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Abstract
The goal of this contribution is to provide a summary report on the Scientific Roundtable of the International
Union of Food Science and Technology (IUFoST) about the role of traditional food cultures on health promotion
and immunity in the COVID-19 pandemic era. The role of food bioactive ingredients and effects on food safety
and security as well as sustainability were discussed by the panel members and recommendations were made to
take advantage of the historical evidence for providing scientific basis for the efficacy of the ingredients and their
globalization.
Keywords: COVID-19; Traditional foods; Health; Immunity; Traditional food cultures.

This brief write-up provides summary of the Scientific Roundtable
#8 under the auspices of the International Union of Food Science
and Technology (IUFoST) held on April 29, 2021. The meeting
was chaired by Dr. Vish Prakash, Dr. Pingfan Rao and Dr. Fereidoon Shahidi with Dr. Hongda Chen and Dr. Stephane Guilbert
as reporters and facilitators. The panel members provided views
about the role of traditional food cultures in health promotion as
affected by COVID-19 pandemic era.
The traditional and ethnic foods play an increasing role in today’s multi-cultural societies. The wisdom, traditional practices,
and the preservation of foods through the knowledge of food culture and civilization combined with today’s food science expertise
provide a unique opportunity to understand the benefits of these
foods better than ever before. The advances of food engineering
have helped in scale up and preservation techniques retaining the
texture, flavour and the overall sensory qualities of processed traditional Foods available in the market. The modern tools of food
science and food composition and our better understanding of bioactive compounds responsible for health promotion and disease
risk reduction have helped in better and convenient processing of
this class of foods with value addition to the raw material with
the mix of food culture and traditional food habits. These aspects
provided the focus of the roundtable reported here. In fact, many
of the traditional foods and remedies were in place for decades and
centuries without the exact scientific articulation to back up their
efficacy and mechanism of action beyond anecdotal evidence.

African Food Prize Laureate Professor Ruth Oniang’o underlined the great diversity of African traditional foods and food cultures. She put forward African specificities that are very current
in the evolutions and needs of the food systems. For example,
the alternative sources of proteins, vegetable proteins, fermented
foods, insects, such as locusts were noted. She indicated that the
traditional African foods are usually colourful and spicy, not just
for flavour but also as a preservation method. She specified that
food is not just for nutrition but a means for building friendship
and with social impacts. Dr. Oniang’o emphasized the role of traditional food cultures for their contribution in micronutrients and
the strengthening of immune defenses.
The South American perspective was offered by Professor
Jaime Amaya-Farfan who pointed out the hybridization of food
cultures between indigenous cultures and European, African, and
Asian cultures imported by immigrants. He also showed the importance of the adaptation of these different food cultures to the
local food resources, for example the substitution of cereals by
pseudo-cereals such as quinoa and amaranth or the use of the very
important resources of the Amazon or the consumption of nutritional foods rich in bioactive phytochemicals, especially fruits,
some of which have remained unutilized. The variation of foods is
quite tangible among different countries in the region.
Dr. Hiroya Kawasaki of Ajinomoto Company highlighted the
specificities of Japanese cuisine, in particular the use of seasonal
products but above all the use of dashi-based products, the plat-
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form broth of Japanese cuisine, which provides umami flavour
(MSG-type) and the aromas generated upon Maillard reaction
that makes it possible to prepare products with a low-fat and low
calorie with mild flavour that are generally acceptable by all and
provide important bioactive compounds.
Professor Lara Hanna-Wakim highlighted the health and environmental benefits of the Mediterranean diet, which is based on a
high consumption of fruit and vegetables, a moderate consumption
of fish and dairy products and olive oil but a low amount of red
meat. She also highlighted that the Mediterranean diet is not just
a mere collection of specific foods but is a way to promote social
interaction and increase sociocultural values. She indicated that
these foods have the benefit of improving heart, brain, and bone
health, as well as controlling blood sugar and weight through their
antioxidant effects rendered by the presence of bioactive components. She added that the COVID-19 pandemic is associated with
various clinical, mental, and psychological complications that has
challenged healthcare and social systems. She added that obesity,
central fat distribution and adiposity-associated chronic diseases
may lead to poor COVID-19 outcomes. Indeed, obese COVID-19
patients were found to develop more serious complications than
others.
Prof. Rekha Singhal focused on the great diversity of the Indian
food cultures and India's unique positioning in traditional foods for
over 5,000 years. She mentioned how these traditional foods show
their efficacy both as a way of preserving food and also as helpful
medicinal benefits, especially spices, on cardiovascular disease,
inflammation, diabetes, and Alzheimer. The wisdom in the intelligent and optimal use of resources for immune boosting and inclusion of pro-, pre- and symbiotic ingredients was also mentioned.
She demonstrated the many benefits of herbs and spices, millets,
legumes, pulses, and nutra-grains especially for immunity boosting or fighting against diseases of modern times with combinatorial effects. The importance of Ayurvedic style cooking was also
emphasized. The concept of tadka or tempering to improve bioavailability and abundant use of ghee and other specialty oils with
known bioactivities was noted.
Dr. Lijing Ke presented in a most original way how food complies with the Chinese traditional philosophy of yin (cold) and
yang (hot). He related Yin to pacifying food (ingredients) such as
tea, bitter, sour, sweet and mouth-watering with anti-inflammatory
effect while Yang to spicy, salty and MSG type food (ingredients)
with consequences of thirst and inflammatory effects. He also
showed how food nanoparticles in soups and infusions are vehicles for bioactive compounds and micronutrients. Furthermore, the
role of food at a molecular level to bring about metabolic changes
in such small amounts is being understood with models and the
interactions at cellular level.
Professor Cherl-Ho Lee, the founder of the Korea Food Security Research Foundation, and author of “A History of Korean Food,
Korean Foodways from Prehistory to the Present” provided a basis
for the origin of cooking methods and fermented foods, and for
future contributions of Korean foodways to the world, in particular with regard to the intersection of food and traditional Eastern
medicine. He noted that “A survey of classical literature [in Korea] reveals the historical background and manufacture methods
of traditional food categories, such as rice cakes, Korean sweets,
fermented sauces…”. He related some of the traditional food preparations to the existing pottery in Korea, including kimchi, joetkal
and rice wine.
The roundtable noted the following:
1. The importance of diversity of food and materials across the
world needs to be enhanced to preserve global biodiversity
particularly in light of the natural environment under threat
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through a variety of external condition including climate
change as well as health crises such as COVID-19. The preservation of natural resources of food and material is critical
for the future.
2. Scientific methodologies need to strengthen the connection
between food and health. For example - using nanoscale
science to look at the importance of micro-/nano-structural
changes of food materials in addition to compositions in human GI tract. It is inconceivable in today’s scientific environment that the micro/nano structure of a food component
would not have an effect on the health outcome and efficacy
of a food ingredient, like that shown in drug delivery research.
3. Acknowledgement of the perceptions of food as a part of culture needs be strengthened to enhance an effective approach.
Food is part of culture. Food is not food alone because it
involves peoples’ philosophical views as a part of their lives.
This scientific roundtable underlined the great diversity of traditional foods and food cultures. What appears very important is
that specificities of traditional foods are very relevant to the evolutions and needs of the food systems regarding the actual challenges
on sustainability, nutrition, and health. Thus, efficiency and wisdom in the intelligent and optimal use of resources, the promotion
of proteins with a low environmental impact such as vegetable proteins, fermented foods, insects and the many benefits of traditional
foods, herbs, and spices, especially in strengthening immunity or
fighting modern day diseases. Scientific documentation and the
traditional wisdom of Food Culture needs to be brought together
and shared with the medical profession, nutritionists, sociologists,
and other scientists as well as the consumers.
To achieve these, it is essential to proceed with the organization of a Global Database through IUFoST. One of the ways food
science and technology can contribute to protection and sustainability of traditional foods and processes is to be able to better
quantify fundamental qualities of traditional foods. Therefore, IUFoST can promote the collection of databases and the research on
standardized effectiveness indicators or methods to characterize
environmental impact and major health and nutritional benefits.
Traditional spices and herbs have been used from time immemorial to promote good health and as medicine and they are being
acknowledged for their immune-boosting function. Many recent
scientific reports support this and a new emerging area in this respect is very important to nurture.
Traditional foods of some regions remain unknown as potential
food sources in other parts of the world. Through capacity building, such products can be introduced in future food systems into
new markets. There are opportunities available for innovation
through an understanding of traditional raw materials, ingredients, and processes. Industries can learn more about market needs
around consumer preferences for healthy, environmentally acceptable, and socially friendly food products that are available economically, provide local employment, and through local sources
that help to promote a healthy diet. Consumer preference can be
guided through education by the lessons of the traditional food
products, processes that provide safety and sustainability for the
food systems.
There is a critical need for women to be educated in Food Science and Technology as they are drivers in agriculture, traditional
food production and processing in many parts of the world. An
overall improvement in STEM learning for women will serve an
improved foundation for them to engage in learning, practicing,
and contributing to food science and technology.
Research, pilot plants, funding need to be made available to
food scientists, technologists, and engineers because of their cen-
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tral role in a sustainable and resilient food system. Public and private investment in food science research will accelerate the discovery of health benefits of traditional foods precisely applicable
to individual consumers or subsects of the population with specific
health issues. It will fill the knowledge gaps important for developing and tailoring new food products. Technology developments
will strengthen the sustainability and resilience of future food supply systems.
Traditional foods contain principal technological routes to reduced energy utilization in processing: natural preservation; retention of micro-nutrients; and a wide variety of acceptable tastes and
textures and most importantly the resilience. All of these are technologies transferable into new product forms anywhere. As such
they represent the basis of sustainable innovation. The regulatory
and consumer concerns associated with high tech novel processing
vis a vis the same issues with traditional processing would be a
good synergy to make new and innovative products.
It is recommended and expected that experts representing food
science and technology in the areas of fortification, food safety,
food processing and product development, production and market
economy, human nutrition, food engineering, and quality control
to work with partners in agriculture, animal breeding, and genetics, livestock processing, social agencies, government regulatory
bodies, and UN agencies, including CODEX. Capacity building
and collaborative research efforts are required from governments

