
effects, such as antioxidant, anti-inflammatory, and antimicrobial activities, as well
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Figure 2.

Bioactive compounds in herbs and spices: classification of the main groups, structural diversity, and functional
properties of bioactive metabolites commonly identified in herbs and spices.

Herb/spice Main compound Functional property Natural limitation
Turmeric Curcumin Antioxidant, anti-inflammatory Low solubility and
bioavailability
Ginger Gingerol Antiemetic, antioxidant Thermal instability
Garlic Allicin Antimicrobial, Instability during processing
hypocholesterolemic
Clove Eugenol Antioxidant, analgesic Volatility and easy oxidation
Rosemary Carnosic acid, Anti-inflammatory, Rapid oxidation
carnosol neuroprotective
Table 1.

Functional properties and natural limitations of major bioactive compounds from selected herbs and spices.
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as typical limitations related to their natural form, including low solubility,
instability, or poor bioavailability under physiological conditions.

3. Fundamentals of microbial fermentation

Microbial fermentation is a metabolic process in which microorganisms, such as
bacteria, yeasts, and filamentous fungi, convert organic substrates into secondary
metabolites under anaerobic or microaerophilic conditions. Traditionally, this
process has been used for food preservation, flavor enhancement, and improved
digestibility. More recently, it has gained recognition for its ability to modify the
biochemical profile of fermented ingredients and increase the bioavailability of
phytochemicals.

The most commonly employed microorganisms include the following:

Lactic acid bacteria (LAB) (e.g., Lactobacillus, Leuconostoc, Pediococcus,
Lactococcus)

They are highly efficient in producing organic acids (mainly lactic acid),
bacteriocins, and bioactive peptides. Their enzymatic systems hydrolyze glycosidic
bonds, liberating phenolic aglycones with higher bioactivity. However, their
metabolic spectrum is relatively narrow, limiting the transformation of highly
complex compounds.

Yeasts (e.g., Saccharomyces cerevisiae, Kluyveromyces spp.)

They play a central role in aroma and flavor development through the production
of ethanol, higher alcohols, and esters. Yeasts also secrete extracellular enzymes
capable of modifying polyphenols, but their contribution to enhancing mineral
bioavailability or reducing antinutrients is less pronounced compared to bacteria.

Filamentous fungi (e.g., Aspergillus oryzae, Rhizopus, Penicillium spp.)

These organisms exhibit a broad enzymatic repertoire (amylases, proteases,
tannases, cellulases) that allows for the degradation of complex macromolecules
such as tannins, saponins, or polymerized phenolics. As a result, they can release
novel metabolites with higher bioactivity. Nevertheless, their use requires stricter
process control due to potential risks of contamination and secondary metabolite
production (e.g., mycotoxin).

During fermentation, enzymes produced by these microorganisms break down
complex structures such as polysaccharides, glycosides, and tannins, thereby
releasing bioactive compounds or converting them into more soluble, bioavailable,
and biologically active forms [11]. In addition, new metabolites (including organic
acids, bioactive peptides, and exopolysaccharides) are generated, further
contributing to the functional potential of the final product.

4. Fermentation applied to herbs and spices
As previously mentioned, herbs and spices have been used since ancient

times for their culinary, medicinal, and preservative properties. Today, their
application has expanded to include biotechnological and functional uses,
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particularly in the development of fermented foods. The incorporation of these
botanical ingredients not only enhances the sensory profile of the final
product’s flavor, aroma, and color but also improves its microbiological stability
and nutraceutical potential [12, 13].

To ensure that these benefits are preserved throughout fermentation, it is essential
to understand and control the processing and extraction methods used for the bioactive
compounds in herbs and spices, as well as the variables that influence their chemical
composition and biological activity. These aspects are summarized in Figure 3.

4.1 Extraction methods

To fully harness the functional potential of herbs and spices in fermented products,
it is essential to apply appropriate extraction methods that allow the isolation of their
bioactive compounds. These procedures directly influence the availability, stability,
and efficacy of metabolites such as polyphenols, flavonoids, and essential oils.
Extraction can be broadly classified into traditional methods and advanced/assisted
techniques, each with particular advantages and limitations [14-20].

4.1.1 Traditional methods

Maceration consists of soaking plant material in solvents (water, ethanol,
hexane, etc.) for 2-3 days at room temperature with agitation, allowing passive

Extraction and application of bicactive compounds from herbs and
spices for fermented food innovation
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Figure 3.
Extraction and application of bioactive compounds from herbs and spices for fermented food innovation.
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diffusion of phytochemicals. It is simple and inexpensive but slow and low-yielding
[14, 15].

Digestion resembles maceration but incorporates mild heating (35-50°C for 30
minutes to 24 hours), which improves the solubility of certain polyphenols without
significant degradation, provided they tolerate moderate temperatures [14].

Infusion involves steeping plant material in hot or cold water for short periods,
which is common in medicinal teas. Extracts may be concentrated afterward by
vacuum evaporation [15].

Decoction requires boiling plant material in water (15-60 minutes), which is especially
effective for thermostable compounds in rigid tissues such as roots or barks [15].

Percolation passes hot solvent through plant material at a controlled rate (5-7
drops/min), yielding better extraction than maceration, though it consumes more
solvent and requires technical skill [14].

Soxhlet extraction employs continuous solvent recirculation in a closed-loop
system, which is efficient for thermostable metabolites (phenols, lipids) but
unsuitable for thermolabile compounds and is energy-intensive [16].

Hydprodistillation, widely used for essential oils, employs water or steam
distillation followed by solvent trapping (pentane/diethyl ether 1:1v/v). It works
well with matrices such as clove and ginger but requires long processing times and
high energy [17].

4.1.2 Advanced and assisted methods

Ultrasound-assisted extraction (UAE) applies ultrasonic cavitation (20-2000 kHz,
~30 min) to disrupt cell walls and release compounds such as phenolic acids and
flavonoids, often using 70% methanol. It is rapid, eco-friendly, and energy-efficient,
though free radical formation may occur [14].

Microwave-assisted extraction (MAE) heats polar solvents (ethanol/water) using
microwave radiation, causing cell rupture. Typically performed with 50% ethanol at
180-1000 W for 2-25 minutes, it is effective for phenols, flavonoids, and essential
oils [17, 18].

Pressurized liquid extraction uses high temperatures (50-200 °C) and pressures
(35-200 bar) below supercritical conditions to enhance the recovery of phenols, oils,
and alkaloids with low solvent consumption, and is considered a green, efficient
method [19].

Supercritical fluid extraction exploits supercritical COz (T > 31°C; P > 7.38 MPa),
which is ideal for essential oils, terpenoids, and alkaloids. It is selective and residue-
free but requires costly equipment [14, 18].

Pulsed electric field applies short, high-voltage pulses to induce electroporation,
improving the release of sugars, polyphenols, and carotenoids while conserving
energy. It is widely applied in juices, oils, and wines to increase yield, clarity, and
sensory quality [20].

Engyme-assisted extraction (EAE) uses hydrolytic enzymes (cellulases, pectinases)
to break down plant cell walls, releasing flavonoids and lipids. Although eco-
friendly, it requires careful control of pH, temperature, and enzyme dosage, and can
be expensive [14, 16, 18].

Other emerging techniques include turbodistillation, which applies shear
forces to release essential oils with reduced thermal damage; countercurrent
extraction, improving diffusion with opposite flows of solvent and material
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(~25 °C); solid-phase extraction, fast and sensitive for trace analytes but limited
by sorbent capacity; and high-voltage-assisted extraction, where electric fields
disrupt cells with minimal solvent use [14].

4.1.3 Combined and specialized methods

To further optimize yield and selectivity, combined techniques are being
developed. Ultrasound-microwave assisted extraction (UMAE) integrates ultrasonic
cavitation and microwave heating, achieving high extraction rates in short times
with low solvent volumes, suitable for saponins and alkaloids [18].

Enzyme-ultrasound-microwave-assisted extraction (EUMAE) combines EAE,
UAE, and MAE, maximizing the recovery of delicate compounds from complex
matrices, though it remains under investigation [18].

Liquid-liquid extraction partitions analytes between immiscible solvents (e.g.,
water/ethyl acetate, water/hexane), which is useful for volatiles and antioxidants,
often as pretreatment [14].

Solid-phase microextraction employs coated fibers to adsorb analytes directly
from samples. It is solvent-free, automated, and highly sensitive, especially for trace
compounds [14].

Instant controlled pressure drop (DIC) uses moderate pressure (~0.35 MPa),
followed by sudden decompression, expanding plant tissues to enhance the release of
anthocyanins and polyphenols. It improves yields and texture, though specialized
equipment is required [6, 14].

4.2 Variables affecting the phytochemical profile of herbs and spices

The phytochemical profile of herbs and spices, mainly composed of secondary
metabolites such as flavonoids, terpenoids, and phenolic compounds, is highly
sensitive to various factors. These factors determine both the qualitative and
quantitative composition of bioactive compounds, directly influencing their
functionality and bioavailability. Key variables include the following:

Plant part used: The distribution of secondary metabolites varies significantly
across roots, stems, leaves, flowers, and fruits. For example, in Curcuma longa,
curcumin is concentrated in the rhizomes, while in Ocimum basilicum, flavonoids
and essential oils are abundant in the leaves [21]. Tissue localization directly affects
extract bioactivity, making organ selection critical.

Cultivation conditions: Soil type, sunlight exposure, altitude, and water availability
all influence the biosynthesis of phenolic compounds and terpenoids. In Mentha
piperita, UV radiation and water stress have been shown to increase menthol and
rosmarinic acid production [22]. Organic farming also tends to enhance
phytochemical content due to higher biotic stress.

Postharvest drying and processing: Drying methods affect the preservation of
volatile and thermolabile compounds. Drying at temperatures above 60 °C can
degrade flavonoids and essential oils, like eugenol in Syzygium aromaticum (clove),
reducing their bioactivity [23]. Shade drying or lyophilization is preferred for
preserving phytochemical integrity.

Grinding: Particle size affects surface area and extraction efficiency. However,
excessive grinding can cause oxidation due to oxygen exposure, decreasing the
stability of compounds such as anthocyanins and catechins [24].
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Solvent type: Solvent polarity plays a key role in the selective solubilization of
metabolites. Glycosylated flavonoids and phenolic acids are best extracted with
hydroalcoholic solutions, while lipophilic terpenoids require nonpolar solvents such
as hexane [25]. Binary mixtures (e.g., ethanol/water) are commonly used to optimize
phytochemical recovery.

pH of the medium: pH affects the stability of phenolic compounds. Phenolic acids,
such as ferulic acid, are more stable in slightly acidic media (pH 4 to 6), while
alkaline conditions can lead to nonenzymatic oxidation [26].

Extraction temperature and time: These parameters influence diffusion kinetics
and compound stability. Moderate temperatures (40 to 60 °C) promote efficient
extraction without damaging sensitive compounds. Extending extraction beyond
saturation can lead to degradation or polymerization of tannins [27].

Understanding these variables is a key to designing optimal strategies for
maximizing the functionality of herbal extracts, particularly in fermentation
processes where metabolite availability impacts microbial interaction and the
biotransformation of bioactive compounds.

An integrated diagram is presented in Figure 3, summarizing the sequential
steps for processing herbs and spices aimed at the extraction and application of
bioactive compounds in fermented foods. The workflow begins with plant
selection, cleaning, and pretreatment, followed by the choice of conventional or
advanced extraction techniques, chemical characterization, and subsequent
purification steps to ensure the quality and integrity of the metabolites. Critical
control parameters are emphasized throughout the process to preserve bioactive
compound stability and maximize their functional properties. The final stage
involves the incorporation of these purified compounds into fermented products to
develop novel functional foods with enhanced nutritional and health-promoting
benefits.

4.3 Fermentation of herbs and spices with LAB

Lactic acid bacteria are widely used in the food industry due to their ability to
ferment sugars and produce compounds such as lactic acid, bioactive peptides, and
bacteriocins. In the context of herbs and spices, their enzymatic activity enables the
hydrolysis of conjugated phenolic compounds, releasing more active and
bioavailable forms.

For example, the fermentation of turmeric with Lactobacillus plantarum has been
shown to increase the content of free curcuminoids and enhance antioxidant activity
[28]. Similarly, ginger fermented with Lactobacillus brevis exhibited greater in vitro
anti-inflammatory activity than the crude extract [29].

4.4 Fermentation of herbs and spices with yeasts and fungi

Yeast, such as Saccharomyces cerevisiae, and filamentous fungi, such as
Aspergillus oryzae, can produce extracellular enzymes that alter the chemical
structure of plant-derived compounds. For instance, black garlic is obtained through
a controlled thermal fermentation process that increases the concentration of
phenolic compounds and reduces allicin content, thereby improving its stability and
antioxidant activity [30, 31].
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During the fermentation of ginseng with Aspergillus spp., the transformation of
ginsenosides into minor forms with higher biological activity has been observed,
including antitumor and adaptogenic effects [31].

4.5 Mixed fermentation or application in functional beverages

The incorporation of herbs and spices into fermented matrices, such as
kombucha, kefir, or tepache, has yielded promising results. These combinations
enable synergistic interactions between fermentative microbiota and botanical
compounds. For example, kombucha fermented with ginger or turmeric has shown
increased levels of glucuronic acid, total polyphenols, and antioxidant capacity
compared to the base beverage [32].

In addition, these beverages enhance sensory acceptance and offer functional
benefits that exceed the sum of their individual components.

These studies highlight the potential of fermentation to enhance the nutraceutical
value of herbs and spices, positioning them as high-value functional ingredients.

Table 2 presents selected examples highlighting the quantitative effects of
microbial fermentation on herbs and spices.