and must include industry engagement; overall a cross-discipline
engagement is needed with food science and technology as the
coordinating component to ensure the safety and sustainability of
the traditional food chain. To learn from countries with historical
lineage nearly 5,000 years it is important to understand every aspect of its emergence and sustainability over 200 generations with
resilience built is an important and remarkable lesson the modern
food scientists have to learn from this very vast knowledge.
To upgrade locally produced traditional foods and allow research on all aspects of food production from farmer to consumer,
food pilot plants are a necessity in the chain if an impact is expected. This need is particularly urgent in many parts of the world,
especially Africa and Asia to learn from this. Traditional food systems have many ingredients and processes that require understanding of how it was standardized and the research and technology
to ensure food safety as many the steps involved might perhaps
been missed over many centuries or the documentation is missing
in some countries. India and China are an exception with lots of
documentation dating back to 2,000 to 3,000 years. These pilot
plants and industry involvement are a necessity at the local and
regional levels and beyond for its large-scale production and distribution of traditional foods not only provide a distilled wisdom of
each region’s food culture and tradition but also offer a treasure of
knowledge to mine by scientists, technologists, and engineers for
the benefit of all human beings.
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Abstract
Entomophagy (consumption of insects) is an issue of global nutritional and environmental interest. The nutritional value of insects appears to be high, since they are rich in protein and fat and provide a range of vitamins and
minerals. Edible insects contain similar amounts of protein to conventional meat and higher levels of polyunsaturated fatty acids. Due to their high content of protein, micronutrients and fiber, insects could become a valuable
alternative to food derived from other animals. The findings of various in vitro and in vivo animal studies suggest
beneficial effects of entomophagy with respect to cardiovascular, gastrointestinal and non-communicable diseases as well as immune functions and carcinogenesis. Edible insects appear to be a promising and insufficiently
explored source of macronutrients, micronutrients and food bioactives. In the course of time, some edible insects
may meet the criteria of functional food ingredients. However, there is a significant lack of research investigating
health outcomes in humans. The available evidence in humans, derived from randomized controlled trials, suggests a role of edible insects in the promotion of mineral status and the modulation of gut microbiota, with some
prebiotic effects. High-quality clinical studies assessing efficacy, oral intake safety and allergy risk are needed.
Keywords: Entomophagy; Edible insects; Food bioactives; Functional food; Health promotion.

1. Introduction
In the interests of preserving agricultural resources and decreasing
the ecological impact of animal food, the consumption of insects
(entomophagy) has become an issue of global interest. The farming of insects as a highly nutritious protein source (van Huis et
al., 2013) may offer a sustainable means of food production (van
Huis and Oonincx, 2017). Entomophagy has been a feature of human diets for millennia and has also played a role in cultural and
religious practices (Bodenheimer, 1951; Costa-Neto, 2005). Early
accounts suggest that insects were valued foods in ancient Greece
and Rome (Bodenheimer, 1951). In contrast to Europe and North
America, a wide range of insects, including grasshoppers, beetles,
crickets, locusts, ants, termites and caterpillars, are consumed in
many regions of Asia, Africa, Latin America and Australia. For ex-
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ample, more than 100 edible insect species have been documented in Mexico (Ramos Elorduy de Conconi, 1987) and over 1900
worldwide (van Huis et al., 2013; Jongema, 2017). In cultures with
a tradition of insect consumption, insects form a regular part of the
diet. Insects have been reported to be commonly eaten by more
than two billion people worldwide (van Huis et al., 2013). While
insects may be most frequently consumed when the availability of
other animal foods is limited, some insects are valued as delicacies (Dufour, 1987). Insects can be eaten whole but are today more
commonly processed into insect powder, fat and fractions enriched
with protein or fiber.
While insects have been extensively studied as a source of
bioactive agents for medical purposes (Costa-Neto, 2005), much
less is known of their potential to provide food bioactives. The
nutritional profile of insects can be highly variable and depends
on the insect species, the developmental stage when harvested and
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the plants consumed by the insects (EFSA Scientific Committee,
2015). Other environmental factors influencing their nutritional
value include day length, light intensity, temperature and humidity
(Finke and Oonincx, 2014). While insects appear to be a valuable
source of nutrients such as protein and fat and also of bioactive
compounds (e.g. polyunsaturated fatty acids, flavonoids and other
unidentified compounds with antioxidative capacity), some species have been found to also contain antinutritional compounds,
such as tannins and phytic acid (ANSES, 2015).
The use of edible insects as a food source raises questions involving global food security (van Huis, 2015), consumer acceptance, especially in Western countries (Hartmann and Siegrist,
2017), and efficient commercialization and production of edible
insects while preserving wild populations (van Huis et al., 2013).
The present perspective will address the feasibility and health effects of insects as a source of food bioactives and micronutrients.

may be affected by oxidation during the handling and processing
of insect products (van Huis et al., 2013).
2.3. Minerals

2. Nutrients and bioactives in edible insects

The content of minerals contained in edible insects varies largely between species. In general, insects are low in calcium and
potassium. Crickets and locusts have been shown to be rich in
magnesium (Rumpold and Schlüter, 2013), and high levels of
magnesium, copper and zinc are present in cricket powder (Montowska et al., 2019). The amounts of chemically available calcium, copper, magnesium, manganese and zinc in mealworm
(Tenebrio molitor) and grasshopper (Sphenarium purpurascens)
have been shown to be higher than in beef (Latunde-Dada et al.,
2016). High levels of iron and zinc have been found in crickets
and termites (Christensen et al., 2006). Low sodium concentrations allow the inclusion of edible insects in low sodium diets
(Rumpold and Schlüter, 2013).

2.1. Protein and amino acids

2.4. Vitamins

Edible insects may provide a valuable source of protein, with the
average protein content varying between 35% in dry matter for
termites, 61% for crickets and grasshoppers and as high as 77% for
some species (Rumpold and Schlüter, 2013). The protein content
of insects is generally in the same range as that of beef and pork
(40–75 g/100 g dry weight) (Istituto Nazionale della Nutrizione,
1989). However, crude protein content of whole insects with hard
exoskeletons, such as grasshoppers, locusts, ants and termites, may
not accurately reflect biologically available nitrogen (Dreyer and
Wehmeyer, 1982; Dufour, 1987). Protein content of insects is determined primarily by their type of diet and stage of metamorphosis. Insect proteins appear to be highly digestible by humans (Belluco et al., 2013), and the consumption of insects may contribute
to the total intake of protein, significantly enhancing nutritional
quality in the human diet (Bukkens, 1997). Almost all types of
edible insects meet the required content in amino acids (e.g. phenylalanine, tyrosine, tryptophan, threonine and lysine), as recommended by the World Health Organization (2007).

Knowledge concerning the vitamin content of edible insects is
limited. Relatively high levels of B complex vitamins (riboflavin,
pantothenic acid and biotin) have been found in several species
(Rumpold and Schlüter, 2013; Finke and Oonincx, 2014), while
vitamin C content seems to be low (Rumpold and Schlüter, 2013).
Vitamin B concentrations in grasshoppers (Brachystola magna)
have been shown to remain constant across their developmental
stages, while the levels of vitamins A, C, D and E increase with
development (Zamudio-Flores et al., 2019).

2.2. Lipids
The content of total lipids, cholesterol and saturated, unsaturated
and polyunsaturated fatty acids in insects is highly dependent on
species and developmental stage (Mishyna and Glumac, 2021) as
well as diet (van Broekhoven et al., 2015). The total fat content
of insects ranges between 2 and 62% (Williams et al., 2016). The
profile of fatty acids in insects is generally similar to that of animal
fats and vegetable oils (Tzompa-Sosa and Fogliano, 2017). However, in comparison with beef and pork, insects are particularly
rich in unsaturated fatty acids, with some species containing up to
65% (Rumpold and Schlüter, 2013; Tzompa-Sosa et al., 2014; Yerlikaya et al., 2013; Zielińska et al., 2015). In whole larvae of yellow mealworms, unsaturated fatty acids account for approximately
75% of total fatty acid content (Tzompa-Sosa et al., 2014). Terrestrial edible insects appear to contain higher amounts of long-chain
polyunsaturated fatty acids, in particular omega-6 fatty acids, than
aquatic insects (Fontaneto et al., 2011). The omega-6/omega-3 fatty acid ratio, which has been found to be 1.2–27 in whole insects
(Tzompa-Sosa et al., 2014), can be controlled by diet (Lehtovaara
et al., 2017). However, the high content of unsaturated fatty acids

2.5. Fiber
Insects contain significant amounts of fiber. The exoskeleton of
many insects consists of chitin, a long-chain polymer of N-acetylglucosamine, which accounts for approximately 10% of dried
weight (Belluco et al., 2013; van Huis et al., 2013). Chitin content depends to a large extent on insect species and developmental stage (Finke, 2007). Purified chitin comprises approximately
90% dietary fiber (Maezaki et al., 1993), and chitin digestion has
been demonstrated in humans (Paoletti et al., 2007). Chitin and its
deacylated form, chitosan, can be regarded as functional food components potentially providing beneficial effects in wound healing,
colonic and cardiovascular health, cholesterol reduction and innate
and adaptive immune responses (Lee et al., 2008; Prosky, 2000;
Shahidi and Abuzaytoun, 2005; Tripathi and Singh, 2018).
2.6. Antioxidants
Some insects have been shown to contain phenolics and flavonoids. Substantial levels of these compounds have been demonstrated in silkworm larval powders, which, due to their antioxidative properties, may have positive health effects (Ji et al., 2017;
Oliveira et al., 2014). Furthermore, the flavonoid apigenin has
been found in edible stink bugs (Encosternum delegorguei) (Musundire et al., 2014), and saponins have been found in the cricket
Henicus whellani (Kunatsa et al., 2020) and the larvae and pupae
of silkworms (Omotoso, 2015). Several species of edible insects,
including crickets, silkworms and grasshoppers, have been reported to display antioxidant capacities as shown in their water and
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Table 1. Potential health benefits of edible insects

Effect

Findings

In vitro studies
Angiotensin converting
enzyme inhibitory
activity relevant to
hypertension treatment

Angiotensin converting enzyme inhibitory activity of peptides from various insect species similar to that
of bioactive compounds from other animals (Cito et al., 2017). Elevated angiotensin converting enzyme
inhibitory activity of hydrolysates following gastrointestinal digestion of various insects (Vercruysse et al.,
2005; Vercruysse et al., 2008; Wu et al., 2011)

Antioxidant activity

Antioxidant capacities of water and liposoluble extracts from several insect species 2–3 times higher than
those of orange juice and olive oil (Di Mattia et al., 2019)

Anticarcinogenic activity

Potential anticancer activity of various proteins, peptides (Slocinska et al., 2008) and alkaloids (Pettit et al.,
2005) contained in insects as well as of crude insect-derived extracts (Ahn et al., 2000)

In vivo studies
Hypolipidemic activity

Lipid metabolism of rats affected by omega-3 α-linolenic acid-rich silkworm chrysalis oil, suggesting
improvements of hyperlipidemia and hyperglycemia (Mentang et al., 2011). Reductions in body weight
gain as well as levels of total cholesterol, plasma low-density lipoprotein cholesterol and plasma
triacylglycerol in rats following administration of chitooligosaccharides from chitosan of larvae skin (Clanis
bilineata) (Xia et al., 2013)

Antiobesity effect

Attenuation of body weight gain in obese mice fed a high-fat diet following administration of yellow
mealworm larvae powder (Seo et al., 2017). Dose-dependent reduction in body weight gain, organ weight
and adipose tissue volume of mice following administration of Korean horn beetle larvae (Yoon et al.,
2015). Inhibition of lipase activity related to the digestion of dietary lipids following administration of
house cricket and yellow mealworm extracts (Del Navarro Hierro et al., 2020)

Anti-hepatic
steatosis activity

Preventive effects of silkworm larval powder regarding hepatic steatosis and injury in ethanoltreated rats through elevating fatty acid β-oxidation, reducing de novo synthesis of fatty
acids and inhibiting oxidative stress and inflammatory response (Hong et al., 2018)

Gut microbiota effect

Support of growth of the probiotic bacterium Bifidobacterium animalis and reduction
in plasma TNF-α following consumption of whole cricket powder in humans, suggesting
improved gut health and reduced systemic inflammation (Stull et al., 2018)

Health-span and lifespan

Increased health-span and lifespan of Drosophila fed mature silkworm larval powder (Nguyen et al., 2016)

liposoluble extracts, at two or three times higher than those of olive
oil or orange juice (Di Mattia et al., 2019).

and niacin. Furthermore, in contrast to meat, edible insects are also
a source of dietary fiber and vitamin C (Orkusz, 2021).

3. Future directions

3.1. Health benefits of edible insects

Edible insects appear to be a source of high-quality protein, micronutrients and other food bioactives (Rumpold and Schlüter, 2013).
In addition, insects may provide economic and environmental
benefits, since they may be a more sustainable and environmentally friendly source of nutrients than other animals (Halloran et
al., 2014; Dobermann et al., 2017; van Huis and Oonincx, 2017).
However, generalized statements concerning the nutritional value
of insects and the potential health benefits of their consumption
may fail to account for the high variability in protein, micronutrients and food bioactive content, which depend on insect species
(about 2000), metamorphic stage and feeding style.
A comparative analysis of the nutritional value of insects and
red meat found that, in general, the value in regard to protein content, essential amino acids and unsaturated fatty acids was similar
(Orkusz, 2021). Due to the significant variance in individual nutrients, the study was unable to draw a definitive conclusion as to
whether meat or insects provide greater nutritional value. In comparison with meat, some insect species contain a higher content of
protein, fat and polyunsaturated fatty acids as well as of tocopherol,
riboflavin, calcium, zinc, copper, and manganese, but lower levels
of saturated fatty acids, monounsaturated fatty acids, iron, thiamine

A wide variety of potential health benefits in humans consuming
edible insects have been suggested (see Table 1). Insects may prevent micronutrient deficiencies and play a role in the management
of chronic diseases, such as cardiovascular disease, diabetes and
cancer (Nowakowski et al., 2021).
The high concentrations of iron and zinc contained in crickets
and termites (Christensen et al., 2006) are of interest, since deficiencies in these minerals are common in low-income countries.
Twenty-five percent and 17% of the world’s population have been
shown to be at risk of iron and zinc deficiency, respectively (Gibson, 2015; McLean et al., 2009). Anemia due to iron deficiency
is present in a quarter of the global population, affecting mainly
women and preschool-aged children (McLean et al., 2009). Inadequate intake of zinc can be found in almost a fifth of the world’s
population (Gibson, 2015) and has been estimated to be responsible for approximately 450,000 deaths annually, mainly in Africa
and Asia (Fischer Walker et al., 2009). This has led to the use of
edible insects in fortification programs (Bauserman et al., 2015).
In a cluster-randomized controlled trial, the efficacy of a cereal
made from micronutrient-rich caterpillars on decreasing stunting
and anemia in infants was assessed in the Democratic Republic
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of Congo (Bauserman et al., 2015). One hundred and seventy-five
6-month-old infants received either caterpillar cereal daily or their
usual diet up until 18 months of age. While supplementation with
caterpillar cereal did not decrease the prevalence of stunting in infants at 18 months, hemoglobin levels were significantly higher in
the experimental group and the prevalence of anemia was significantly reduced (Bauserman et al., 2015).
Effects of edible insect compounds on metabolic health have
been demonstrated in rodent studies. For example, the administration of chitin-chitosan has been shown to decrease fat storage in
mice fed a high-fat diet. This compound may have the potential
to reduce the risk of type-2 diabetes in humans (Han et al., 1999).
Furthermore, larvae powder from mealworm (Tenebrio molitor)
and Korean horn beetle (Allomyrina dichotoma) administered to
high-fat diet-induced obese mice has been reported to play a role
in the regulation of food intake and the inhibition of adipogenesis
(Kim et al., 2016; Seo et al., 2017).
Edible insects have also been suggested to be involved in cardiovascular health through their reduction of high blood pressure.
Inhibitors of angiotensin-converting enzyme, which causes the
constriction of blood vessels, are used as a medication for cardiovascular diseases. Inhibitory angiotensin-converting enzyme
activity has been revealed in several insect species, including silkworm, yellow mealworm and wax moth (Cito et al., 2017).
Gut health may be influenced by chitin and other fibers contained in crickets. In a 6-week, double-blind, crossover dietary intervention comprising 20 healthy adults, the effects of consuming
25 g/d of whole cricket powder on gut microbiota were evaluated
(Stull et al., 2018). Intake of cricket powder was demonstrated to
support growth of a probiotic bacterium (Bifidobacterium animalis), which increased 5.7-fold. A decrease in plasma TNF-α was
also found. These results suggest that cricket consumption may
improve gut health and decrease systemic inflammation.
Edible insect species possess a large reservoir of antimicrobial
peptides, which may serve as alternatives to available antibiotics
(Tonk and Vilcinskas, 2017). This calls for further investigation,
especially in view of the threat of multidrug-resistant pathogens.
However, potential adverse effects of such peptides, including allergenicity, immunogenicity and cytotoxicity, also need to be explored. Chitin has been demonstrated to be capable of enhancing
immune functions (Mack et al., 2015; van Dyken and Locksley,
2018). Moreover, chitin content has been associated with the beneficial effects of mealworm (Tenebrio molitor) and super mealworm (Zophobas morio) larvae prebiotics in reducing E. coli and
Salmonella infections in broiler chickens (Islam and Yang, 2017).
Environmental conditions and feed play important roles in the
nutrient and bioactive content of edible insects. Suboptimal levels
of these compounds can be improved by, for example, adding a
source of omega-3 fatty acids such as flaxseed to the insects’ diet
in order to influence the omega-6/omega-3 fatty acid ratio (Oonincx et al., 2020). Furthermore, low ultraviolet irradiation has been
shown to elevate vitamin D concentrations in yellow mealworms
and house crickets (Oonincx et al., 2018).
It is important to note that the available findings regarding healthrelated effects of entomophagy are based mainly on in vitro and in
vivo animal studies. There is currently a significant lack of relevant
studies assessing health outcomes in humans (Stull, 2021). Further
evidence based on high-quality randomized clinical trials is therefore
needed.
3.2. Adverse effects
Possible food safety hazards related to edible insects have been