These quantitative examples demonstrate how controlled microbial fermentation
can significantly enhance the functional quality of botanicals. For instance,
fermentation of turmeric increased curcumin levels by approximately 10%, while
fermentation of Movinga oleifera leaves dramatically reduced antinutrient phytates
by nearly 67%, simultaneously improving protein digestibility and mineral
availability. A liquid fermentation of Moringa also reduced tannins and increased
antioxidant capacity and total phenolic content. These results underscore the
biochemical potential of fermentation to simultaneously attenuate antinutrients and
amplify bioactive compounds in herbs and spices.

5. Reduction of antinutritional factors and enhancement of
bioavailability

One of the most notable benefits of microbial fermentation is its capacity to
reduce or eliminate antinutritional factors present in herbs and spices. This has
a direct impact on improving their bioavailability and functional potential.
Antinutritional factors are compounds that interfere with the digestion, absorption,
or utilization of essential nutrients and, in some cases, may cause adverse effects if
consumed in high concentrations [36].

Plant/matrix Microorganism  Effect (percent change) Reference
Turmeric (Curcuma Lactobacillus Curcumin content increased by 9.76% [33]
longa) fermentum
Moringa oleifera leaves ~ Lactobacillus Phytate content reduced by 66.9% [34]
(old leaves) plantarum A6
Moringa oleifera (liquid  Bacillus subtilis Tannin reduced by ~17%, DPPH scavenging 1 [35]
fermentation) SIX-15 18.8%, total phenols 1 35.8%.

Table 2.

Functional and quantitative impacts of microbial fermentation on bioactive compounds from herbs and spices.
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Some of the most relevant antinutritional compounds include the following:

Phytates: Chelate minerals such as calcium, iron, zinc, and magnesium, thereby
reducing their intestinal absorption.

Tannins: Form complexes with proteins and minerals, decreasing their bioavailability.

Oxalates: Bind to calcium to form insoluble crystals, which may contribute to
kidney stone formation.

Saponins: May damage the intestinal mucosa and impair the absorption of lipids
and fat-soluble vitamins.

Phenolic glycosides: Often present in conjugated forms, which limit their
absorption in the gastrointestinal tract.

5.1 Mechanisms of reduction through fermentation

During fermentation, microorganisms produce a variety of extracellular enzymes
that act on these compounds:

Phytases: hydrolyze phytic acid into inositols and phosphates, facilitating the
release of bound minerals.

Tannases: degrade both hydrolyzable and condensed tannins, reducing their
capacity to chelate nutrients.

Oxalate decarboxylases: convert oxalates into more soluble and less toxic
compounds.

Glycosidases: hydrolyze glycosidic bonds, releasing aglycones, which are more
readily absorbed.

These transformations not only eliminate the adverse effects of antinutrients but
also generate secondary metabolites with beneficial properties, such as free
flavonoids or phenolic acids, which exhibit enhanced bioactivity [37].

5.2 Examples of fermented herbs and spices

Moringa (Movinga oleifera): Fermentation with Lactobacillus plantarum
significantly reduces phytate and tannin levels while enhancing the bioavailability of
iron and calcium. These effects have been confirmed in both in vitro models and
animal studies [38].

Basil and ovegano: Studies have demonstrated that fermentation with LAB
transforms phenolic glycosides into free aglycones, such as luteolin and apigenin —
compounds with high antioxidant capacity and improved bioavailability [4].

Rosemary: Rosemary contains polymerized phenolic acids with poor
bioaccessibility. Fermentation with fungi, such as Rhizopus oryzae, depolymerizes
these compounds, generating monomeric derivatives with better intestinal
absorption and enhanced anti-inflammatory activity [39].

Fenugreek (Trigonella foenum-graecum): Fermentation reduces the content of
steroidal saponins responsible for intestinal irritation, improving the bioactive
compound profile and digestive tolerability [40].

5.3 Impact on bioavailability
Improvement in bioavailability not only implies greater absorption but also better

biodistribution and systemic biotransformation. Fermentation-derived metabolites
have been documented to:
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Cross intestinal membranes more effectively (like flavonoid aglycones).

Interact positively with the gut microbiota to promote the production of short-
chain fatty acids.

Avoid antagonistic interactions with other nutrients present in the food matrix.

Furthermore, in animal and human bioavailability studies, a significant increase
in the plasma concentration of bioactive compounds has been observed after the
consumption of previously fermented herbs and spices compared to their
nonfermented counterparts [41].

5.4 Nutritional and therapeutic implications

Reducing antinutritional factors through fermentation has important
implications for vulnerable populations, such as children, the elderly, and
individuals with mineral deficiencies. It is also a strategic tool in the development of
functional foods targeted at patients with inflammatory bowel diseases, metabolic
syndrome, or micronutrient deficiencies.

Moreover, fermentation contributes to the creation of safer and more effective
matrices for the formulation of nutraceutical supplements by eliminating potential
adverse effects associated with the consumption of raw or poorly processed plant
materials.

In summary, the fermentation of herbs and spices represents an effective
biotechnological strategy to enhance their nutritional, functional, and therapeutic value.
Through the action of specific microorganisms, it is possible to convert antinutritional
compounds into bioactive metabolites with higher bioavailability, reduce gastrointestinal
side effects, and promote the generation of peptides and polyphenols with antioxidant,
anti-inflammatory, and metabolically protective properties. These transformations also
contribute to the positive modulation of the gut-microbiota-brain axis and the
development of fermented products with probiotic properties and clinically relevant
effects [42]. As illustrated in Figure 4, microbial fermentation of herbs and spices
through pretreatment and controlled processes enhances the bioavailability of bioactive
metabolites while reducing antinutritional factors. Key benefits include improved
nutrient transformation (e.g., increased antioxidants, B vitamins, GABA), probiotic
potential with gastrointestinal and immunomodulatory effects, functional microbial
activities such as gut microbiota modulation and metabolic health improvement, and the
production of bioactive compounds with antihypertensive, antidiabetic, anti-
inflammatory, and detoxifying properties.

Clinical validation gap

Although fermentation has shown promising results in reducing antinutritional
factors and improving the bioavailability of bioactive compounds in vitro and in
animal studies, clinical validation in human populations remains limited. Most
available evidence is preclinical, and further randomized controlled trials are
required to confirm the nutritional and therapeutic implications of these findings
under real physiological and dietary conditions.

6. Current and potential applications

The use of microbial fermentation to valorize herbs and spices has opened new
opportunities across multiple sectors. The main current and emerging areas of
application include functional foods, dietary supplements, natural cosmetics, and
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Benefits of fermenting herbs and spices
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Figure 4.
Main benefits of fermenting herbs and spices, from pretreatment steps to their impact on human health.

pharmaceutical products. Owing to its ability to enhance the bioavailability of active
compounds, eliminate antinutritional factors, and generate bioactive metabolites,
fermentation of botanicals has gained momentum in markets that demand natural,
safe, and scientifically validated solutions [43].

6.1 Food industry

In the food sector, the fermentation of herbs and spices has enabled the
development of innovative functional products, such as:
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Fermented condiments: These improve digestibility, offer complex flavor profiles,
and exhibit enhanced antioxidant properties. Examples include sauces made with
black garlic, fermented turmeric, or fermented ginger.

Fermented beverages: Products such as kombucha, kefir, and tepache, enriched
with fermented spice infusions (e.g., turmeric, cinnamon, clove, holy basil),
combine probiotic effects with additional functional properties.

Functional bakery and confectionery: Fermented extracts are used as fat replacers or
natural preservatives, contributing to health-promoting baked goods.

Fortified vegan foods: Fermentation of botanical mixtures can impart umami
flavor, reduce antinutritional factors, and enhance the bioavailability of plant-based
proteins.

These applications also support the development of clean-label foods,
characterized by recognizable ingredients and the absence of synthetic additives —
attributes aligned with current consumer preferences for natural products.

6.2 Nutraceutical supplements

In the nutraceutical field, fermentation has been used to improve the
bioavailability and efficacy of bioactive compounds, leading to standardized and
encapsulated formulations containing highly bioavailable metabolites:

Fermented turmeric capsules, enriched with free curcuminoids and enhanced for
oral absorption.

Fermented ginger extracts, exhibit improved anti-inflammatory and digestive
activity.

Fermented ginseng extracts, with higher levels of active ginsenosides.

Symbiotic formulations, combining botanically derived prebiotics and probiotic
strains.

These fermented matrices have been associated with improved thermal stability,
better pharmacokinetic profiles, and fewer gastrointestinal side effects [44].

6.3 Natural cosmetics

In the cosmetics industry, fermented herb and spice extracts have amplified the
benefits of natural skincare products. Their antioxidant, antimicrobial, and anti-
inflammatory properties are particularly valued in functional and dermocosmetic
formulations [45]. Examples include the following:

Creams and tonics with fermented extracts of rosemary, ginseng, licorice, or aloe vera.

Serums containing black garlic or fermented turmeric to combat skin photoaging.

Shampoos and scalp lotions with fermented extracts that support scalp microbiota
balance.

Fermentation also improves dermal penetration of active compounds and reduces
the irritancy associated with some raw plant extracts [46].

6.4 Pharmaceutical and therapeutic applications
Beyond nutraceutical and cosmetic uses, emerging pharmaceutical and
therapeutic applications are being explored, such as:

Gastroprotective formulations, using fermented extracts of basil or mint for
gastrointestinal disorders.
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Delivery systems for the targeted release of active compounds derived from
turmeric, ginger, or rosemary.

Immunomodulatory adjuvants, based on fermented spices, have the potential to
modulate pro-inflammatory cytokines (e.g., IL-6, TNF-a).

Metabolic adjuncts for individuals with metabolic syndrome, obesity, or gut
dysbiosis.

These products are expected to gain traction in the “fermented functional botanicals”
category as clinical evidence expands and regulatory frameworks evolve [47].

6.5 Toward sustainable and functional markets

In addition to functional advantages, fermentation offers significant
sustainability benefits. It allows the valorization of plant by-products such as peels,
stems, and leaves, enabling the production of high-value compounds with low
environmental impact. This approach also promotes circular economies and fair-
trade practices, particularly within communities engaged in the cultivation of
medicinal plants [48].

Such strategies are especially relevant within the global shift toward more
sustainable and resilient food systems, in alignment with the United Nations'
Sustainable Development Goals.

6.6 Industrial feasibility and scalability

The industrial application of fermented herbal and spice extracts requires
standardized fermentation protocols, cost-effective downstream processing, and
regulatory compliance to ensure product safety and consistency. Recent studies
highlight that scalable fermentation technologies, including solid-state and
submerged bioreactors, enable the controlled production of bioactive metabolites
with reproducible quality at the pilot and industrial levels [49, 50]. Moreover,
integrating green extraction techniques, such as supercritical COz and enzyme-
assisted methods, with fermentation steps enhances process efficiency while
reducing energy consumption and solvent use, thus supporting sustainable
manufacturing practices [51]. Nevertheless, challenges remain in terms of large-scale
validation, shelf-life studies, and alignment with food safety regulations before
widespread commercialization can be achieved.

7. Future perspectives

Regulatory challenges and standardization needs

The field of herb and spice fermentation is rapidly expanding, offering new
opportunities for the development of sustainable and functional products. Advances in
targeted fermentation using specific microbial strains capable of modifying distinct
metabolites, together with omics-based approaches such as metabolomics,
transcriptomics, and proteomics, are providing deeper insights into biochemical
pathways and enabling process optimization. Emerging technologies, including solid-
state and semi-solid fermentation, enhance the preservation of sensory qualities and
stability of final products, while symbiotic systems combining probiotics and prebiotics
derived from fermented botanicals are attracting attention for their potential health
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benefits. Despite these promising developments, key challenges remain regarding clinical
validation, regulatory harmonization, and industrial implementation. At present, most
fermented botanical products lack standardized definitions for safety, efficacy, and
quality control, resulting in regulatory discrepancies across countries and regions [50,
52]. Establishing clear international guidelines for microbial strain selection, toxicological
evaluation, and health claim substantiation, as well as aligning these innovations with
existing food safety frameworks such as those from EFSA, FDA, and Codex
Alimentarius, will be essential to build consumer confidence, ensure safety, and facilitate
large-scale commercialization.

8. Conclusions

Microbial fermentation has emerged as a powerful biotechnological strategy to
enhance the functional and nutraceutical properties of herbs and spices. Through the
metabolic activity of selected microorganisms, bioactive compounds can be
transformed into more bioavailable and biologically active forms, while
antinutritional factors are reduced or eliminated. These processes not only preserve
but often improve the sensory and health-related qualities of botanical ingredients,
supporting their incorporation into functional foods, dietary supplements, and
natural health products.

Despite the promising results reported in numerous in vitro and preclinical
studies, the translation of these findings into clinically validated interventions
remains limited. The lack of standardized fermentation protocols, uniform safety
assessments, and harmonized regulatory frameworks across countries creates
barriers to reproducibility, consumer trust, and industrial implementation.

Addressing these challenges requires multidisciplinary efforts focused on three
essential pillars:

e Clinical validation through well-designed human trials to substantiate health
claims;

e Technological standardization to ensure reproducibility, safety, and quality
control at an industrial scale; and

* Regulatory harmonization to align innovations with international food safety
frameworks such as EFSA, FDA, and Codex Alimentarius.