reported (van der Fels-Klerx et al., 2018). For example, the intake
of African silkworm (Anaphe venata) larvae may be involved in
the etiology of a seasonal ataxic syndrome (Adamolekun, 1993;
Adamolekun and Ibikunle, 1994). Due to the taxonomic proximity of insects to house dust mites, cross reactivity of individuals
with house dust mite allergy may occur. Moreover, biological and
chemical contaminants should be considered. In yellow mealworms and black soldier flies, bioaccumulation of arsenic and
lead, respectively, has been observed (Schrögel and Wätjen, 2019).
Contamination of locusts with pesticides could potentially cause
adverse health effects in those ingesting these insects (Saeed et
al., 1993). The consumption of edible insect species has been suggested to be generally no more hazardous than that of other animal
products (Mézes, 2018). In recent years, massive ground and air
spraying campaigns have been launched to fight locust plagues in
several East African countries (McConnell, 2021). Broad spectrum
pesticides render insects inedible and may have other significant
adverse impacts on human health and environment.
4. Conclusion
A wide range of edible insects are suitable for human consumption. As a form of mini-livestock, insects have attracted increasing
interest among food scientists, economists and environmentalists,
due to their potential as a valuable source of nutrition and their
lesser environmental footprint when compared to the production
of red meat.
In many respects, the nutritional value of edible insects has been
found to be equivalent or even superior to that of other animalbased foods. Based on the findings of in vitro and in vivo animal
studies, potential health-promoting effects of insect consumption
for the cardiovascular system, the gastrointestinal tract, metabolic
problems, such as obesity and type-2 diabetes, immune functions
and carcinogenesis have been suggested. However, there is a significant dearth of studies evaluating health outcomes in humans
following the intake of insects. The findings of a small number of
well-designed randomized trials in humans suggest that consumption of certain insects may enhance health by compensating for
deficiencies in micronutrients or promoting gut health.
Edible insects appear to be a promising and insufficiently explored source of macronutrients, micronutrients and food bioactives, which may be able to provide a wide range of food supplements and functional food ingredients for specific purposes.
However, in view of the very large number of edible insect species
and the many factors affecting their nutrient and bioactive content,
generalizable conclusions concerning their nutritional value and
potential health-promoting properties cannot be drawn. Scientifically rigorous and well-controlled human intervention trials are
needed to confirm health benefits and assess entomophagy-related
risks.
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Abstract
The hypothesis that omega-3 fatty acids may play a role in preventing and treating depression is based on correlative associations between fish consumption, omega-3 fatty acid intake and the prevalence of major depressive
disorder. Reduced omega-3 fatty acid erythrocyte levels have been found in individuals with depressive disorders.
These observational findings are unable to establish a causal relationship between omega-3 fatty acids and depression. The results of randomized controlled trials of omega-3 fatty acids for depressive disorders are inconclusive and also fail to prove causation. The therapeutic efficacy of omega-3 fatty acids appears to be moderate at
best but is more likely to be minimal or non-existent. Potential long-term adverse effects of omega-3 fatty acid
supplementation should be considered. Large-scale, well-controlled clinical trials are required to establish potential anti-depressive effects of omega-3 fatty acids. Such studies need to consider baseline values of omega-3
fatty acids and symptom severity, the dosage and types of the fatty acids used, the duration of supplementation
and the concomitant use of medication. Conclusive evidence of the efficacy of omega-3 fatty acids in depression
is currently lacking. The recommendation of potentially ineffective therapies may have considerable opportunity
costs, with other possibly more useful treatments remaining unutilized.
Keywords: Omega-3 fatty acids; Depression; Treatment; Adverse effects; Opportunity cost.

1. Introduction
Depression is highly prevalent worldwide and is common across
the entire lifespan (Kessler et al., 2007). Major depressive disorder is predicted to become the leading cause of burden of disease
globally by 2030 (Kessler et al., 2003; World Health Organization, 2008). The 12-month prevalence of major depressive disorder
has been found to be 6.6%, and the lifetime prevalence is 16.2%
(Kessler et al., 2007). The disorder is highly debilitating, causing
considerable functional disability and reduced quality of life, with
severe limitation of psychosocial functioning in affected people
(Malhi and Mann, 2018).

10

Depression, with its high rate of recurrence, is difficult to treat
(Malhi and Mann, 2018), and despite recent advances, the treatments available for major depressive disorder remain less than satisfactory. Pharmacological therapy and manual-based psychotherapy, mainly cognitive behavioral therapy, have been shown to be
effective in the treatment of depression, either administered alone
or in combination (Cuijpers et al., 2008; Cuijpers et al., 2009).
However, a degree of non-response to pharmacotherapy has been
estimated to pose a challenge in up to 60% of people with major
depressive disorder (Fava, 2003). The switching of antidepressant
medications is a commonly used approach in the therapy of depression, although the effectiveness of this strategy in ameliorating
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symptoms is controversial (Bschor and Baethge, 2010). Approximately 30% of individuals treated for depression remain refractory
to multistep antidepressant therapies (Rush et al., 2006a; Rush et
al., 2006b). Furthermore, the long-term effectiveness of pharmacotherapy and psychotherapy and their capacity to avert disease
burden remains a matter of debate (Casacalenda et al., 2002). The
need for the development of further medications for the treatment
of depression has repeatedly been emphasized (Insel, 2015; Miller,
2010), as has the need for novel approaches to the prevention and
therapy of depression.
Nutrition and diet quality have been shown not only to play an
important role in the promotion of metabolic health (Bennett et
al., 2015), but also to be involved in mental health and to be factors able to modify mental disorders (Lange, 2018, 2020a, 2020b;
Marx et al., 2017). For example, the risk of depression has been
reported to be inversely associated with the Mediterranean diet,
which comprises limited quantities of processed foods and large
amounts of vegetables, fruit, nuts, seeds, wholegrains and fish (Lai
et al., 2014; Opie et al., 2015; Psaltopoulou et al., 2013). In contrast, Western diets with their high content of high-sugar, high-fat
and processed foods have been found to be positively correlated
with depression (Lai et al., 2014). Several systematic reviews and
meta-analyses have confirmed the association between diet, nutrition and depression in adults (Lai et al., 2014; Psaltopoulou et al.,
2013). Food bioactives, such as omega-3 polyunsaturated fatty acids, L-theanine, epigallocatechine gallate and probiotics, have also
been associated with depression risk (Lange, 2020c; Lange et al.,
2020; Lange et al., 2021). These findings have led to the investigation of nutritional supplementation as monotherapy or adjunctive
therapy in depression (Lim et al., 2016).
2. Rationale for the use of omega-3 fatty acids in depression
The relevance of lipids in brain function is highlighted by the fact
that, with the exception of adipose tissue, the brain contains the
highest lipid concentration in the body of mammals, with lipids
accounting for 50–60% of the brain’s dry weight (Sastry, 1985).
Omega-3 fatty acids exert both long-term and short-term actions in the central nervous system. Their long-term effects include
an influence on the production, maintenance and function of brain
structures. The short-term effects of omega-3 fatty acids concern
the physiology of neuronal signal transduction (Bazinet and Layé,
2014). In particular, docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) have been linked to the maintenance of mental
health. Dietary deficiencies of these fatty acids have been implicated in the pathophysiology and increased risk of a range of mental
disorders, including unipolar depression, bipolar disorder, schizophrenia, dementia, autism and attention-deficit/hyperactivity disorder (Lange, 2020a, 2020b). The findings of animal experiments
suggest that omega-3 fatty acids may affect several of the neurobiological mediators believed to be involved in the pathophysiology of major depressive disorder (Müller et al., 2015). Lipids are
involved in the function of neuronal membranes as a barrier and
a medium for neurotransmitter signaling. Changes in membrane
lipids might contribute to the pathophysiology of depression and
could therefore become targets of lipid-based treatments (Müller
et al., 2015).
The rationale underlying the emerging concept of the use of
omega-3 fatty acids in preventing and treating depression (Ross,
2016) is premised on several lines of observational evidence, including a correlational relationship between the consumption of
fish and a low prevalence of major depressive disorder. An often