Only by integrating scientific evidence, technological advances, and regulatory
compliance will it be possible to unlock the full potential of microbial fermentation
for the development of next-generation functional foods and nutraceuticals with
proven efficacy, safety, and global market acceptance.
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Chapter 3

Effect of Quercetin on Wound
Healing and Tissue Adhesion

Percin Karakol

Abstract

Querecetin, a naturally occurring polyphenolic flavonoid, is widely recognized
for its potent antioxidant activity and its role as a secondary plant metabolite.
Extensive research has documented its broad spectrum of biological effects,
including antiviral, antifungal, antibacterial, antiallergic, cardioprotective, and skin-
sensitizing properties. Beyond these established functions, emerging evidence
highlights its involvement in wound healing, antiaging processes, and
neuroprotection. Due to its hydrophobic nature, quercetin demonstrates slower and
limited release compared to water-soluble agents. To overcome these limitations,
diverse chemical formulations and advanced delivery technologies have been
developed to improve its bioavailability, release kinetics, and stability. Wound
healing occurs through three distinct phases, with quercetin exerting particularly
pronounced effects during the proliferative and remodeling stages. Prolonged
inflammation often results in chronic wounds, bacterial colonization, and tissue
degradation; quercetin mitigates these risks by enhancing angiogenesis and
epithelialization, thereby accelerating wound closure and reducing infection
incidence. Such improvements are critical for lowering treatment costs and
facilitating patients’ timely return to daily activities. This review synthesizes current
knowledge on the molecular and biochemical mechanisms by which quercetin
modulates wound healing, emphasizing its therapeutic potential. It further examines
strategies to optimize dosing, including nanotechnological approaches that enable
the transition from natural compounds to bioengineered therapeutic platforms. The
integration of cost-effective technologies with natural resources may not only
provide individual psychosocial benefits but also contribute to broader public health
and socioeconomic advancements.

Keywords: quercetin, wound healing, oxidative stress, natural sources, flavonoids

1. Introduction

A wound is broadly defined as a disruption of skin integrity, ranging from
superficial epidermal injury to deeper involvement of bone, muscle, tendon, and
neurovascular structures. The most common etiologies include trauma, burns,
neoplasms, circulatory disorders, infections, diabetes, and immune dysfunction.
Wound healing represents a dynamic and highly regulated biological process that
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unfolds through three overlapping phases: hemostasis/inflammation, proliferation,
and remodeling. Despite its complexity, normal healing proceeds in a coordinated
manner, resembling a biological symphony in which mediators, cytokines,
complement factors, and cellular players such as endothelial cells, keratinocytes, and
fibroblasts interact to restore tissue integrity [1].

Failure of wounds to heal or progression to chronic states imposes substantial
morbidity on affected individuals and generates significant socioeconomic and
healthcare burdens. Consequently, elucidating the molecular and cellular
mechanisms underlying wound repair and identifying bioactive compounds derived
from natural sources has become a priority in contemporary biomedical research.

Current wound management strategies encompass topical and systemic agents,
specialized dressings, epidermal and dermal substitutes, and, in refractory cases,
surgical intervention. Traditional medicine has long employed plant-based therapies
for wound healing, with phytochemicals, particularly flavonoids, receiving
increasing attention due to their antioxidant, antiinflammatory, and anticoagulant
properties. Flavonoids have demonstrated broad therapeutic potential, including
antioxidative, neuroprotective, cardioprotective, anticancer, antiviral, antibacterial,
and antiallergic effects [2].

Among these, quercetin, a polyhydroxyflavone abundantly present in nature and
the human diet, exhibits potent biological activity primarily through the modulation
of reactive oxygen species (ROS) signaling. Experimental and emerging clinical
evidence support quercetin’s role in wound healing, underscoring its promise as
a nature-inspired therapeutic agent [3-5].

1.1 Wound healing: Phases and clinical implications

Wound formation follows a complex yet sequential biological pathway and may
arise either as a primary event or as a secondary manifestation of underlying
pathology. Irrespective of the etiology, the initial physiological response is
characterized by vasoconstriction and coagulation to minimize blood loss. This is
rapidly followed by complement activation and the initiation of an inflammatory
cascade, which recruits neutrophils and macrophages to the wound site [6].
Prolonged or dysregulated inflammation, particularly when compounded by
microbial contamination, can impair healing and, in severe cases, lead to life-
threatening complications [1].

At this stage, therapeutic interventions aimed at modulating inflammation have
gained increasing attention, with particular focus on agents derived from botanical
and synthetic sources. The subsequent phases of wound healing — parenchymal cell
proliferation, collagen deposition, and extracellular matrix remodeling — are
frequently delayed in chronic wounds. A major contributor to this delay is the
excessive accumulation of ROS, which disrupts the transition from the inflammatory
to the proliferative phase [7]. While physiological levels of ROS are essential for
antimicrobial defense and intracellular signaling, sustained elevation induces
oxidative stress, impairs angiogenesis, and perpetuates tissue damage [8].

A comprehensive understanding of these molecular disruptions is critical for the
development of targeted therapeutic strategies. While physiological ROS activation
supports redox balance and homeostasis, prolonged exposure may damage cellular
components and contribute to chronic inflammation and disease. Among promising
candidates, flavonoid based agents such as quercetin have attracted considerable

40



Effect of Quercetin on Wound Healing and Tissue Adhesion
DOI: http://dx.doi.org/10.5772/intechopen.1014222

interest due to their potent antioxidant and antiinflammatory properties, which
enable modulation of ROS-mediated pathways and support the restoration of normal
wound-healing dynamics.
1.2 Flavonoids: Biological activities and mechanisms of action

Flavonoids represent a diverse group of polyphenolic compounds abundantly
distributed in fruits, vegetables, and medicinal plants. Structurally defined by
a C6-C3-C6 backbone, they are subclassified into flavonols, flavones, flavanones,
isoflavones, and anthocyanidins [5, 9]. Among these, flavonols such as quercetin,
kaempferol, myricetin, and fisetin have attracted considerable attention due to their
broad pharmacological activities. The biological effects of flavonoids can be
categorized into several major mechanisms:

1. Antioxidant activity

e Scavenging of ROS

e Upregulation of endogenous antioxidant enzymes (e.g., superoxide
dismutase [SOD], catalase)

e Inhibition of lipid peroxidation
e Protection of cellular components against oxidative damage [4, 10]
2. Antiinflammatory effects
e Downregulation of NF-xB and COX-2 signaling pathways
e Suppression of proinflammatory cytokines (TNF-a, IL-1p, IL-6)
e Reduction of leukocyte infiltration and edema formation [11]
3. Antimicrobial and antiviral properties
e Disruption of microbial cell membranes
e Inhibition of viral replication enzymes
e Enhancement of host immune responses
e Potential application in infectious disease management [12]
4. Antiapoptotic and cytoprotective roles
e Regulation of apoptotic signaling via Bcl-2/Bax modulation
e Inhibition of caspase activation

e Promotion of cell survival under stress conditions [13]
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5. Angiogenesis and tissue regeneration
e Stimulation of vascular endothelial growth factor (VEGF) expression
e Induction of endothelial cell proliferation

e Support for neovascularization and tissue repair is particularly relevant in
wound healing [14]

1.3 Quercetin: Structure, biological activities, and role in wound healing

1. Structural characteristics
Quercetin is a polyhydroxyflavone composed of two benzene rings

linked by a three-carbon bridge, forming a closed pyran ring. Its molecular
structure contains five hydroxyl groups, each of which can undergo
glycosylation, giving rise to multiple quercetin glycoside derivatives with
distinct pharmacokinetic properties [15]. Quercetin is abundantly present
in apples, citrus fruits, onions, grapes, plums, tomatoes, buckwheat,
legumes, tea, coriander, Centella asiatica, Krishna jiraka, Ginkgo biloba, and
garden cress [16].

2. Biological activities relevant to wound healing
Quercetin exerts a wide range of biological effects that directly contribute
to tissue repair and regeneration:

e Antiallergic activity: stabilization of mast cell membranes, preventing
degranulation and histamine release.

¢ Antioxidant properties: scavenging of free radicals such as hydroxyl,
alkoxyl, and lipid peroxyl species, thereby reducing oxidative stress [17].

¢ Enzyme inhibition and chelation: inhibition of lipoxygenase and
cyclooxygenase enzymes, along with iron-chelating activity, contributes to
antiinflammatory and antioxidant effects [18].

¢ Immunomodulation: regulation of cytokine production and macrophage
activity, supporting immune balance.

¢ Pharmacokinetics: despite potent bioactivity, quercetin demonstrates low
oral bioavailability due to poor solubility and extensive first-pass hepatic
metabolism [19].

During tissue injury, endogenous antioxidant enzymes such as
catalase, SOD, and glutathione peroxidase are activated to neutralize
excessive ROS generated at the wound site [20-22]. Quercetin enhances
this defense by limiting ROS accumulation and modulating macrophage
activity, thereby facilitating the resolution of inflammation and
promoting the transition to the proliferative phase of wound healing [1]
(Table 1).
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Molecular mechanisms Biological effects
* NF-kB inhibition ¢ Antiinflammatory
* SOD and catalase boosting * Protects against oxidative stress
* MAPK and PI3K/Akt modulation * Proliferation
* TGF-B1 activation « Fibroblast proliferation
* Collagen gene expression ¢ ECM remodeling
* VEGF increase * Angiogenesis
Table 1.

Molecular structure and biological functions of quercetin in wound healing.
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3. Systemic pharmacological activities

Beyond wound healing, quercetin exhibits a broad spectrum of pharma-
cological effects that reinforce its therapeutic versatility:

¢ Cardioprotective effects: improvement of endothelial function, reduction
of blood pressure, and inhibition of LDL oxidation, thereby lowering the
risk of atherosclerosis and ischemic injury [23].

¢ Neuroprotective actions: the ability to cross the blood-brain barrier and
modulate neuroinflammatory pathways, offering protection against neuro-
degenerative disorders such as Alzheimer’s and Parkinson’s disease [24].

 Antidiabetic properties: enhancement of insulin sensitivity, regulation of
glucose metabolism, and protection of pancreatic B-cells from oxidative
damage [25].

¢ Anticancer potential: induction of apoptosis, inhibition of cell prolifera-
tion, and interference with angiogenesis in various cancer models, including
breast, prostate, and colon cancers [26].

¢ Antiviral and antiparasitic activity: inhibition of viral replication enzymes
and suppression of parasitic growth, supporting its potential as adjunctive
therapy in infectious diseases [27].

. Challenges and advances in delivery systems

Despite its pleiotropic actions, quercetin’s hydrophobic nature limits
aqueous solubility, resulting in poor bioavailability and stability. To overcome
these challenges, diverse chemical formulations and nanotechnology-based
delivery systems have been developed to enhance its pharmacokinetic profile,
stability, and targeted release. These systemic effects are largely mediated
through the modulation of oxidative stress, inflammatory signaling, and cel-
lular homeostasis.

. Clinical relevance

The pleiotropic biological activities of quercetin underscore its relevance
not only in localized tissue repair but also in broader clinical applications. Its
integration into nanotechnological platforms may facilitate translation from
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natural compound to bioengineered therapeutic agent, thereby expanding its
utility in wound healing and systemic disease management.

2. Results
2.1 Quercetin’s therapeutic impact on wound healing

1. Hemostasis and inflammation phase

Following tissue injury, wound healing begins with vasoconstriction and
platelet aggregation, leading to clot formation and hemostasis. This initial
response is rapidly followed by the recruitment of immune cells, primarily
neutrophils and macrophages, mediated through the release of inflammatory
cytokines and chemokines such as TNF-a, IL-1f, and IL-6. Quercetin modu-
lates this phase by downregulating NF-kB signaling and suppressing proin-
flammatory mediators. Through this mechanism, it prevents prolonged
inflammation and promotes a controlled immune response, thereby reducing
the risk of chronic wound development [1, 28]. TNF-a, IL-1f, and NF-«B are
critical biomarkers of wound healing and play a central role in regulating the
inflammatory response. TNF-a and IL-1p promote tissue clearance and
defense by triggering neutrophil and macrophage migration in the early
phase, while NF-kB controls the inflammatory cascade as a transcriptional
activator of these cytokines. At physiological levels, these processes facilitate
the transition to the proliferative phase; however, excessive or prolonged
activation results in chronic inflammation, increased oxidative stress, fibro-
blast dysfunction, and delayed collagen synthesis. Clinically, the levels of
these markers are important as measurable parameters for predicting wound
prognosis and assessing response to treatment. In addition, antiinflammatory
and antioxidant agents, especially flavonoids such as quercetin, are of great
clinical value in translational wound care, as they suppress these pathways,
thereby controlling inflammation and accelerating healing (Table 2).

2. Proliferation phase
The proliferative phase is characterized by fibroblast proliferation, kerati-
nocyte migration, angiogenesis, and granulation tissue formation. While ROS

Inflamation ® Modulates inflammation

Reduces oxidative stress

Inhibits-NF-kB pathway

Proliferation ® Promotes fibroblast proliferation
® Enhances granulation tissue formation
® Reduces ROS accumulation
Remodeling ® Stimulates collagen synthesis
® Improves ECM organization
® Enhances dermal remodeling
Table 2.

Quercetin’s molecular actions across wound-healing phases.
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are essential for cellular signaling, excessive accumulation can impair cellular
function and delay repair. Acting as a potent antioxidant, quercetin scavenges
ROS and enhances the activity of endogenous enzymes such as catalase and
SOD. This dual action reduces oxidative stress, supports cellular proliferation,
and facilitates extracellular matrix deposition, thereby accelerating tissue
regeneration [5].

3. Remodeling phase
The final stage of wound healing involves ECM reorganization, collagen

maturation, and wound contraction. Fibroblasts play a central role in
synthesizing and aligning collagen fibers to restore tensile strength and
structural integrity. Quercetin promotes collagen synthesis and improves
ECM remodeling by modulating fibroblast activity and reducing the expres-
sion of matrix-degrading enzymes. These effects contribute to enhanced
dermal regeneration, improved scar quality, and restoration of functional
tissue architecture [15, 16].