cited study in this context reported that a low annual intake of fish
was associated with a relatively high rate of major depression in
countries such as Canada, France, Germany and New Zealand,
while high fish intake in Japan, Korea and Taiwan was associated
with a particularly low prevalence of depression (Hibbeln, 1998).
These findings are commonly interpreted as suggestive of preventive effects of fish consumption on depression. However, the report cautioned against overhasty conclusions. It stated explicitly
that fish consumption has not been demonstrated to cause differences in the prevalence of depression and that a range of influences, such as economic, social, cultural and other unknown factors, may be confounders of this simple correlational relationship
(Hibbeln, 1998).
A systematic review and meta-analysis of findings conducted on
the basis of 31 observational studies (with a total of 255,076 participants and more than 20,000 people with depression) evaluated
the association between depression, fish consumption and dietary
omega-3 fatty acid intake (Grosso et al., 2016). The analysis found
a significantly reduced risk of depression associated with fish consumption, with a linear dose-response (Grosso et al., 2016). Another systematic review and meta-analysis of the findings of 10
prospective cohort studies (comprising a total of 109,764 participants and 6,672 people with depression) reported a modest inverse
association between fish consumption or omega-3 fatty acid intake and the risk of depression, especially in females (Yang et al.,
2018). The correlation found between fish consumption and major
depression accords with clinical findings demonstrating that higher DHA levels in erythrocyte membranes (Edwards et al., 1998a)
and higher plasma ratios of EPA to arachidonic acid (Adams et al.,
1996) predict less severe symptoms of depression. As indicated
above, these findings do not necessarily imply a causal relationship between fish consumption and the prevalence of major depression, or point to a therapeutic effect of the intake of fish or fish
oil supplements in the therapy of depression. Inverse associations
between omega-3 fatty acid intake and depressive symptoms have
also been demonstrated in other studies (Silvers and Scott, 2002;
Tanskanen et al., 2001). Furthermore, lower omega-3 fatty acid
levels have been found in people diagnosed with major depressive
disorder in comparison with controls (Edwards et al., 1998b; Peet
et al., 1998). Continuous relationships between omega-3 fatty acid
status and symptoms of depression have also been observed (Edwards et al., 1998b). In addition, individuals diagnosed with depression have been shown to have significantly reduced omega-3
fatty acid levels and an elevated ratio of omegy-6 to omega-3 polyunsaturated fatty acid levels in both blood and brain (McNamara
and Liu, 2011; Parletta et al., 2016).
In contrast, a number of cross-sectional studies showed either no
associations between depressive symptoms and the intake of omega-3 fatty acids (Hakkarainen et al., 2004; Miyake et al., 2006), or
some associations, which were explained entirely by confounding
variables (Appleton et al., 2007). Several other studies also failed
to establish relationships between omega-3 fatty acid concentrations and symptoms of depression (Appleton et al., 2008; Browne
et al., 2006; Mamalakis et al., 2004).
In summary, the observational or epidemiological evidence regarding the role of omega-3 fatty acids in major depressive disorder is ambiguous. Moreover, the observational studies suggesting
a link between depression and omega-3 fatty acids may be subject
to confounding and selection bias, since unmeasured or unmeasurable factors may have affected the associations found (Sackett,
1979). The health effects of foods, as suggested by epidemiological
studies, may be influenced by numerous other known or unknown
lifestyle factors. For example, elderly people in France consuming
fish regularly (at least weekly) showed fewer depressive symptoms
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and higher scores in the Mini Mental Status Examination than people in a control group; however, the experimental group was also
better educated and higher earning (Barberger-Gateau et al., 2005).
Thus, observational studies cannot establish causal relationships
between intervention and outcome. Randomized controlled trials
are needed to elucidate causality.
3. Animal studies
Animal studies have provided consistent evidence supporting a
link between reduced brain levels of DHA and altered performance
in behavioral and cognitive tasks (Hauser et al., 2018; Lange et al.,
2018; Lange, 2020c; Ruhland et al., 2020). In particular, preclinical experiments have demonstrated that a diet deficient in omega-3
fatty acids induces depressive-like and abnormal social behavior
in rodents (Bondi et al., 2014; Lafourcade et al., 2011; Larrieu et
al., 2014; Larrieu et al., 2016). For example, mice reared on an
omega-3 fatty acid-deficient diet had reduced concentrations of
polyunsaturated fatty acids such as DHA and increased levels of
omega-6 fatty acids in the brain and displayed a range of depressive symptoms in behavioral tests. The deficient animals were less
inclined to explore and gave up more easily in a forced swimming
task (Lafourcade et al., 2011). Rats subjected to an omega-3 fatty
acid deficiency in the 15 weeks following weaning were found
to exhibit higher depression-like symptoms in a forced swimming
test (DeMar et al., 2006). Studies in rat models have also shown
that omega-3 fatty acids could prevent and reduce depression-like
behaviors (Carlezon et al., 2005; Huang et al., 2008; Lakhwani
et al., 2007; Song et al., 2009). Further investigations are needed
to determine whether dietary omega-3 fatty acid deficiency is responsible for depression-like behaviors in rodents (Krishnan and
Nestler, 2008).
The findings of animal studies have also provided clues as to
the biological mechanisms mediating the effects of omega-3 fatty
acids. DHA appears to act on the brain through a direct effect on
free fatty acid receptors or other indirect mechanisms. Indirect
mechanisms relevant to the modulation of mood-related behaviors include effects of omega-3 fatty acids on the endocannabinoid
system, the hypothalamic-pituitary-adrenal axis, neuroinflammatory pathways and neuronal plasticity in the hippocampus (Larrieu and Layé, 2018). However, it should be borne in mind that
the commonly used animal models of major depressive disorder
have substantial shortcomings, particularly in regard to depression
subtypes, therapy-resistant depression and recurrent depression
(Planchez et al., 2019).
4. Clinical trials
A number of randomized controlled trials have shown beneficial
effects of omega-3 fatty acid administration compared to placebo
in both major depressive disorder (Nemets et al., 2002; Su et al.,
2003) and other depressive conditions (Frangou et al., 2006; Stoll
et al., 1999). Several other randomized controlled trials observed
no benefit of omega-3 fatty acid supplementation in people with
major depressive disorder (Grenyer et al., 2007; Silvers et al.,
2005) or other depressive disorders (Keck et al., 2006; Rogers et
al., 2008) when compared with placebo.
Systematic reviews and meta-analyses have found significant
variability between studies (Appleton et al., 2006; Appleton et al.,
2008; Appleton et al., 2010; Lin and Su, 2007). Some meta-analyses showed positive effects of omega-3 fatty acids for depres-

12

sive disorders (Appleton et al., 2010; Lin and Su, 2007), but these
effects were dependent on the severity of depressive symptoms
at baseline (Appleton et al., 2010), with people suffering severe
depressive symptoms showing some positive effects, while no
benefits were reported in individuals with mild symptoms (Appleton et al., 2010). A Cochrane review summarized the results
of randomized controlled trials examining the effects of omega-3
fatty acids on major depressive disorder in adults (Appleton et al.,
2016). Twenty-five trials (with a total of 1,373 participants) investigating omega-3 fatty acid effects versus placebo showed smallto-moderate benefits for depressive symptoms (Appleton et al.,
2016). However, the quality of evidence provided was considered
very low and biased, and the effects were judged to be without
clinical relevance (Appleton et al., 2016). The Cochrane review
concluded that the available evidence was insufficient to allow a
determination on whether or not omega-3 fatty acids are effective
in the therapy of major depressive disorder. One study included in
this review, with a small sample of 40 participants, found no differences between omega-3 fatty acids and antidepressant medications in regard to depressive symptomatology or rates of response
to treatment (Jazayeri et al., 2008). A more recent meta-analysis
of 26 double-blind randomized placebo-controlled trials including
2,160 participants found an overall beneficial effect of omega-3
fatty acids on depressive symptoms (Liao et al., 2019). However,
the effect sizes were small to modest, and substantial evidence of
heterogeneity between studies was detected (Liao et al., 2019).
A further meta-analysis addressed several shortcomings of other analyses. It included only studies with depression as the primary
indication and adjusted for publication bias using the trim-andfill method (Bloch and Hannestad, 2012). This study found that
omega-3 fatty acid supplementation produced small and insignificant effects on depression, with significant heterogeneity between
studies. Following correction for publication bias, most effects of
omega-3 fatty acids were eradicated and the results became insignificant. Greater efficacy of omega-3 fatty acids was associated
with higher depression severity at baseline as well as shorter duration and lower quality of trials (Bloch and Hannestad, 2012). Another important methodological issue was the insufficient blinding (due to the fishy aftertaste of the preparations used) of early
studies assessing the effects of omega-3 fatty acids (Sontrop and
Campbell, 2006). These lower-quality studies may have increased
the effect sizes of their results rather than the efficacy of omega-3
supplementation.
DHA and EPA may have different effects in depression as a result of their different roles in anti-inflammatory activity and in the
maintenance of the fluidity and integrity of membranes (Deacon et
al., 2017). The therapeutic efficacy of omega-3 fatty acid supplementation may therefore be influenced by the dosage and proportion of EPA and DHA. Several meta-analyses have addressed the
issue of possible differences between different types of omega-3
fatty acids. In these studies, omega-3 fatty acid supplementation
using formulations containing mainly EPA were found to show
significantly greater efficacy than those with higher DHA content
(Grosso et al., 2014; Hallahan et al., 2016; Liao et al., 2019; Sublette et al., 2011).
A review of a total of 40 studies, including 31 randomized placebo-controlled trials, observed the effects of omega-3 fatty acids
as add-on to antidepressant pharmacotherapy in major depressive
disorder or ongoing depression (Sarris et al., 2016). The review
found that adjunctive administration of omega-3 fatty acids decreased symptoms of depression compared to placebo (Sarris et
al., 2016).
Postpartum depression is a major mood disorder (Mann et al.,
2010) whose risk seems to be associated with neuroinflammation
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(Simpson et al., 2016) and decreased serotonergic neurotransmission (Jans et al., 2007). Risk factors of postpartum depression include inadequate intake or depletion of food bioactives, including
omega-3 fatty acids, during pregnancy and lactation (Golding et
al., 2009; Rees et al., 2009; Sontrop et al., 2008). A review of available studies found that supplementation of EPA-rich oil decreased
some of the symptoms of depression during pregnancy and following childbirth (Hsu et al., 2018). Long-term supplementation of
DHA-rich oils was shown to reduce the risk of postpartum depression in healthy pregnant women, but not in lactating women (Hsu
et al., 2018).
Several studies have examined the effects of omega-3 fatty
acids on depressed mood in elderly people. A systematic review
including nine studies assessing the efficacy of the administration of omega-3 polyunsaturated fatty acids in individuals aged
60 years or older reported no significant overall effects in improving depressive symptoms (Bai et al., 2018). However, trials using
omega-3 fatty acid dosages greater than 1.5 g/day showed a statistically significant symptom reduction (Bai et al., 2018). A systematic review and meta-analysis including six randomized controlled
trials comprising 4,605 participants indicated no significant effects
of omega-3 fatty acid administration on depressed mood in elderly
people with good mental health, while a large effect was revealed
in older individuals with depression (Bae and Kim, 2018). However, beneficial effects were significant only for people with mildto-moderate depression (Bae and Kim, 2018).
In children and adolescents diagnosed with depression, the few
randomized controlled trials on omega-3 fatty acids that have been
conducted included small sample sizes. In the largest study conducted, including 72 young people aged 7 to 14 years with depressive disorders, treatment with omega-3 fatty acids for 12 weeks
showed a small-to-medium effect in comparison with placebo
control (Fristad et al., 2019). In contrast, no beneficial effects of
a 10-week administration of omega-3 polyunsaturated fatty acids
were observed in a randomized controlled trial comprising 51 adolescents with major depressive disorder (Gabbay et al., 2018). The
evidence base for omega-3 fatty acid supplementation in pediatric
depression is therefore insufficient.
In summary, the findings of the meta-analyses of randomized
controlled trials of omega-3 fatty acids for depressive disorders
are inconclusive. Major problems of the available trials include
methodological shortcomings, different outcome measures and
significant heterogeneity between the studies regarding sample
populations, type of treatment (monotherapy or add-on therapy) as
well as dosage, duration and ratio of EPA and DHA supplementation (Nasir and Bloch, 2019).
5. Adverse effects of omega-3 fatty acid supplementation
As food supplements, omega-3 fatty acids are not required to conform to the criteria of efficacy and safety set by authorities controlling or regulating the use of medications. In view of the increasing interest in omega-3 fatty supplementation, the question of
potential adverse effects must be addressed. Common side effects
of omega-3 fatty acid administration using fish oil preparations
include fishy belching, flatulence, diarrhea and mild nausea (Mehta, 2004; Sydenham et al., 2012). Some studies have reported that
high doses of omega-3 fatty acids (>3 g daily) may increase the
risk of bleeding, prolong bleeding time or cause bleeding gums,
epistaxis and even hemorrhagic stroke (Clarke et al., 1990; Clarke
et al., 2005; Emsley et al., 2002; Emsley et al., 2006; McEwen
et al., 2013; Pascoe et al., 2014). In general, good tolerability of