3. Discussion

Collectively, the integration of quercetin into advanced biomaterial platforms,
such as hydrogels, nanocrystals, and lipid-based vesicles, represents a significant
leap toward translational wound care. These systems not only overcome quercetin’s
inherent limitations in solubility and stability but also enable targeted delivery to
wound sites, maximizing therapeutic outcomes. Future clinical trials are essential to
validate these findings and establish standardized protocols for quercetin-based
interventions across diverse wound etiologies.

Quercetin, a polyphenolic flavonoid abundantly found in various medicinal
plants, has emerged as a promising candidate in wound healing due to its potent
antioxidant, antiinflammatory, and antimicrobial properties. These bioactivities are
particularly relevant in chronic wounds, where prolonged oxidative stress and
dysregulated inflammation impair tissue regeneration and delay healing.

Recent studies have emphasized quercetin’s ability to modulate the wound
microenvironment at multiple levels. Nazarnezhad et al. [29] demonstrated that
quercetin-loaded biocomposites significantly enhance skin defense mechanisms by
neutralizing oxidizing agents and inflammatory triggers. Their review highlights
quercetin’s role in stabilizing cellular membranes, reducing lipid peroxidation, and
promoting fibroblast migration — key events in the proliferative phase of healing.

In a complementary study, Nayak et al. [30] developed a quercetin nanocrystal-
loaded alginate hydrogel patch that improved solubility and sustained release,
resulting in accelerated wound closure and enhanced histological outcomes in
preclinical models. The hydrogel’s biocompatibility and ability to maintain a moist
wound environment further contributed to its therapeutic efficacy.

Moreover, glycerohyalurosome-based delivery systems have shown promise in
optimizing quercetin’s bioavailability. Aghajanloo et al. [31] formulated a quercetin-
loaded hydrogel using hyaluronic acid-modified glycerosomes, which facilitated
deeper tissue penetration and prolonged antioxidant activity. This approach not only
improved epithelialization but also reduced inflammatory cell infiltration,
suggesting a dual-phase benefit in both the early and late stages of healing.

45



Herbs and Spices — Innovations in Extraction, Chemical Composition, Pharmacology, and
Biotechnological Applications

Flavonoids, and particularly quercetin, have attracted considerable attention for
their integration into nanotechnology-based delivery systems in wound healing,
offering both distinct advantages and notable limitations. On the one hand,
nanocarriers such as liposomes, polymeric nanoparticles, nanoemulsions, and
hydrogels significantly enhance quercetin’s aqueous solubility, bioavailability, and
pharmacokinetic stability, enabling controlled release and targeted delivery to
wound sites. These systems also prolong antioxidant activity, sustain
antiinflammatory effects, and create biocompatible environments that support
fibroblast proliferation, collagen deposition, and angiogenesis, thereby accelerating
tissue regeneration. On the other hand, the complexity of formulation, potential
long-term biocompatibility concerns, high production costs, and limited clinical
validation remain important challenges that hinder widespread adoption. Thus,
while nanotechnological platforms provide a promising translational pathway for
maximizing quercetin’s therapeutic potential, future research must address safety,
scalability, and regulatory issues to ensure its effective clinical application in wound
management.

These findings align with earlier reports by Karakol et al. [32, 33], who
emphasized quercetin’s role in regulating mast cell activity, enhancing collagen
synthesis, and mitigating ischemia-reperfusion injury through the upregulation of
endogenous antioxidant enzymes such as catalase and SOD.

Chronic wounds represent a significant global health burden, often requiring
a multidisciplinary approach due to their complex pathophysiology and resistance to
conventional therapies. In this context, every novel therapeutic strategy carries
substantial clinical relevance. Quercetin, a naturally occurring
polyhydroxyflavonoid, has garnered attention not only for its oral and topical
applications but also for its integration into regenerative medicine and tissue
engineering platforms.

The wound-healing potential of quercetin is primarily attributed to its potent
antioxidant capacity and its ability to modulate inflammatory responses.
Experimental studies have demonstrated that quercetin suppresses the expression of
proinflammatory cytokines, promotes fibroblast proliferation, and enhances
collagen synthesis — mechanisms that are particularly beneficial in the management
of chronic wounds [34-36].

Despite its promising bioactivity, quercetin’s poor aqueous solubility and limited
bioavailability remain major obstacles to its clinical translation. To overcome these
limitations, various nanoformulations, including liposomes, nanoemulsions, and
polymeric nanoparticles, have been developed to facilitate controlled release and
targeted tissue delivery. These advanced delivery systems significantly enhance the
therapeutic efficacy and safety profile of quercetin in wound care applications [37].

The use of natural biomaterials in combination with quercetin also offers
advantages in terms of environmental sustainability and cost-effectiveness.
Integrating quercetin into nanotechnology-based platforms not only addresses
individual health challenges but also contributes to reducing the burden on
healthcare systems. Formulation strategies that enable quercetin to reach therapeutic
concentrations require interdisciplinary collaboration and offer fertile ground for
future research.

Recent studies have explored the incorporation of quercetin into biocompatible
and bioinert matrices such as hydrogels, nanojels, and nanoparticles. For instance,
antioxidant hydrogels composed of poly(aspartic acid) and carboxymethylcellulose
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loaded with quercetin have shown efficacy as burn wound dressings [38]. Similarly,
nanocrystal formulations have demonstrated enhanced topical activity and
improved skin penetration.

Given its hydrophobic nature, quercetin necessitates the use of specialized
carriers for pharmaceutical applications. Biomaterials have proven effective not only
in wound healing but also in postburn tissue regeneration. Collagen-based matrices,
in particular, have been shown to improve quercetin release kinetics while
simultaneously leveraging the regenerative properties of extracellular matrix
components [39, 40].

ECM plays a pivotal role throughout all phases of wound healing, serving as
a dynamic reservoir for signaling molecules and cellular interactions. Among the key
cellular players, fibroblasts are central to ECM remodeling and tissue regeneration.
Quercetin has been shown to accelerate wound healing in diabetic models by
mitigating oxidative stress and stimulating fibroblast-driven proliferation [34, 35].

Furthermore, quercetin exerts antiinflammatory effects by modulating
macrophage polarization, shifting the phenotype from proinflammatory M1 to
reparative M2, thereby enhancing tissue repair [35]. Beyond inflammation,
quercetin influences the remodeling phase by attenuating fibrotic signaling
pathways and promoting angiogenic factors such as VEGF and TGF-p1, which are
essential for scar modulation and tissue integrity [36]. These biochemical changes
translate into enhanced fibroblast proliferation, improved collagen deposition, and
accelerated epithelialization, which can be assessed through histological scoring,
tensile strength measurements, and wound closure rates in experimental models.
Collectively, these quantifiable outcomes underscore the clinical relevance of
quercetin as a multifunctional agent in wound repair, providing a robust evidence
base for its integration into translational wound care strategies.

In addition, combinatorial approaches involving quercetin and other
phytochemicals, such as curcumin, have demonstrated synergistic effects in
antibacterial activity, radical scavenging, and dermal fibroblast migration, further
supporting its role in integrative wound therapy [41].

Collectively, the integration of quercetin into advanced biomaterial platforms,
such as hydrogels, nanocrystals, and lipid-based vesicles, represents a significant
leap toward translational wound care. These systems not only overcome quercetin’s
inherent limitations in solubility and stability but also enable targeted delivery to
wound sites, maximizing therapeutic outcomes. Future clinical trials are essential to
validate these findings and establish standardized protocols for quercetin-based
interventions across diverse wound etiologies.

4, Conclusion

This review has critically examined the chemical and molecular mechanisms
through which quercetin contributes to wound healing, highlighting its multifaceted
biological activities. As a potent antioxidant within the flavonoid family, quercetin
exerts pronounced effects during the proliferative and remodeling phases of tissue
repair. Its capacity to modulate inflammatory responses, enhance fibroblast
proliferation, and stimulate collagen synthesis underscores its therapeutic potential
in regenerative medicine and wound management.
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Despite these promising properties, quercetin’s poor aqueous solubility and
limited bioavailability remain significant barriers to clinical translation. To overcome
these limitations, nanotechnology-based delivery systems and advanced formulation
strategies have been developed to improve controlled release, stability, and targeted
delivery. The transformation of natural compounds into bioactive materials through
such technologies offers scalable, cost-effective solutions with both individual and
societal benefits.

Compared to flavonoids such as catechins, rutin, or hesperidin, which act
predominantly in single domains (e.g., antioxidation or vascular modulation),
quercetin exerts multiphase effects spanning inflammation, proliferation, and
remodeling. Furthermore, quercetin has been successfully integrated into advanced
biomaterial platforms, including hydrogels, nanocrystals, and lipid-based vesicles,
overcoming its inherent solubility and stability limitations. This translational
readiness sets quercetin apart from other flavonoids, which have not yet achieved
comparable integration into wound-specific delivery systems.

The future prospects of natural compounds, particularly flavonoids such as
quercetin, are increasingly recognized in the development of novel pharmaceuticals
and functional nutraceuticals. Given its pleiotropic biological activities, quercetin
represents a valuable candidate for therapeutic innovation in wound care. However,
widespread clinical adoption requires comprehensive studies to elucidate its
pharmacodynamics, safety profile, drug interactions, and optimal dosing regimens.
The advancement of high-bioavailability formulations and biocompatible scaffolds
remains essential to fully realize its clinical potential.

In the broader context of modern biomedical challenges, quercetin, alongside
other bioactive molecules such as terpenes, polyphenols, and triterpenoids, should
be considered among the leading natural agents for accelerating wound healing.
Furthermore, semisynthetic derivatives and hybrid biomaterials warrant exploration
to enhance therapeutic efficacy and material performance.

Ultimately, future research should prioritize validating quercetin’s clinical
efficacy across diverse formulations and wound types, supported by
multidisciplinary approaches integrating phytochemistry, materials science, and
nanomedicine. Such efforts may pave the way for a paradigm shift in chronic wound
management, positioning quercetin as a key molecule in both basic and translational
biomedical research.
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Chapter 4

High-resolution LC-MS/MS-based
Metabolite Profiling of Medicinal
Herbs and Spices: Innovations in
Untargeted and Targeted
Phytochemical Characterization

Yodying Yingchutrakul and Sucheewin Krobthong

Abstract

High-resolution liquid chromatography-tandem mass spectrometry (LC-MS/MS)
has reshaped phytochemical characterization by enabling the sensitive and
structurally resolved profiling of metabolites in medicinal herbs and spices. This
chapter outlines methodological innovations spanning sample preparation, class-
aware extraction strategies, and chromatographic modes optimized for complex
botanical matrices. Advances in ionization chemistry, adaptive acquisition logic, and
ion-mobility integration have increased spectral richness while improving
discrimination among isomeric or low-abundance metabolites. Post-processing
frameworks that combine spectral libraries, iz silico fragmentation, retention-time
prediction, and CCS filtering now support transparent, multi-evidence annotation
consistent with modern confidence-level standards. Case studies illustrate how LC-
MS/MS enhances botanical authentication, quality assessment, and mechanistic
interpretation relevant to pharmacological and nutraceutical applications. By uniting
high-resolution analytics with open spectral resources and machine-assisted
annotation, LC-MS/MS provides a scalable and reproducible foundation for research,
regulatory standardization, and functional-food innovation.

Keywords: orbitrap, ion-mobility mass spectrometry, spectral annotation, botanical
authentication, natural product, data-dependent acquisition, data-independent
acquisition, parallel reaction monitoring, multiple reaction monitoring

1. Introduction

High-resolution liquid chromatography—tandem mass spectrometry (LC-MS/
MS) has become the cornerstone of phytochemical analysis because accurate mass
measurements, isotopic fidelity, and detailed fragmentation collectively enable the
confident detection and annotation of thousands of metabolites across structurally
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diverse herbal matrices [1, 2]. These analytical capabilities not only enhance
metabolite detection across diverse phytochemical classes but also facilitate
comprehensive profiling strategies that clarify chemically meaningful relationships
within botanical matrices. Such strength places LC-MS/MS at the center of modern
phytochemical science, establishing a framework that links analytical precision with
biological interpretation. This emphasis naturally introduces the importance of
workflow design, which ultimately governs the quality and interpretability of
phytochemical datasets.

The conceptual shift from instrument-centric analysis to workflow-centric logic
is central to current metabolomics practice because study design, extraction
chemistry, chromatographic selectivity, ionization strategy, acquisition settings, and
post-processing pipelines jointly determine analytical outcomes rather than any
single component alone [3]. Medicinal herbs and spices contain chemically dense and
structurally diverse metabolites — including flavonoids, phenolic acids, alkaloids,
terpenoids, and glycosides - requiring methodological consistency from sample
preparation through data interpretation. Because of this complexity, workflow
standardization has become essential for ensuring that phytochemical fingerprints
reflect biological reality rather than technical variability. This standardization also
motivates the development of reproducible computational ecosystems and
transparent annotation frameworks.

In parallel with these methodological advances, LC-MS/MS has enabled
botanicals to be mapped with unprecedented structural detail, supporting
applications ranging from taxonomic authentication to mechanistic inference for
bioactive compounds [4, 5]. The ability to differentiate isomeric flavonoids,
terpenoid subclasses, or conjugated phenolics is particularly critical in herbal
science, where minor structural variations can produce major differences in
pharmacological activity. Improved chromatographic resolution and optimized
ionization chemistries have therefore become essential for ensuring high-quality
spectral acquisition across wide chemical landscapes. These analytical considerations
reinforce the importance of informatics tools capable of exploiting the structural
richness embedded within LC-MS/MS data.