omega-3 fatty acids can be assumed.
However, clinical trials reporting similar rates of side effects of
omega-3 fatty acids in comparison with placebo were of short duration only. The prolonged administration of omega-3 fatty acids
at supra-physiological doses may be associated with late adverse
effects, which elude detection during the trial duration (Lange et
al., 2019). Potentially serious adverse events following the supplementation of other natural nutrients have been reported. For
example, supplementation of vitamin E has shown a trend towards
an increase in risk of prostate cancer (Klein et al., 2011), while
selenium intake increased the risk of diabetes (Dunn et al., 2010).
Omega-3 polyunsaturated fatty acids are highly prone to oxidative degradation. Fish oil supplements therefore contain antioxidants as well as oxidation products of omega-3 fatty acids, both
of which could be associated with adverse effects. Antioxidants
added to fish oils can reduce but not completely prevent oxidation
(Zuta et al., 2007). Concerns regarding the safety of oxidized fish
oil were raised as early as the 1950s (Kaneda and Ishii, 1953; Matsuo, 1954). Animal studies have shown that oxidized lipid products can be harmful (Esterbauer, 1993). A substantial proportion
of commercially available fish oil preparations have been reported
to be oxidized (Fantoni et al., 1996; Fierens and Corthout, 2007;
Halvorsen and Blomhoff, 2011; Kolanowski, 2010; Opperman
and Benade, 2013), with total oxidation and levels of peroxide
(reflecting primary oxidation) and anisidine (secondary oxidation
product) significantly exceeding the internationally recommended
values (Albert et al., 2015; Bannenberg et al., 2017; Jackowski et
al., 2015). The omega-3 fatty acid supplements administered in
clinical trials could therefore have been partially oxidized, possibly confounding the results of these studies. Furthermore, the
potential of the supplements to cause harm in humans remains
unknown, since “information on the level of oxidation of fish oil
….. and related toxicological effects in humans is lacking” (EFSA
Panel on Biological Hazards, 2010). The effects of oxidized oils on
human health therefore require investigation.
Vitamin E (tocopherols and tocotrienols) is the antioxidant
commonly added to fish oil supplements. Possible adverse effects
of the long-term administration of vitamin E should be considered,
since large-scale trials of α-tocopherol (dominant active ingredient
of vitamin E) supplementation have suggested a link to increased
rates of prostate carcinoma (Yang et al., 2012). In addition, the
findings of a large prospective study suggest that DHA may increase the risk of high-grade prostate cancer (Brasky et al., 2011).
An elevated risk of high-grade and low-grade prostate cancer in
men with high blood levels of omega-3 fatty acids (EPA, DHA
and eicosapentaenoic acid) was found in a large, prospective casecohort study (Brasky et al., 2013). A case-control study reported
a slightly elevated prostate cancer risk in the highest compared
to the lowest quintile of plasma EPA and DPA levels (Crowe et
al., 2014). Furthermore, a recent systematic review and meta-analysis comprising 47 randomized controlled trials (with a total of
108,194 participants) found that the intake of omega-3 fatty acids
may slightly increase prostate cancer risk (Hanson et al., 2020).
The findings above have shown an association between plasma
phospholipid omega-3 fatty acids and risk of prostate carcinoma.
While causation has not been demonstrated, the consistency of the
findings suggests a potential role of omega-3 fatty acids in prostate
tumorigenesis.
The mechanisms involved in a link between vitamin E and prostate cancer remain speculative. Genetic variation may determine
the potential role of α-tocopherol in carcinogenesis. The COMT
gene encodes the production of catechol-O-methyltransferase,
which is involved in the processing of vitamin E. Variations in the
gene have been found to influence the effects of α-tocopherol on
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cancer incidence (Hall et al., 2019). Furthermore, testosterone has
been implicated in the etiology of prostate carcinoma (Taylor et
al., 2010). Following supplementation with fish oil, young men
have been shown to have larger testicle size and an elevated free
testosterone to LH ratio in comparison with their unsupplemented
counterparts (Jensen et al., 2020). A recent pooled prospective
analysis suggests that low free testosterone levels are associated
with a reduced risk of prostate cancer, suggesting that circulating
free testosterone may play a role in cancer risk. Further research is
required to assess whether this association is causal and to clarify
the importance of high testosterone levels (Watts et al., 2018).
In summary, oil contained in omega-3 fatty acid supplements
may also contain unspecified concentrations of potentially toxic
oxidation products, the health consequences of which remain unclear. Harmful effects of oxidized lipid products have been found
in preclinical studies. Caution is therefore needed when omega-3
polyunsaturated fatty acids are administered at high doses over
extended periods of time, especially during prenatal development
and childhood. Potential long-term adverse effects of vitamin E
added as an antioxidant should also be considered.
6. Future directions
Epidemiological and other observational studies are unable to provide definitive evidence of the efficacy of omega-3 fatty acids in
depression, since potential confounding by lifestyle (e.g. dietary
habits, physical activity, smoking and alcohol intake), socioeconomic and cultural factors cannot be excluded. Therefore, no conclusions regarding cause and effect can be drawn from cross-sectional studies. Prospective randomized controlled trials are needed
to confirm a causal relation between omega-3 fatty acid intake and
depressive symptoms (see Table 1).
While the available results of clinical trials have been interpreted as support for the potential of omega-3 fatty acids in the treatment of depression, several cautionary notes need to be considered. The trials included in the meta-analyses examining omega-3
fatty acids and depression vary markedly in regard to participants,
diagnostic criteria, intervention type, dosage, duration, baseline
omega-3 status and outcome measures. These variations may contribute substantially to the heterogeneity of studies, which limits
the validity of the pooled results. The short trial duration of several
weeks or months provides no information on the long-term effects
of omega-3 fatty acid supplementation on depression. The sample sizes of many of the randomized controlled trials were small,
potentially leading to an overestimation of treatment effects and
publication bias (Nüesch et al., 2010; Sterne et al., 2000).
Various clinical factors need to be taken into account when investigating omega-3 fatty acids and depression. For example, in
view of differences in diagnostic methods, the comparison of the
available studies in humans is problematic. While many studies
relied on self-reporting of participants, others used more reliable
semi-structured assessment tools or a clinical diagnosis made by
specialists. Many studies on depression are confined to either community samples or clinical/medical samples, and their respective
findings may not be generalizable to entire populations. The age of
the individuals included in such studies is also important. Furthermore, the respective effects of omega-3 fatty acids on depressive
symptoms in individuals with mild, moderate and severe degrees
of major depressive disorder should be considered. In addition, a
variety of biological, social, environmental and cultural factors
may be involved in the etiology of depression (Malhi and Mann,
2018). Depression is therefore likely to be a pathogenetically,

14

physiologically and clinically heterogeneous condition. In consequence, not every individual with depression has an omega-3 deficiency, and the efficacy of omega-3 fatty acids may be confined to
subgroups yet to be identified. Another consideration concerns the
impact of depression on lifestyle. An improved lifestyle structure
in the context of adherence to a clinical trial could have beneficial
effects. Moreover, omega-3 fatty acid supplementation may produce positive effects on general wellbeing and health, since polyunsaturated fatty acids may be beneficial for cardiovascular health
and metabolic problems (Carpentier et al., 2006; Sudheendran et
al., 2010). In addition, many participants included in the omega-3
fatty acid trials may have had comorbid conditions, potentially affecting their response to supplementation.
The impact of different types of omega-3 fatty acids on depressive symptoms requires further studies, since the omega-3 fatty
acid composition of the fish oils used differed between studies.
EPA rather than DHA has been suggested to mediate the beneficial effects of omega-3 fatty acids in major depressive disorders
(Grosso et al., 2014; Hallahan et al., 2016; Martins, 2009; Martins
et al., 2012). Future trials could therefore focus on supplementation with EPA alone or a combination of omega-3 fatty acids with
a predominance of EPA. Furthermore, the oxidative status of the
fish oils used needs to be assessed and reported (Albert et al., 2015;
Bannenberg et al., 2017; Jackowski et al., 2015).
The omega-3 fatty acid dosage needed to elicit beneficial effects on depression may depend on baseline levels. One may speculate that individuals with low omega-3 fatty acid status are more
responsive to supplementation (Carney et al., 2016; Messamore
and McNamara, 2016), while a threshold may exist, above which
omega-3 fatty acids show no effect. However, one study has found
that high blood baseline levels of EPA and DHA in people with depression predict favorable outcomes following omega-3 fatty acid
supplementation (Carney et al., 2016). Higher baseline omega-3
blood concentrations may assist in reaching the necessary therapeutic level within the short duration of a clinical trial.
A further important issue in research is the choice of outcome
measures. Most clinical trials assessing medications in people with
depression use rating scales, such as the Hamilton Depression Rating Scale (Hamilton, 1960). However, a statistically significant
effect on the scores of such scales does not necessarily indicate
an improvement in the symptoms or wellbeing of the individual
assessed. Small though statistically significant improvements in
scores may not be clinically noticeable by patients or physicians.
Doubt has therefore been cast on the clinical significance of differences found between antidepressants and placebo in the available
trials (Moncrieff and Kirsch, 2015). A more helpful trial endpoint
is the clinical relevance of the effect observed, i.e. whether an
intervention produces improvements in patients’ daily lives. The
minimum difference in rating scale scores indicating a clinically
relevant effect remains a matter of debate (Moncrieff and Kirsch,
2015).
An important question to be addressed is whether the efficacy
of omega-3 fatty acids depends on a critical age for supplementation. Studies in animals have reported that reduced brain DHA
concentrations in the perinatal phase of development are associated with deficits in neuronal arborization, synaptic pathology,
cognitive impairment and elevated anxiety and depression-related behaviors (McNamara and Carlson, 2006). In a rat model of
chronic deficiency in omega-3 fatty acids, an equilibrated diet administered through the mother during pre- and post-natal periods
could restore the offspring’s monoaminergic functions, which had
been impaired by the deficiency, only if it was provided before
the 21st day of life (Kodas et al., 2002; Kodas et al., 2004). These
results suggest that an optimal time frame for omega-3 fatty acid
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Table 1. Overview of findings and problems regarding omega-3 fatty acids and depression