Advances in open-source computational environments now support reproducible
peak detection, spectral deconvolution, and annotation across laboratories and
acquisition modes [6, 7]. Tools such as MZmine and MS-DIAL streamline data
processing for both data-dependent acquisition (DDA) and data-independent
acquisition (DIA) workflows, while enabling the export of interoperable spectral
datasets essential for phytochemical annotation. Deep-learning models such as
MS2DeepScore and MS2Query further extend structural inference into regions of
chemical space where reference libraries remain sparse, enhancing the proportion of
annotated features in complex herbal extracts [8, 9]. These developments underline
the increasingly critical role of computational innovation in natural-product
chemistry, where interpretability often depends on integrating spectral, structural,
and class-level evidence.

To ensure that phytochemical discoveries remain reproducible and cumulative,
multi-evidence annotation frameworks have become essential. These frameworks
combine spectral libraries, i silico fragmentation models, retention-time prediction,
ion-mobility collision cross-section constraints, and class-level annotations to
generate explicit confidence levels aligned with MSI and Schymanski criteria
[10, 11]. Such transparent reporting is particularly important in phytochemical
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characterization, where closely related natural products often co-occur and share
overlapping fragmentation behaviors. The emergence of pan-repository
infrastructures and FAIR-oriented deposition practices further enables botanicals to
be compared across studies and instrumentation platforms, strengthening the
foundations of evidence-based herbal science.

Global resources, including machine-readable spectra, community-curated
databases, and manufacturer-agnostic search languages, have expanded the scale at
which LC-MS/MS data can be interpreted [12, 13]. These resources allow
phytochemical datasets to be interrogated across laboratories, regions, and species,
thereby accelerating the identification of chemotaxonomic markers, bioactive
constituents, and adulteration signatures in medicinal herbs and spices. As these
repositories continue to evolve, phytochemical profiling is shifting toward an
analyzable and cumulative discipline that supports regulatory standardization,
functional-food innovation, and the rediscovery of traditional medicinal knowledge.
Collectively, these advances provide the foundation for the remainder of this
chapter, which evaluates the methodological, technological, and interpretive
developments that characterize contemporary LC-MS/MS-based phytochemical
analysis.

2. Study design, sampling, and extraction: Building analytical
fitness-for-purpose

Robust study design is the most effective determinant of reproducibility in LC~
MS/MS profiling of herbal matrices because biological replication, blocking,
randomized injection order, and pooled quality-control (QC) samples permit explicit
modeling of drift and batch effects over long sequences [14]. To improve readability,
the sequence of technical terms was separated into shorter explanatory units,
emphasizing that each design element independently contributes to the statistical
control of variability. QC-based robust LOESS signal correction (QC-RLSC) and its
machine-learning successor SERRF require strategically interleaved QC injections to
learn temporal structure and reduce technical variance, thereby turning plate design
and autosampler scheduling into quantitative variables rather than logistical
afterthoughts [14, 15]. Because these corrections assume exchangeability of QC
aliquots and stable extraction/injection behavior, sample handling parameters —
including plant mass, comminution size, extraction temperature and duration, and
post-extraction storage — must be standardized so that QC pools remain
representative of the analytical sequence rather than forming an unintended
secondary matrix. This direct connection between experimental design and
normalization logic provides a natural transition to extraction choices aimed at
maximizing chemical coverage while minimizing matrix-induced variance.

Extraction chemistry governs which constituents reach the detector, so solvent
systems must reflect the polarity and stability spectrum of target classes and the
matrix architecture of the herb or spice. Hydroalcoholic mixtures (methanol or
ethanol in water) at mild acidity favor phenolic acids, flavonoid glycosides, and mid-
polarity glycosides common to leaves, bark, and seeds, while ether-rich partitions
enhance the recovery of lipophilic terpenoids and sterols by reducing co-extracted
polar species that would otherwise intensify ion suppression [16]. Pressurized or
accelerated liquid extraction, and ultrasound or microwave-assisted extraction,
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reduce both solvent consumption and processing time; however, temperature
ceilings must be enforced to prevent de-glycosylation or oxidation of labile phenolics
and sulfur-containing metabolites, as emphasized in recent natural-products
metabolomics guidelines that outline class-specific stability windows [17-19]. The
overarching principle is to balance broad chemical recovery with the constraints of
chromatographic and electrospray ionization (ESI) compatibility, which, in turn,
leads to cleanup strategies for matrix-effect control.

Matrix effects, defined as co-elution-driven alterations in ionization efficiency,
can obscure true biological variation or generate artefactual differences in both
untargeted and targeted analyses. Their evaluation must, therefore, be integrated
into early method development rather than postponed to final validation. Post-
column infusion maps suppression/enhancement across retention time, revealing
“danger zones” that can be addressed by gradient redesign, stationary-phase choice,
or selective cleanup, while post-extraction addition quantifies net suppression for
targets and analogues [20]. QuEChERS-style dispersive SPE and polymeric mixed-
mode cartridges, such as HLB or WAX, can remove chlorophylls, waxes, and
polysaccharides without excessive analyte loss when screening parameters are tuned
on a small design-of-experiments grid [21]. Because the topology of matrix effects
depends on retention behavior, the separation strategy becomes the next pivotal
determinant of spectral clarity and identification success.

Green extraction solvents, such as natural deep eutectic systems (NADES), are
increasingly used to mobilize wall-bound polyphenols and enhance the solubility of
highly polar acids, with the added benefit of LC compatibility when dilution and ion-
pair suppression are controlled. However, viscosity and background ions demand
attention to prevent chromatographic distortion in gradient starts [48]. For alkaloid-
rich matrices, slightly basic extractions enhance recovery but risk co-extracting
saponins and proteins, so a two-stage workflow - acidic defatting followed by
basified back-extraction or SPE cleanup - often improves both coverage and
electrospray stability [22]. In all cases, pooled QC preparation must mirror the
dominant extraction and cleanup route so that drift-correction models learn the true
analytical system rather than an artificially cleaner matrix, providing a logical bridge
to chromatographic and ionization decisions that govern spectral purity and
sensitivity.

Carryover control and stability assessments close the pre-analytical chain because
viscous or resinous spice extracts can cause memory effects, while labile constituents
(e.g., aldehydes, anthocyanins) may degrade during autosampler residence.
Instrument-specific needle-wash compositions and stability-bracketing schemes
must, therefore, be validated using representative analyte panels rather than generic
surrogates [23]. Once sampling, extraction, and cleanup define what enters the
column, chromatographic selectivity and mobile-phase chemistry become the
primary levers for resolving co-elution and modulating adduct formation patterns.

3. Chromatographic selectivity and ionization: Controlling isomerism,
adducts, and matrix effects
Orthogonal chromatographic strategies are the first defense against co-elution

and chimeric MS/MS spectra because stationary-phase chemistry and gradient
design redistribute chemical load and separate isomers that otherwise defeat spectral
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matching and iz silico annotation. Reversed-phase C18 and phenyl-hexyl (or
pentafluorophenyl) phases provide complementary m-interaction selectivity for
flavonoids and phenylpropanoids, while HILIC (amine or amide phases) resolves
small organic acids, glycosides, and amino-sugar conjugates that elute near void in
RP, thereby increasing MS/MS purity and boosting the fraction of features eligible
for high-confidence IDs [24]. For example, flavonoid C-glycosides that co-elute on
C18 often become baseline-resolved on phenyl-hexyl columns because 7-stacking
interactions differentiate their aromatic cores. Where matrices are exceptionally
congested, heart-cutting 2D-LC (HILIC to RP or RP to SFC) and supercritical fluid
chromatography (SFC) with APCI/APPI interfaces further expand separation space
for terpenoids, polyphenols, and sterols while maintaining throughput compatible
with batch studies [25]. Because elution determines which co-extracts share droplet
space in the ion source, post-column infusion mapping should accompany gradient
development to identify suppression-prone windows and verify that redesigns shift
sentinel analytes out of those zones [26]. This separation-centric development lays
the foundation for ionization strategies that stabilize adduct chemistry and polarity
response.

Mobile-phase additives are decisive for adduct patterns and ionization efficiency,
particularly in negative mode, where small organic acids and lipids dominate many
herbal matrices. Ammonium fluoride has emerged as a highly effective dopant that
increases [M-H]~ formation and signal without degrading chromatographic
performance, often outperforming ammonium acetate/formate for acidic classes [21,
22, 27]. In positive mode, ammonium or sodium adduction can be exploited for
glycosides and saponins but demands careful interpretation because adduct
switching complicates library matching; here, library cleaning and adduct grouping
steps in post-processing mitigate mis-annotation downstream [26, 28, 29]. Because
additive choice reshapes both sensitivity and fragmentation chemistry, additive
screens should be conducted in the presence of representative matrix extracts rather
than neat standards to capture emergent suppression and adduct competition. These
chemical considerations dictate how acquisition logic should allocate the instrument
duty cycle to maximize interpretable spectra.

Interface and polarity also respond to class-specific chemistry: ESI generally
favors phenolics, glycosides, and alkaloids, whereas APCI/APPI often improves
sensitivity for less polar terpenoids and sterols without derivatization, thereby
enabling LC-based quantification of compounds historically measured by GC alone
[30, 31]. Fast polarity switching increases coverage but reduces ion sampling per
polarity due to overhead; two-pass acquisitions or polarity-split extracts preserve
MS/MS density for each class at the cost of doubled chromatographic time, a tradeoff
best justified when matrix infusion maps show polarity-specific suppression
windows [19, 20, 26, 32]. Together, these decisions about separation and ionization
create the analytical conditions under which acquisition rules can generate
structurally rich MS/MS data, guiding the transition to DDA, DIA, and IMS logic.

Temperature, pH, and injection solvent composition collectively complete the
framework of separation-focused control. Column temperature alters
chromatographic selectivity, apparent pKa values, and solvent viscosity, thereby
modulating retention behavior [33]. Injection-solvent strength relative to the initial
gradient directly influences peak shape and the frequency of MS/MS triggers,
particularly for early-eluting polar metabolites. Shallow initial gradients and
injection solvents that match the starting mobile phase minimize breakthrough and
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peak broadening, which would otherwise compromise MS/MS quality [34]. When
integrated with online mapping of ion suppression and adduct formation, these
chromatographic safeguards improve the efficiency and scientific value of
downstream acquisition-logic optimization. With co-elution and ionization
chemistry managed, acquisition strategies must be optimized to capture high-quality
MS/MS at scale without sampling bias.

4. Acquisition logic: DDA, DIA, IMS coupling, and targeted PRM/MRM

Acquisition rules regulate how effectively an instrument converts
chromatographic peaks into structurally informative MS/MS spectra. Controlled
studies now quantify how DDA parameters influence identification yield and the
structure of molecular networks in complex matrices [35, 36]. On Orbitrap-class
instruments, dynamic exclusion timing, isolation-window width, normalized
collision energy (including stepped NCE), and AGC or ion-target levels determine
which precursor ions are fragmented and how frequently they are selected.
Optimizing these settings using proxy indicators such as library-match rate,
reduction of singleton nodes, and appropriate MS/MS placement improves spectral
diversity and enhances downstream annotation in herb-rich datasets [35]. Intelligent
DDA strategies, such as AcquireX, iteratively remove background ions and
previously sampled features to prioritize fragmentation of low-abundance
precursors; this often requires multiple reinjections but substantially increases
spectral coverage without excessive runtime [37]. However, because classical DDA is
inherently intensity-biased, a natural transition is to complement it with DIA, which
overcomes undersampling in congested chromatographic regions.

DIA fragments all ions within sliding m/z windows and excels in reproducibility
and quantitative stability but requires careful window design and robust
deconvolution. Introducing DIA after DDA in the workflow provides continuity:
DDA maximizes diversity, while DIA maximizes completeness. Coupling DIA with
trapped ion mobility (e.g., dia-PASEF) improves precursor selectivity via drift
separation and increases duty cycle utilization, now widely demonstrated in complex
small-molecule matrices [12, 38]. Orthogonal ion-mobility technologies such as
FAIMS and TIMS reduce chimericity and provide CCS constraints that filter
candidate structures, with recent reviews documenting performance gains in food
and plant metabolomics [39, 40]. To maintain inter-batch comparability, IMS should
be calibrated against vendor or community CCS libraries, particularly when CCS-
assisted library searching or SIRIUS-based class constraints are used downstream
[10, 29]. This progression from DDA to DIA to IMS reflects an increasingly
structured approach to maximizing spectral clarity, coverage, and confidence.

Targeted modes close the discovery-to-decision loop by delivering confirmation
and quantification. Parallel reaction monitoring (PRM) on high-resolution
instruments captures full product-ion spectra per transition for scheduled analytes,
enabling post-hoc interference checks and ion-ratio confirmation, while triple-
quadrupole MRM maximizes throughput and sensitivity for large marker panels in
quality control and surveillance. Transition or product-ion selection should be
informed by prior untargeted MS/MS and repository-scale searches (e.g., via
MassQL) to ensure robust diagnostic fragments across laboratories and additive
systems [12]. Since acquisition only creates value when processed transparently, the
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next section addresses post-acquisition pipelines that transform raw files into
interpretable chemical knowledge.