Observational studies
Intake of fish or omega-3 fatty acids was inversely associated with the risk of depression (Hibbeln, 1998)
Fish consumption was associated with a decrease in the risk of depression (Grosso et al., 2016)
Intake of omega-3 fatty acids was negatively associated with depression (Silvers and Scott, 2002; Tanskanen et al., 2001)
Omega-3 fatty acid levels in erythrocytes in people with depression were low compared to controls (Edwards et al., 1998b; Peet et
al., 1998)
No associations between the intake of omega-3 fatty acids and depression were found in cross-sectional studies (Appleton et al.,
2007; Hakkarainen et al., 2004; Miyake et al., 2006)
No significant relationships between blood omega-3 fatty acid concentrations and depressive symptoms were found in
cross-sectional studies (Appleton et al., 2008; Browne et al., 2006; Mamalakis et al., 2004)
Summary: Observational evidence suggesting a link between omega-3 fatty acids and depression may be subject to confounding
and cannot establish causal relationships
Randomized controlled intervention studies
Omega-3 fatty acids showed beneficial effects in major depressive disorder (Nemets et al., 2002; Su et al., 2003) and other
depressive conditions (Frangou et al., 2006; Stoll et al., 1999)
In other studies, omega-3 fatty acids showed no benefits in major depressive disorder (Grenyer et al., 2007; Silvers et al., 2005) or
other depressive disorders (Keck et al., 2006; Rogers et al., 2008)
Beneficial effects of omega-3 fatty acids depended on the severity of depressive symptoms at baseline (benefits with severe
depressive symptoms, no benefits with mild depressive symptoms) (Appleton et al., 2010)
The findings of meta-analyses of randomized controlled trials of omega-3 fatty acids for depressive disorders were inconclusive; the
benefits of omega-3 fatty acids for depressive symptoms were small to moderate and of little or no clinical relevance (Appleton et
al., 2010, 2016; Bloch and Hannestad, 2012; Lin and Su, 2007)
Summary: The effects of omega-3 fatty acid supplementation in depression were usually small or insignificant, with significant
heterogeneity between studies
Problems
Available omega-3 fatty acid supplementation trials varied markedly in regard to participants, diagnostic criteria, severity of
depression, intervention type, dosage, duration, baseline omega-3 status and outcome measures
EPA rather than DHA appears to mediate the beneficial effects of omega-3 fatty acids in major depressive disorders (Grosso et al.,
2014; Hallahan et al., 2016; Martins, 2009; Martins et al., 2012)
Omega-3 fatty acid doses needed to elicit beneficial effects may depend on baseline levels (Carney et al., 2016; Messamore and
McNamara, 2016)
The clinical significance of differences between antidepressants and placebo based on rating scales is in doubt (Moncrieff and
Kirsch, 2015)
The long-term effects of omega-3 fatty acid supplementation are unclear
Opportunity cost of potentially ineffective therapies needs to be considered; other possibly more useful therapeutic approaches
should be investigated (Lange, 2018)
Omega-3 fatty acid supplements may contain potentially toxic oxidation products; potential long-term adverse effects of vitamin E
added as antioxidant should be considered (Lange et al., 2019)
Summary: Conclusive evidence of the efficacy of omega-3 fatty acids in depressive disorders is currently lacking
supplementation exists during brain development. Thus, omega-3
fatty acid supplementation in later phases of life may be unable to
compensate for deficiencies in critical stages of early brain development.
Further studies with more homogeneous and larger samples are
needed. In particular, large-scale studies with sufficiently large
numbers of participants with different ranges of omega-3 fatty
acid levels at baseline should be conducted. In future investigations, standardization of inclusion criteria, diagnostic methods,
participants’ nutritional baseline status, omega-3 fatty acid composition of fish oils and clinically meaningful outcome measures

is required. The dose response for both EPA and DHA needs to
be examined. Extended follow-up is needed to establish sustained
long-term effects of omega-3 fatty acid supplementation in people
with depression.
Opportunity cost, i.e. the loss of potential benefits when one
alternative is chosen over another, is a relevant issue when recommending potentially ineffective therapies to patients. The administration of omega-3 fatty acids in addition to evidence-based
treatments in people with depression may affect compliance. Furthermore, omega-3 fatty acids may be taken by patients as a substitute for lifestyle modifications that may be beneficial to their
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mental and physical wellbeing and health (Lange, 2018). Limited
research resources may be better used in the development of novel
approaches to mental health than in investigating optimal combinations of omega-3 fatty acids, which may offer little benefit in
mental disorders.
7. Conclusion
Conclusive evidence of the efficacy of omega-3 fatty acids in depressive disorders is currently lacking. Epidemiological studies
have found correlative associations between the consumption of
fish, the intake of omega-3 fatty acids and the prevalence of major
depressive disorder. Furthermore, lower omega-3 fatty acid levels
have been found in people diagnosed with depressive disorders in
comparison with controls. However, these observational findings
are unable to establish a causal relationship between omega-3 fatty
acids and depression. The results of randomized controlled trials of
omega-3 fatty acids for depressive disorders are inconclusive, and,
to date, these interventional studies have been unable to establish
causation between depression and omega-3 fatty acids. Numerous
factors may have influenced the results of studies on omega-3 fatty
acid supplementation in the treatment of depression. These factors include heterogeneous types of study design, duration of trials,
dosage and types of omega-3 fatty acids used and assessment of
outcomes. In light of the results of the available trials in depression, omega-3 fatty acids appear to have little or no therapeutic
efficacy.
Issues that should be addressed in more detail include baseline
values of omega-3 fatty acids and symptom severity, the quantity
(dosage) and quality (EPA-to-DHA ratio) of the fatty acids used,
the duration of supplementation, the concomitant use of medication and long-term efficacy. Very large, well-controlled randomized clinical trials appear to be necessary to establish potential
anti-depressive effects of omega-3 fatty acids. However, the substantial expenditure required to conduct such trials is difficult to
justify in view of the less than promising findings from available
randomized controlled trials.
Potential adverse effects of omega-3 fatty acid administration
should be considered. Increased cancer risks may be associated
with high-dose omega-3 administration over extended periods
of time, possibly due to the effects of omega-3 fatty acids, their
oxidation products or added vitamin E. These effects may become
apparent many years after supplementation and their cause may
therefore fail to be recognized.
In summary, the efficacy of omega-3 fatty acids in the treatment
of depression has not been conclusively demonstrated. The recommendation of potentially ineffective therapies to patients may have
considerable opportunity costs, with other possibly more useful
therapeutic approaches failing to be utilized.
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Abstract
Spices and herbs have been used in traditional medicine for centuries, with research starting to accumulate on their
beneficial properties. Of these properties, the immune-enhancing and anti-inflammatory capabilities of many spices
and herbs have led to promising results. The current review article aims to explore the current research of several
spices and herbs as immune-enhancers and anti-inflammatory agents. The spices and herbs examined are African
potato (Hypoxis hemerocallidea), allspice (Pimenta dioica), basil (Ocimum basilicum), black pepper (Piper nigrum),
chili powders (Capsicum species), clove (Syzygium aromaticum), Devil’s claw (Harpagophytem procumbens), fenugreek (Trigonella foenum-graecum), ginger (Zingiber officinale), lavender (Lavandula angustifolia), oregano (Origanum vulgare), rooibos (Aspalathus linearis), rosemary/sage (Salvia rosmarinus/officinalis), saffron (Crocus sativus),
South African geranium (Pelargonium sidoides), and turmeric (Curcuma longa). All the spices and herbs exhibited
immune-enhancing or immunomodulatory and anti-inflammatory capabilities through various processes. Rooibos
and oregano had the most contradictory results, with some studies finding pro-inflammatory properties, especially
at high doses regarding oregano. Turmeric had the most extensive research with positive results.
Keywords: Anti-inflammatory; Immunity; Spice; Herb; Traditional medicine.