5. Post-processing and data curation: From features to interpretable
entities

Open and reproducible pipelines facilitate the standardized conversion of vendor
raw files into aligned and annotated feature tables. These workflows encapsulate all
essential preprocessing steps, including peak detection, deconvolution, feature
grouping, retention-time alignment, gap filling, and spectral export [29, 41].
MZmine 3 integrates isotope/adduct logic and QC utilities and supports IMS data,
while MS-DIAL 5 simultaneously processes DDA and DIA data and now extends to
MS imaging, thereby allowing contiguous analyses of herbal extracts across
acquisition modes within a single framework [7, 41]. Feature-based molecular
networking in GNPS and allied graph methods then contextualizes spectra by
structural relatedness, improving interpretability and supporting putative class
assignments even when exact library matches are absent [13, 35]. Because library
noise and inconsistent metadata degrade matching and machine-learning training,
matchms supplies a robust, reproducible library-cleaning pipeline that harmonizes
metadata, removes artifacts, and filters peaks to raise the true-positive rate of
spectral search and stabilize analog discovery workflows. These curated outputs
become the substrate for multi-evidence identification.

Multi-evidence annotation ladders information from empirical matches to in
silico reasoning. SIRIUS/CSI:FingerID combines isotope-pattern analysis with
fragmentation-tree scoring to generate molecular-formula and structure candidates,
while CANOPUS adds class-level labels that remain useful when exact structures are
absent. Current documentation details how library hits are integrated as annotations
without unduly biasing ranking, thereby maintaining transparency [10, 42].
Retention-time prediction and transfer, through direct mapping (PredRet) or
learned models (RT-Transformer) and post-projection calibration, filters candidates
by penalizing implausible elution orders under a given chromatographic mode, with
recent work demonstrating broad model transferability across LC systems [11, 43].
Ion-mobility CCS adds an orthogonal physicochemical descriptor that sharply
reduces false positives in classes known to produce degenerate MS/MS, an
increasingly common step in food-omics pipelines for herbs and spices [44, 45].
Because identification sets the ceiling for inference, the next section introduces
learned spectral similarity and analog search tools that extend structural reach
beyond exact library matches. Beyond these rule-based and physics-guided methods,
learned spectral-similarity models introduce an additional layer of inference capable
of capturing relationships that traditional matching strategies may overlook.

Learned spectral-similarity approaches, such as MS2DeepScore and integrated
analog-search tools, like MS2Query refine the recovery of structurally meaningful
neighbors for unknown metabolites. These tools embed MS/MS spectra into learned
representational spaces in which distance correlates with structural similarity,
thereby increasing the number of detected features that can be confidently
associated with plausible scaffolds or chemical classes [8, 9]. When these spectral
embeddings are incorporated into molecular-networking workflows, the resulting
graphs form coherent communities of related metabolites rather than
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disconnected m/z features. This network-level organization enhances biomarker
stability and deepens the mechanistic interpretation of complex herbal metabolite
fingerprints. At the final stage before statistical analysis and quantitative modeling,
QC-anchored normalization mitigates technical drift so that observed effect sizes,
class separations, and calibration trends reflect true chemical differences rather than
run-order artifacts. With structural information consolidated and drift minimized,
the identification framework aligns directly with normalization procedures to ensure
that downstream statistical inference remains robust and chemically meaningful.

6. Molecular identification and annotation: A multi-evidence paradigm

Identification in botanical metabolomics requires converging lines of evidence
because extensive isomerism, conjugation patterns, and adduct variability limit the
reliability of any single annotation cue. Empirical spectral matching in databases
such as HMDB and MoNA/MassBank provides the initial layer of support [46, 47].
In silico fragmentation approaches, including SIRIUS and CSI:FingerID, extend this
by ranking candidate structures based on predicted fragmentation behavior [10].
Retention-time prediction and transfer tools (PredRet, RT Transformer, post-
projection calibration), CANOPUS class-label assignments, and ion-mobility CCS
agreement then constrain structural candidates to reach MSI Level 2 or Level 3
identifications with explicitly stated confidence [11, 42, 43]. When exact spectral
matches are not available, analog-search methods and learned spectral-similarity
models propagate class-level and scaffold-level hints. These embeddings cluster
unknowns with chemically recognizable families, thereby improving interpretability
and guiding targeted MS/MS acquisition or authentic-standard validation. The
systematic use of these approaches has increased annotation coverage in herb and
spice datasets and shortened the path from unknown features to chemically
meaningful entities.

Retention-time and CCS constraints warrant special emphasis because they are
orthogonal to m/z and fragmentation behavior. These orthogonal parameters reduce
false positives without overfitting annotations to instrument-specific spectral
idiosyncrasies [48]. PredRet provides direct RT transfer when chromatographic
geometry is comparable across systems, whereas transformer-based models generalize
across broader chromatographic regimes. Recent evidence shows that post-projection
calibration can harmonize predicted RT values to local systems with only modest
training requirements [49]. Because these constraints are valuable only when recorded
and shared, standardized reporting of RT and CCS accompanied by confidence
intervals should be included in spectral exports and supplementary materials.

Once identification scaffolding is established, normalization becomes the critical
gatekeeper that determines whether observed metabolic differences withstand the
noise inherent to large-scale acquisitions. QC-anchored normalization transforms raw
intensities into stabilized measures by modeling time-dependent drift and inter-
feature covariation, ensuring that biological variation dominates residual technical
noise in multivariate analyses and classification. SERRF learns feature-wise systematic
error from QC injections and often outperforms classical LOESS in large cohorts,
whereas QC-RLSC remains a transparent and robust default method when QC density
is sufficient [14, 15]. Because normalization interacts directly with feature filtering and
missing-value handling, imputation must follow censoring-consistent rules, such as
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left-censoring at the LOQ, rather than generic mean or median replacements that
distort covariance structure. With identification and normalization secured,
quantification algorithms can translate relative differences into decision-grade
measurements. As these representational tools enrich structural context,
normalization procedures ensure that the resulting chemical assignments translate
reliably into quantitative and statistical analyses.

7. Normalization, drift correction, and QA/QC: Protecting inference
over long sequences

Normalization anchored in pooled QC injections protects the integrity of
statistical inference by explicitly modeling run-order drift and batch discontinuities.
This approach lowers within-class %RSD and preserves true biological contrasts
across the extended multi-day acquisitions that are typical of herb and spice
metabolomics studies [14]. Such stabilization ensures that downstream analytical
patterns reflect chemistry rather than temporal artifacts. QC-RLSC corrects signal
variation by fitting a local polynomial function to each feature’s intensity profile
over time, allowing smooth modeling of drift. In contrast, SERRF applies random
forest regression to learn feature-specific systematic error directly from QC
injections, enabling a more flexible representation of complex drift patterns. Studies
in large lipidomics cohorts demonstrate that SERRF commonly enhances
classification performance and reduces technical variance beyond what QC-RLSC
achieves, with improvement scaling to QC injection density and feature abundance
[15]. This evidence highlights the value of nonlinear learning approaches when
dealing with heterogeneous herbal matrices.

Normalization is necessary but insufficient when matrix effects dominate, so
matrix-matched calibration, isotopologue internal standards for high-value targets,
and post-column infusion mapping are complementary controls that tighten
quantitative comparability [26]. Infusion maps, in particular, reveal suppression
“valleys” that correlate with co-eluting matrix clusters and guide gradient and
cleanup redesign, while post-extraction addition benchmarks net suppression/
enhancement for sentinel analytes used to monitor batch health. Because complex
herbal matrices may lack clean blanks, standard-addition calibration becomes
a practical tool for targeted panels despite increased sample use and analyst effort,
and should be reported with slope confidence intervals and matrix-specific
recoveries. These method-centric controls reduce normalization burden and produce
intensities more amenable to stable statistical modeling.

Feature curation and missing-value handling complete the QA/QC loop. Filter
thresholds should be set with respect to detection frequency in QCs and biological
replicates to avoid survivorship bias that inflates separation in PCA and PLS-DA;
batch-wise and study-wise filters may be required when acquisition spans
instrument maintenance [50]. For values censored below LOQ, left-censoring-aware
imputation or replacement by a fraction of LOQ preserves distributional structure
better than arbitrary small constants — an approach consistent with ICH expectations
for quantitative reporting [3]. When combined with repository-scale reanalysis to
verify marker stability across studies, these QA/QC practices produce feature tables
and spectral evidence that stand up to regulatory and peer scrutiny, setting the stage
for targeted quantification and method validation.
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8. Quantification: From untargeted relative abundance to targeted
decision-grade measures

Quantification strategies in herbal metabolomics follow a tiered structure because
discovery-oriented studies, specification-grade identity and purity testing, and risk-
driven surveillance impose fundamentally different requirements for calibration
rigor, selectivity, and interference control. Discovery workflows aim for robust
relative changes, whereas specification testing requires numerical accuracy and strict
analytical specificity. This contrast defines the depth of validation and the
complexity of the calibration model. Multi-analyte MRM panels on triple-
quadrupole instruments remain the highest-throughput option for quantifying
curated markers and detecting adulterants in herbal matrices, and their selectivity
and linearity continue to support regulatory and industrial applications. PRM on
Orbitrap-class instruments complements this approach by acquiring full product-ion
spectra for each scheduled transition, which enables rigorous ion-ratio checks and
post-hoc interference assessment without major sensitivity loss across many analyte
classes [51]. These capabilities increase confidence when working with chemically
complex plant matrices.

Because herbal matrices often lack clean blanks and authentic isotopologues for
all targets, hybrid calibration approaches, including matrix-matched multi-point
curves for critical analytes, internal standard single-point normalization for broader
panels, and standard addition for stubborn matrices, are pragmatic compromises
that must be reported with clarity about sources of uncertainty. Matrix-effect
benchmarking and mitigation are inseparable from quantification in complex
botanicals. Post-column infusion provides a chromatographic heatmap of
suppression/enhancement that guides gradient shape, washouts, and valve timing,
while post-extraction addition quantifies residual matrix influence under finalized
gradients.

Selectivity safeguards ensure that reported concentrations remain valid.
Scheduled PRM/MRM methods that monitor at least two product ions per analyte
and verify ion ratios within preset tolerances effectively reduce false positives.
High-resolution PRM adds chromatographic and exact-mass specificity, which
becomes decisive when plant matrices contain near-isobaric isomers or co-eluting
species [3]. For multi-component specifications in herbal formulations, reporting
should include the rationale for each marker (bioactivity, chemotaxonomy,
safety), acceptance ranges justified by repository-scale evidence where available,
and cross-checks with orthogonal stimuli-response endpoints when claims invoke
pharmacological mechanisms [3, 52]. This explicit alignment of markers with
functional endpoints integrates quantitative LC-MS/MS with systems-level
interpretation and prepares assays for regulatory review or surveillance. Finally,
method lifecycle thinking ties quantification back to discovery by using repository
mining to check the uniqueness and robustness of diagnostic fragments and
neutral-loss patterns across studies and instruments, and by depositing raw files
and metadata in MetaboLights to allow independent reanalysis [12, 53]. Given the
rapid evolution of supply chains and herbal formulations, this cycle — from
fingerprint to marker, from validated assay to repository confirmation - ensures
that quantitative results remain credible and actionable for clinicians, regulators,
industry, and researchers.
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9. Conclusion(s)

LC-MS/MS now offers a streamlined and standards-driven framework for
phytochemical characterization by uniting selective extraction, orthogonal
chromatographic separation, optimized ionization, and adaptive acquisition into
a coherent workflow. These integrated advances enable a shift from narrow marker
assays to comprehensive chemical fingerprints that simultaneously support
authentication, quality evaluation, and mechanistic insight within a single analytical
campaign. The robustness of these outcomes relies on transparent identification criteria,
multi-evidence annotation strategies, and QC-anchored normalization embedded
within open and interoperable processing pipelines. As spectral repositories expand and
machine-learning tools mature, LC-MS/MS is poised to advance phytochemical analysis

into a fully cumulative and regulation-ready discipline, reinforcing its central role in
natural-product chemistry, functional-food innovation, and botanical therapeutics.

Acronyms and abbreviations

LC-MS/MS Liquid chromatography-tandem mass spectrometry
HPLC High-performance liquid chromatography
DDA Data-dependent acquisition

DIA Data-independent acquisition

PRM Parallel reaction monitoring

MRM Multiple reaction monitoring

HILIC Hydrophilic interaction liquid chromatography
SFC Supercritical fluid chromatography

ESI Electrospray ionization

APCI Atmospheric pressure chemical ionization
APPI Atmospheric pressure photoionization

CID Collision-induced dissociation

HCD Higher-energy collisional dissociation

NCE Normalized collision energy

m/z Mass-to-charge ratio

CCS Collision cross section

IMS Ion mobility spectrometry

RT Retention time,

QC Quality control

QC-RLSC Quality-control-based robust LOESS signal correction
SERRF Systematic error removal using random forest
FBMN Feature-based molecular networking

GNPS Global Natural Products Social Molecular Networking
CSI:FingerID Fragmentation tree-based structure prediction
CANOPUS Structural class prediction

SIRIUS Molecular structure prediction platform

MSL Mass spectral library

NADES Natural deep eutectic solvents

LOQ Limit of quantification

PCA Principal component analysis

PLS-DA Partial least squares discriminant analysis
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Abstract

The modern world, especially developing countries, is facing high morbidity
and mortality rates due to liver cancer and viral hepatitis. The multidrug resis-
tance in the standard viral hepatitis and cancer treatments has raised serious
concerns and highlighted the urgency of novel therapeutic solutions. In this
context, various herbal- and spice-based formulations, such as syrups, tablets,
herbal teas, and natural supplements, are being explored both in clinical trials
and in commercial markets. This chapter focuses on the role of traditional
spices and herbs in preventing and managing liver cancer and viral hepatitis.
Phytochemicals found in spices such as turmeric (curcumin), black seeds,
ginger, and garlic demonstrate antiviral, antioxidant, anticancer, and anti-
inflammatory potential. Herbs such as milk thistle, dandelion root, astragalus,
coffee, barberry, plum, tamarind, and Panax ginseng are also used as adjunct
therapies to protect the liver during hepatitis treatment. Bioactive compounds,
including curcumin, triterpenoids, resveratrol, silibinin, tanshinone IIA, and
piperine, have displayed anti-liver-cancer and antiviral therapeutic efficacy
owing to their anti-fibrotic, anti-inflammatory, and antioxidant properties.
Different phytoconstituents of spices and herbs, such as alkaloids, flavonoids,
terpenoids, anthraquinones, phenols, phenylpropanoids, aromatics, and
xanthones, exhibited hepatocellular carcinoma and hepatitis A, B, and C viruses.
This chapter emphasizes on the recent spice- and herbs-based strategies for
combating these diseases, focusing on their therapeutic potential, mechanism of
action, and integration into modern medical approaches.

Keywords: hepatitis viruses, liver cancer, spice-derived compounds, herbal

compounds, traditional medicine, phytochemicals, ginger and turmeric,
silymarin

71 IntechOpen



Herbs and Spices — Innovations in Extraction, Chemical Composition, Pharmacology, and
Biotechnological Applications

1. Introduction

In this modern era, liver diseases rank as the 11th most common cause of
death, which is approximately 4% of deaths globally [1]. Hepatitis, also called
viral hepatitis, is a fatal disease that causes complications due to which around
1-4 million deaths occur per year [2]. All the five types of hepatitis HAV, HBV,
HCV, HDV, and HEV are caused by five viruses, namely hepatitis virus A,
hepatitis virus B, hepatitis virus C, hepatitis virus D, and hepatitis virus
E. Chronic hepatitis is life-threatening owing to liver cirrhosis and hepatocellular
carcinoma (HCC) [3]. The hepatitis B virus is composed of DNA, while all other
types of hepatitis viruses A, C, D, and E are composed of RNA [4-6]. Different
hepatitis viruses spread through the following different ways as mentioned in
Table1 [7-9].

2. Therapeutic role of spices and herbs in the treatment of hepatitis

Traditional medicines and herbal systems in India, Pakistan, Europe, and the
USA, including Chinese herbal formulations, are the major sources of novel
chemotherapeutic agents. The bioactive compounds derived from spices, herbs, and
plants are administered to treat diseases in different dosage forms such as herbals
teas, powders, tablets, capsules, and other herbal formulations [10, 11].

Different spices such as garlic (Allium sativum) significantly reduce weight by
lowering total cholesterol, low density lipoprotein, and impart a significant effect on
liver enzymes such as alanine aminotransferase (ALT) and aspartate
aminotransferase, so garlic-based supplements are effective in treating chronic liver
disease [12]. Another daily life common spice, ginger (Zingiber officinale), possessed
hepatoprotective properties. Ginger supplements demonstrated anti-HCV results as

Hepatitis Spreading Sources

virus

Hepatitis HAV is transmitted from food and water contaminated with feces of individuals.

A virus

Hepatitis HBV can be transmitted vertically and through sexual contacts, such as vaginal secretions,

B virus semen, exposure to blood (e.g., drug abuse), or through injection and close person-to-person
contact.

Hepatitis The major causes of HCV transmission are blood transfusions, contaminated healthcare

C virus utensils, injections, and also, sexual contact. HCV replication leads to inflammation and

steatosis of the liver.

Hepatitis HDV is dependent on HBV surface antigen for its replication and transmitted like hepatitis
D virus HBV and HCV.
Hepatitis HEV can be transmitted via transfusion and zoonotic routes and also through contaminated
E virus food and water.

Table 1.

Spreading sources of hepatitis viruses.
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well as showed reduction in nonalcoholic fatty liver disease due to reduction in
inflammatory cytokines, ALT, insulin resistance index, y-glutamyl transferase, and
hepatic steatosis grade [13]. The compound INDO2 (procyanidin type A) derived
from cinnamon (Cinnamomum verum) inhibited HCV cell entry and provided a low-
cost HCV hepatitis treatment [14].

Black seed (Nigella sativa) phytochemicals, such as catechin, rutin, and amento
flavone, have the potential to inhibit the NS5B RdRp enzyme, which is essential for
replication of the HCV [15]. Curcumin extracted from turmeric (Curcuma longa),
a daily used spice, has the potential to inhibit the HCV replication by suppressing
the signaling pathway Akt-SREBP-1, and curcumin also displayed the potential
to inhibit PI3K-Akt, which indicated the anti-HCV therapeutic efficacy of turmeric
[16]. Black peppers (Piper nigrum) and Piper longum are daily spices that have
excellent chemotherapeutic significance in the medicinal field. These are composed
mainly of piperine compound, which exhibited anti-HCV and anti-HBV properties
(17, 18].

The mechanism of the HCV inhibition by the spices and herbs-derived
compounds is given in Figure 1.

The herbs such as Scytonema varium, Silybum marianum, Limonium sinense,
Bupleurum kao, Camellia sinensis, Marrubium pevegrinum L, and Antho cyanidin
contained anti-HCV compounds such as scytovirin (ECs0/CCsq = 17 nM/23.8 uM)
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Figure 1.

HCV inhibition mechanism by spices- and herbs-derived compounds.
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[19], silymarin (ECso =40-100 pM) [20-22], gallic acid (ECs50/CCso =24.31
6.90 uM/ 346.59 + 27.43 uM) [19], silibinin (ECsg = 40-100 uM) [23-25],
saikosaponin B2 [19], EGCG [26-28], ladanein, delphinidin [29], and ladanein-
BJ486K [30] and adopted GLUT2, RNA polymerase activity, NS5B, mevalonate,
and entry inhibition mechanistic pathways. The compounds such as
epigallocatechin-3-gallate [26-28], naringenin [31, 32], xanthone [33]
hypophyllanthin [34], and cynaropicrin [35] of the following herbs Camellia
sinensis, grapefruit, phyllanthus niruri L., and cynara cardunculus demonstrated
entry inhibition metabolic pathway. Luteolin [36], 3-hydroxycaruilignan C [37],
and plumbagin [38] extracted from Petroselinum crispum, Swietenia macrophylla,
and Plumbago indica L. exhibited inhibition via shikimate, PI3K, Akt, mTOR,
MAPK, NF-kB, and RNA replication pathways. Apigenin, xanthohumol, honokiol
5-O-methyl embelin, and apigenin extracted from Petroselinum crispum, Humulus
L, Magnolia grandiflora, and Embelia schimperi (fruit) displayed inhibition
activity p-oxidation, oxidative stress reduction, PI3K, Akt, NFkB, and STAT3
metabolic pathways [36, 39-41]. Flavone containing apigenin demonstrated anti-
HCV activity via miR122 reduction [42]. Herbs such as excoecaria agallocha L.,
alkaloid, ruta angustifolia, Maytenus ilicifolia, and Swietenia macrophylla
containing anti-HCV agents such as excoecariphenol D corilagin (ECsq = 13.5
uM), caffeine (ECso = 0.726 Mm), chalepin (ICsq = 1.7 ug/MIl), APS, and
3-hydroxy caruilignan C (ICsg = 37.5 uM) exhibited replication inhibition.
Pseudane IX [43] drawn out from the Swietenia macrophylla displayed anti-HCV
activity through insulin resistance at ECso = 1.4 pg/mL. Lipid metabolism was
observed in quercetin extracted from Embelia ribes [20, 44]. Oleanolic acid
extracted from exhibited NS5B polymerase inhibition at ECso = 0.8-3.5 ug/mL
[45]. The compounds piperine and coumestans were separated from Piper longum
L., and Eclipta prostrata L. showed anti-HBV and anti-HCV activity via inhibition
of HBsAg and HBeAg [17, 18]. The compound glycycoumarin separated from the
herb Glycyrrhiza uralensis displayed glucuronide action with ECsg . 4.6-8.8 ug/MlI
[46]. The compound phyllanthin found in the herb Phyllanthus niruri L. exhibits
anti-HCV activity through NS3/4A protease inhibition [47]. The herb Maytenus
ilicifolia containing the compound induced apoptosis and autophagy modulation
at IC 59 = 2.3 uM [48]. The compound allicin [12, 49] separated from Allium
sativum L. and a-mangostin [33] separated from Garcinia mangostana induced
apoptosis and modulated anti-HCV activity. Phase I metabolism and epoxidation
oxidation were observed in the compound limonin drawn from the herb Ficus
religiosa L [50]. The compound 1-cinnamoyl-3,11 dihydroxy meliacarpin
extracted from the herb artocarpus induced NF-kB modulation [51]. Glycyrrhizin
extracted from the herb species Glycyrrhiza uralensis played an important role in
anti-HCV activity through glycyrrhetinic acid conversion with IC 50 = 16.5 uM
[47, 52].

Rosmarinic acid [53] separated from the specie lamiaceae exhibited anti-HBV
activity via inhibiting replication by binding to & polymerase. N-acetylphenyl
alanine, 6-hydroxyl-7-methoxyl-coumarin, iridoid lactone, magnatrol B,
anislactone B, honokiol, isomagnolol, isocarpine, swertisin, and 1,5,8-trihydroxy-
3-methoxyxanthone extracted from the herbs such as P. crinitum, S. punicea,

S. asper, L. henryi, and I. tectorum maxim exhibited anti-HCV activity by HBsAg and
HBeAg inhibition [54-56, 60, 57-59]. The compounds cichoric acid, crypto-
chlorogenic acid, 2-methyl-6-phenyl-4 H-pyran-4-one, 3-caffeoylquinic acid,
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p-hydroxybenzoic acid, 3,5-dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid,
3,4-dicaffeoylquinic acid, and 3,4-dihydroxybenzoic acid extracted from

C. intybus, S. asper, A. capillaris, L. japonica, S. mussotii, and A. scoparia exhibited
anti-HBV activity by inhibition of HBsAg, HBeAg, and HBV-DNA [56, 60-66]. The
compound rosmarinic acid separated from the herb C. intybus displayed anti-HBV
activity via e-Pol binding mechanism [67]. The compound gedunin drawn from the
specie agadirachta indica and A. Juss inhibited NS3 RNA polymerase and NS3
protease [68]. The herb specie shikuwasa limes contains a compound 3,5,6,7,3’,4’-
hexamethoxyflavone that has been reported as an anti-HVB agent via inhibition of
TNF-a [69]. The compound betulinic acid extracted from scutellaria baicalensis
demonstrated anti-HBV by inhibiting the SOD2 enzyme [16-18, 70-72]. cccDNA
inhibition was demonstrated by the compound norbellidifolin drawn from the herb
S. mussotii and hyperoside, an herb derivative of Abelmoschus manihot (L) medik
[59, 73, 74]. Wogonin, an herb derivative of Scutellaria baicalensi, displayed anti-
HBYV activity by replication inhibition mechanism [69, 75]. Allicin derived from
Allium sativum L. showed anti-HBV activity by apoptosis induction [76].
Epigallocatechin-3-gallate derived from Camellia sinensis (L.) Kuntze revealed anti-
HVB activity by inhibiting viral DNA and RNA synthesis [77]. Luteolin7-O-b-D
-glucopyranoside, derived from the herb Taraxacum mongolicum, acts as anti-HBV
agent by Akt signaling mechanism.

3. Potential of spices and herbs in the management of liver cancer

Liver cancer ranks among the top five cancers in the whole world in terms of
mortality and is the third leading cause of cancer-related deaths globally [78, 79].
HCC is one of the most common cancers worldwide, and most current therapies are
of limited efficacy. Natural compounds extracted from plants, herbs, and daily-
used spices demonstrated promising potential in drug discovery and development
of novel therapeutic agents for various diseases; notably over 60% of cancer
treatment drugs are sourced from natural herbs, plant and spices, etc. [80-82].
Lycii fructus (wolfberry) decreased liver inflammation and fibrosis, and improved
liver histology by reducing apoptosis [83]. Xanthorrhizol derived from curcuma
xanthorrhiza inhibited the HepG2 cells via Bcl2 family members [84]. Green tea
(Camellia sinensis) leaves contained a phenolic epigallocatechin-3-gallate (EGCG)
compound which displayed promising potential against HCC and HepG2 cells
through kinases signaling pathways [85]. An alkaloid berberine is derived from
rhizome of coptidis which showed anti-proliferative HCC activity [86], and
a phytoalexin called as resveratrol is obtained from red grapes exhibited anti-
proliferative and anti-apoptosis properties [87]. DAS (diallyl sulfide) is a major
constituent of garlic, which showed inhibitory anti-HCC activity through
inhibition of TNF-a and IL-6 pathways [88]. In multidrug resistance (MDR) cancer
therapy, a ginger compound 6-shogoal displayed promising anticancer potency
against hepatoma cells by trigging ROS-mediated, caspase-dependent
apoptosis [89].

A lot of compounds derived from plants, herbs, and spices have been studied for
their anti-HCC potential via various metabolic pathways. Ursolic acid derived from
Gardenia jasminoides [90, 91] has been reported as anti-HCC agent via oxidative
stress reduction. A spice derivative curcumin derived from Curcumina kwangsiensis
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revealed anti-liver-cancer potential via inhibition of PCNA and CDC2 pathways
[92]. The compound asparanin A extracted from the fungus specie Asparagus
officinalis L exhibited inhibition of cyclin A, CDK1/4, and caspase 3/8/9, and played
a significant role as anti-HCC agent [93]. The compound acetylshikonin derived
from Lithospermum erythrorhizon [94] and methyl nonacosa-14E, 18E, 22E, and
26E-tetraenoate derived from the herb amaranthus spinosus displayed anti-HCC
activity via downregulation of BCI-2 and BAX [95]. Chalcone flavokawain

B extracted from the rhizomes of alpinia plants acted as anti-liver-cancer agent via
PIK3/Akt metabolic pathway [96]. Andrographolide separated from the
andrographis paniculata [97] plant and the compound boldine [98] derived from
the plant Peumus boldus played an important role in anti-liver-cancer activity via
apoptosis induction, anti-angiogenesis, and overexpression of BAX. The plant
species Dicranostigma leptopodum (maxim.) Fedde containing compound
isocorydine acted as anti-HCC agent through inhibition of p38 and ERK metabolic
pathways [99]. Celastrol extracted from the plant Tripterygium wilfordii suppressed
Akt activation and acted as anti-liver-cancer agent [100]. The compound
furanodiene derived from the plant curcuma wenyujin exhibited anti-liver-cancer
activity through MAPK pathway [101]. Astrakurkurone, a derivative of plant
astraeus hygrometricus, demonstrated anti-HCC activity via upregulation of pro-
apoptotic pathway [102]. The compound 2-methoxyjuglone derived from plant
species Juglans cathayensis [103], apigenin separated from alpinia officinarum [104,
105], and citrus fruit derivative Naringenin [106] acted as anti-liver-cancer agents
through caspase pathway. The compound resveratrol separated from the plant
Arachis hypogaea [107] and boldine derived from Peumus boldus [98] induced
apoptosis and pro-apoptosis of BAX to inhibit the HCC. The compound caffeic acid
phenyl ester separated from propolis [108] and berberine derived from Berberis
vulgaris revealed anti-liver-cancer potential through NF-kB metabolic pathway.
The compound hispolon derived from Phellinus linteus revealed anti-HCC potential
via inhibiting PI3K/Akt, ERK1/2 metabolic pathways [109]. The plant Artemisia
capillaris contains a compound artemisinin, which has been reported as an anti-
liver-cancer agent via PI3K/Akt and mTOR metabolic pathways [110]. Anti-cancer
potential of the compound galangin derived from the herb alpinia officinarum was
observed through PKC and ERK metabolic pathways [111]. The herb Berberis
vulgaris contains a compound berberine that has been observed as anti-liver-cancer
agent via NF-kB metabolic pathway [112]. Plumbagin, separated from the herb
Plumbago zeylanica, acted as anti-HCC agent by binding to NF-KB and AP-1
receptors [113]. Betulinic acid derived from betula pubescens betula [114], boldine
[98] extracted from the herb Peumus boldus, farnesol derived from Vachellia
farnesiana [115], and apigenin derived from the plant alpinia officinarum [104, 105]
exhibited anti-liver-cancer efficacy via apoptosis, over expression and pro-
apoptotic BAX metabolic pathway. Platycodin D extracted from the herb
Platycodonis radix exhibited anti-liver-cancer efficacy via MEK and ERK pathways
[116]. Allium sativum’s derivative, allicin, has been studied as anti-HCC agent
working via p53 and PI3K/mTOR pathways [117]. The compound kaempferol
separated from the plant Brassica oleracea var revealed anti-HCC efficacy through
inhibition of MAPK and HIF-1 [118]. The compound theaflavins extracted from
Camellia sinensis also exhibited anti-liver-cancer efficacy by blocking the STAT3
metabolic pathway [119]. The spice derivative, curcumin, derived from the
curcuma longa L. displayed anti-liver-cancer potential by targeting the HepG2 cells
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[120]. Citrus limon contains a compound, eriocitrin, which is known for anti-HCC
efficacy by upregulation of p53, cyclin A, cyclin D3, and CDK6 [121]. Honokiol is
a plant derivative of Magnolia officinalis acting as an anti-HCC by destabilizing the
EGFR [122]. The plant Camellia sinensis contains a compound, EGCG, which is
studied for its anti-liver-cancer activity via inhibition of PI3K/Akt metabolic
pathways [123]. The compound capsaicin, a spice derivative of capsicum annuum
[124], and the compound cantharidin extracted from Lytta vesicatoria [125] are
known for their efficacy as anti-HCC agent via tumor growth inhibition
mechanism [126]. The plant scutellaria baicalensis contains a compound wogonin
that has been reported for its anti-HCC activity through inactivation of Akt
signaling pathway [124]. The compound eriodictyol is derived from the plant
eriodictyon californicum inhibiting HCC via upregulation of BAX and PARP [127].
The compound nitidine chloride extracted from the plant Zanthoxylum nitidum
revealed cytotoxicity toward the Huh-7 cells [128]. The compound extracted from
the Pueraria lobata acts as anti-HCC agent through regulation of MAPK metabolic
pathway [129]. Apigenin separated from the plant Apium genus inhibits the growth
of HepG2 and Huh-7 cell lines [130]. The compound tanshinone IIA derived from
the plant Salvia miltiorrhiza Bunge acted as anti-HCC agent by targeting the ASGPR
receptors [131]. The compound luteolin, a derivative of reseda odorata, modulated
the caspase activation and revealed it efficacy as anti-HCC [132, 133]. Luteolin-
7-O-glucoside derived from the Cynara scolymus exhibited anti-HCC potential by
arresting the G2/M phases of cell [134]. The compound acetylshikonin extracted
from lithospermum erythrorhizon revealed anti-liver-cancer efficacy by
downregulation of BCI-2 and BAX [94]. Similarly, the compound eriodictyol
extracted from Eriodictyon californicum exhibited anti-HCC activity by
upregulation of BAX and PARP [135].

Stimulatory pathways are the activation of cellular defense mechanisms intrinsic to
the cell that oppose tumor growth and viral persistence. These mechanisms are largely
the induction of apoptosis, augmentation of metabolic regulation against cancer cells,
and the activation of immune responses [136]. Moringa (Moringa oleifera) is rich in
bioactive molecules such as quercetin, kaempferol, and isothiocyanates that induce
upregulation of pro-apoptotic proteins such as BAX, BAK, PUMA, BIM, and NOXA.
This induction induces mitochondrial outer membrane permeabilization, cytochrome
c release, and caspase cascade activation, culminating in hepatoma cell programmed
death [137]. Curcumin, the major polyphenol of turmeric (curcuma longa), targets
cellular epigenetic regulators to affect metabolic pathways such as glycolysis and
the Krebs cycle. Through glycolytic enzyme downregulation and promotion of
oxidative phosphorylation, curcumin makes the environment hostile for the survival
of cancer cells. Curcumin also disrupts BCL-2 family protein function, making cells
apoptotic to sensitive [138]. Allicin from garlic and thymoquinone from black cumin
(Nigella sativa) downregulate pro-survival proteins (MCL-1, BCL-2, BCL-W, BCL-
XL) and block transcription factors controlling these proteins. This dual effect not only
eliminates survival benefits from cancer cells but also triggers reactivation of apoptotic
machinery. Also, thymoquinone has been shown to modulate NF-xB and Myc, the
primary transcription factors in cancer cell proliferation, thus re-establishing normal
control over the cell cycle [139].

Through these routes, the classic spices and herbs act to trigger the body’s inherent
tumor-suppressive function and are hence valuable as preventive and therapeutic
agents against liver cancer and chronic viral hepatitis as indicated in Figure 2.
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Figure 2.

Mechanistic pathways of HCC with inhibiting herbs and spices.

Figure 2 presents the stimulatory pathways by which specific traditional herbs
and spices such as moringa, curcumin, allicin, and thymoquinone act to show anti-
cancer action in liver cancer and viral hepatitis. Moringa induces apoptosis through
upregulation of pro-apoptotic proteins (BAX, BAK, PUMA, BIM, NOXA), whereas
curcumin acts on cellular epigenetics by blocking metabolic pathways affecting BCL-
2 proteins. Allicin suppresses pro-survival BCL-2 family proteins and decreases cell
survival signals. Thymoquinone disrupts the transcription factors NF-kB and Myc
and inhibits expression of anti-apoptotic proteins. These bioactive molecules in
combination promote programmed cell death and the inhibition of tumor
development.

Inhibitory mechanisms aim at oncogenic and pro-inflammatory cascades of
signals responsible for driving tumor growth, viral replication, and immune evasion.
By inhibiting these pathways, conventional spices and herbs arrest disease
progression at a number of molecular checkpoints [140]. Cinnamon polyphenols
suppress PI3K/Akt signaling, a pathway commonly hyperactivated in HCC and
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HCC inhibitory mechanism by spices- and herbs-derived compounds.

chronic hepatitis, causing reduced proliferation, impaired glucose metabolism, and
diminished metastatic potential [141]. Turmeric has a double inhibitory action —
downregulating MAPK signaling to limit cell proliferation and inhibiting JAK/STAT
signaling to hinder inflammation and anti-apoptotic gene transcription. It has

a decisive role in limiting both tumor burden and chronic inflammatory injury in
viral hepatitis [142]. Garlic and ginger synergize to suppress JAK/STAT signaling,
lowering levels of inflammatory cytokines IL-6 and TNF-a, commonly elevated in
HBV - and HCV-induced liver disease. This suppression of inflammatory signaling
makes the environment less conducive to cancer progression and viral replication
[143] as displayed in Figure 3.

Figure 3 illustrates inhibitory mechanisms by which classical spices and herbs
such as cinnamon, turmeric, garlic, and ginger regulate crucial oncogenic signaling
in viral hepatitis and liver cancer. Cinnamon suppresses the PI3K/Akt1 pathway,
whereas turmeric represses MAPK and JAK/STAT pathways, effectively inhibiting
tumor-promoting transcriptional activity. The synergistic interaction of turmeric,
garlic, and ginger inhibits JAK/STAT-induced survival signals and downregulates
cell proliferation, migration, differentiation, and survival genes. These inhibitory
actions are responsible for anticancer growth prevention as well as viral pathogenesis
prevention.
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4, Conclusion

Liver cancer and viral hepatitis are major challenges and significant threats to
the health of humans globally, particularly in developing countries. The
developing countries are facing high mortality rates, which are compounded by
the limitations in treatment facilities and conventional therapies and day by day,
the growing threat of MDR. The major reasons for HCC are inborn metabolic
disorders, oxidative stress, HCV, environmental toxins, chronic inflammation,
HBV, some of drugs, etc. Accumulating evidence suggested that dietary spices,
herbs, and plant-based products and their active compounds can inhibit liver
cancer and replication of different hepatitis viruses. In this context, herbs, plants,
and traditional spices have emerged as alternative therapeutic sources and
valuable allies in the prevention and management of hepatitis and liver cancer.
These natural products derived from spices and herbs can also act as adjunct
therapies. The spices and herbs are rich in diverse phytochemicals such as
resveratrol, curcumin, triterpenoids, piperine, and silibinin, and demonstrated
anti-viral, anti-oxidant, and anti-inflammatory. In this context, traditional spices
and herbs have emerged as valuable allies in prevention, management, and
adjunct therapy. Rich in diverse phytochemicals, these natural agents exert
potent antiviral, antioxidant, anticancer, and anti-inflammatory activities. Herbs
such as barberry, milk thistle, panax ginseng, astragalus, dandelion, and
traditional spices such as turmeric, ginger, black seeds, and garlic provide both
experimental and clinical evidence that these herbs and spices have anti-HCC and
anti-hepatitis potential by modulating key pathogenic pathways, inhibiting viral
replication, reducing oxidative stress, and protecting hepatocytes. The other
prominent botanicals, such as Glycyrrhiza glabra, wolfberry, broccoli sprouts,
green tea, Nigella sativa, red grapes, and coptidis rhizome, are bioactive
compounds-based and capable of intercepting the progression of chronic
hepatitis to HCC. The progression of hepatitis and liver cancer can be prevented
by providing a shield of these natural products by integrating these natural
products into nutrition and lifestyle to enhance therapeutic outcomes. In
conclusion, combining traditional herbal research outcomes with modern
biomedical research holds great promise to develop accessible, safe, effective, and
efficient strategies to combat viral hepatitis and liver cancer.

5. Limitations and future perspectives

In defiance of the promising efficacy of herbs and spice derivatives against
hepatitis viruses and liver cancer, there are still various pros. One of the
substantial confrontations is the need for standardized formulations of herbs
because differences in farming, garnering, separation, and preservation
techniques lead to variation in the composition of bioactive compounds. In
addition, studies based on in vitro and in vivo randomized clinical trials provided
conclusions that are still meager. Drug-likeness problems such as fast
metabolism, poor GI absorption, and lack of bioavailability limit the clinical use
of biologically active compounds such as silibinin, resveratrol, and curcumin.
Furthermore, herbal drug interaction and potential liver toxicity at high doses
have highlighted the issues about long-term safety, especially when used with
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traditional therapies. In developing countries, there is insufficient use of herbal
medicines and a lack of regulatory frameworks that restricts the extensive
incorporation of innovative healthcare facilities.

From a broader point of view, ongoing research should validate clinical trials of
herbs as a priority and efficiently design the herbal formulations and establish
multicentric trials to gain dosage and long-term safety profiles. Implementation of
advanced and innovative nanotechnology and drug delivery mechanisms has
efficiently increased the bioactivity and efficacy of phytochemicals. The synergetic
drug-herb and herb-herb interaction study can provide solutions for the multi-
drug resistance issues. Furthermore, a broader and deeper understanding of
signaling pathways and metabolic pathway modulation by herbal drugs is crucial
for efficient application. There is a need to develop standard regulatory guidelines
and quality control management to corroborate safety and reproducibility, and
integration of personalized approaches such as phytotherapy with nutrigenomics
and pharmacogenomics for individual treatments. In conclusion, implementation
of preventive measures such as herbal drugs, dietary therapies, and lifestyle
changes, along with cost-effective production and accessibility to resources, can
help in the implementation of a global healthcare system and decrease the rate of
viral hepatitis and liver cancer.
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