1. Introduction
Spices and herbs are hidden gems in the culinary world that may
have a great impact outside of the kitchen, doing more than just
pleasing tastebuds but also the body as a whole. Before we talk
about spices and herbs, we must consider how we got here.
1.1. History
Spice and herb usage has a long history. Archaeological evidence
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dates their usage back to the Paleolithic period, about 60,000 years
ago. For the following tens of thousands of years, humans continued to use herbs medicinally. Moving into ancient history, we
gain further knowledge of herb usage with different cultures cultivating different spices and herbs. Written records indicate that the
Sumerians in Mesopotamia wrote lists of hundreds of medicinal
plants some 5,000 years ago (Sumner, 2000). Similarly, Ancient
Egyptians, Indians, Chinese, Greeks, and Romans curated lists of
medicinal plants. The choice of spice and herb was limited by location and availability as it was hard to obtain spices and herbs
that were not native to the lands inhibited. Although spices were
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considered a luxury in some countries, people would travel far and
wide to obtain them.
Trading has been a part of civilization since prehistoric times,
and there is no exception for spices. Spice trade had a surge with
the introduction of the Silk Road beginning around 210 BC. The
Silk Road connected Asia with Persia, the Arabian Peninsula, East
Africa, and Southern Europe, making trade more feasible. Spice
trade continued for the following centuries and continues until today but in a much different form. In the 17th century, spices began
to lose much of their value as India and the Americas began to
export ample spices due to colonization. Today, spices are seen
less as a luxury due to their relatively newfound abundance and
accessibility.
1.2. Traditional functions in society
Spices and herbs have long had a profound impact on many social
factors, one of which being status. Before the 1600s in Europe,
the scarcity of spices led to their possession being a status symbol. Once spices became more abundant due to colonization, they
lost their privilege as a status symbol, and the roles reversed. The
wealthy stopped spicing their foods as the middle class could now
afford to.
There are claims that spices were used traditionally as a food
preservative, but these claims are unsound for several reasons.
First, spices are ineffective at preservation as compared to salting, smoking, pickling, or drying food (Freedman, 2008). Second,
spices were typically expensive and, therefore, it would be impractical to use them as a food preservative. Finally, old cookbooks do
not mention using spices as preservatives and suggest they could
increase spoilage (Krondl, 2008). Although, it has been found that
some spices have antimicrobial properties (Shelef, 1984). Nevertheless, these reasons refute the idea of the traditional use of spices
as preservatives. However, the use of spices in hot climates may
contradict this view as lack of refrigeration in earlier times led to
their inclusion in food for shelf-life extension.
Aside from their cooking usage, spices and herbs also have a
rich history with medicinal uses, known as traditional medicine.
One of the earliest forms of traditional medicine, Ayurveda, came
from India around 3,000 BC. Ayurveda revolves around balancing
diet, herbal treatment, disease prevention, and health promotion.
Some examples of spices and herbs used in Ayurveda are turmeric
as a treatment for jaundice, basil to protect the heart, mace to treat
stomach infections, cinnamon to promote blood circulation, and
ginger for a wide variety of treatments (Tapsell et al., 2006). Another early form of traditional medicine comes from China in the
mid to late 2,000 BC. Spices and herbs served a dual purpose
for flavouring food and promoting health. Examples of traditional Chinese use of spices and herbs as medicine are ginseng for
improving stamina and ginkgo biloba for cognitive performance
(Tapsell et al., 2006). There are plenty of other examples of traditional medicinal use across cultures, such as ancient Egypt, ancient Greece, and Africa from 5,000 BC to the current day. The
use of spices and herbs as medicine is becoming acknowledged
in modern science.
1.3. Biological relevance
Spices and herbs differ based on the part of the plant they originate. A spice is a dried part of a plant, such as a seed, fruit, root, or
bark, while an herb is a fresh part of a non-woody plant, such as the
leaves, flowers, or stems.

For the plant, bioactive compounds present in spices can act
as both an attractant and a deterrent to aid their proliferation. The
desire for spices is not exclusive to humans. Bugs are commonly
found in household spices, such as paprika and cayenne, and fish
are attracted to allspice (Harada, 1990). Having organisms attracted to the plant can help in seed distribution to continue the plant’s
life cycle. Contrarily, spices also act to deter organisms through
unpleasant flavors. An example of a deterring spice is capsaicin,
found in chili peppers, which gives a burning sensation when eaten. The painful sensation from capsicum consumption is almost
ubiquitously avoided by mammals, with the only known mammals
seeking them out being humans and tree shrews (Han et al., 2018).
While having fewer mammals aiding in seed distribution seems
like an evolutionary mistake, there is a purpose. The reason is that
mammals are worse seed distributors than birds, which unaffected
by spices such as capsaicin (Norman et al., 1992). Having only
birds consuming the spice, and consequently the seed, aids in the
distribution and plant proliferation. Also, various spices have antimicrobial properties that slow microorganism growth and reduce
toxin production (Sherman and Flaxman, 2001). Microorganism
reduction can help the plant to survive and grow, as well as being
beneficial to the consumer of the plant.
The bioactive properties of spices and herbs are frequently associated with their most abundant bioactive compound(s) (Table
1).
1.4. Immune system and enhancers
To talk about immune enhancers, we must first ask what the
immune system is. The immune system is a network of cells,
tissues, and organs that work together to stop bodily infections
and diseases. There are two divisions of the immune system:
innate immunity and adaptive immunity. Innate immunity includes aspects of the immune system that are indiscriminate in
their foreign targets, such as physical barriers and macrophages.
Adaptive immunity is parts of the immune system with specific
targets, such as B and T lymphocytes. Together, the innate and
adaptive immunities are complementary, interacting to neutralize
potential threats.
Since the immune system has an instrumental role in health, being able to boost it could be useful in improving health. Some lifestyle factors for enhancing the immune system include avoiding
smoking, getting sufficient sleep, minimizing stress, and practicing
hygiene. Aside from lifestyle changes, some supplements and remedies boast the ability to enhance the immune system. While some
supplements alter components related to immune system function,
there is debate on if they are effective in protecting the consumer
from infection and disease. Nevertheless, the immune system may
benefit from supplement consumption that affects components of
the immune system. Spices and herbs have grown in popularity as
immune enhancers. A summary of immune-enhancing properties
of select spices and herbs is seen in Table 2.
1.5. Inflammation
Inflammation is a natural response in reaction to injury and disease
caused by the immune system. There is a healthy level of inflammation necessary to combat and heal from injury or disease. Issues arise when inflammation runs rampant, causing the immune
system to hurt the body more than it heals. Inflammation occurs in
the event of an injury where the damaged cells produce signaling
chemicals, including histamine, bradykinin, and prostaglandins,
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Table 1. Main bioactive compound of select spices and herbs

Spice/herb

Main bioactive compound

Reference

African potato (Hypoxis hemerocallidea)

Hypoxoside and rooperol

Zimudzi, 2014

Allspice (Pimenta dioica)

Eugenol

Zhang and Lokeshwar, 2012

Basil (Ocimum basilicum)

Linalool

Radulović et al., 2013

Black pepper (Piper nigrum)

Piperine

Lee et al., 2020

Chili powders (Capsicum species)

Capsaicin

Barceloux, 2009

Clove (Syzygium aromaticum)

Eugenol

Neveu et al., 2010

Devil’s claw (Harpagophytem procumbens)

Harpagoside and harpagide

Williams, 2013

Fenugreek (Trigonella foenum-graecum)

Trigonelline and 4-hydroxyisoleucine

Singh et al., 2020

Ginger (Zingiber officinale)

Gingerols, shogaols, and paradols

Mao et al., 2019

Lavender (Lavandula angustifolia)

Linalyl acetate and linalool

Chen et al.,, 2020

Oregano (Origanum vulgare)

Thymol and carvacrol

Singletary, 2010

Rooibos (Aspalathus linearis)

Aspalathin

Hoosen, 2019

Rosemary/sage (Salvia rosmarinus/officinalis)

Carnosic acid, carnosol, and rosmarinic acid

Kontogianni et al., 2013; Ali et al., 2019

Saffron (Crocus sativus)

Crocin, picrocrocin, and safranal

Khorasany and Hosseinzadeh, 2016

South African geranium (Pelargonium sidoides)

Gallic acid

Kayser et al., 2001

Turmeric (Curcuma longa)

Curcumin

Sahne et al., 2017

that serve three purposes. The first is vasodilation: where there are
a few seconds of vasoconstriction followed by vasodilation, resulting in increased blood flow to the affected area. The increased
blood flow causes the slowing and inactivation of red blood cells
involved in blood clotting. Another is increased vascular permeability, which allows large proteins, such as serum albumins, to
go through the blood vessels into the tissues. The last is that they
attract immune cells, named neutrophils. These neutrophils loosely
bind and then squeeze through endothelial gaps to migrate to the
site of injury for phagocytosis, or destruction of, the damaged cell,
effectively removing the threat. Macrophages then enter the tissue
to dispose of the dead neutrophils and cellular debris (Aderem and
Underhill, 1999).
The five classic signs of inflammation are redness, swelling,
heat, pain, and loss of function. There are two kinds of inflammation, acute and chronic. Acute and chronic inflammation differ by
severity and prolongation. Acute inflammation is typically shortterm in response to injury or illness and is usually more severe than
chronic inflammation. Contrarily, chronic inflammation is a more
prolonged and typically less severe form of inflammation that can
occur without the stimulation of injury or illness and does not
necessarily end once healed. Prolonged inflammation can lead to
many health conditions, such as atherosclerosis, cancer, and heart
disease (Libby et al., 2002, Coussens and Werb, 2002, Haught et
al., 1996).
To combat these diseases, anti-inflammatory agents may prove
useful. Anti-inflammatory agents inhibit the inflammatory response. Examples of anti-inflammatory drugs are non-steroidal
anti-inflammatory drugs (NSAIDs). NSAIDs lessen the inflammatory response by blocking the production of prostaglandins by cyclooxygenase (COX) enzymes in the pathway (Weissmann, 1987).
Similarly, aspirin is a drug that also blocks prostaglandin production. Corticosteroid drugs, on the other hand, suppress genes associated with inflammation (Barnes, 2006). While drugs effectively
reduce inflammation, spices and herbs may be a natural alternative
with similar effects. A summary of the anti-inflammatory activity
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of select spices and herbs is seen in Table 3.
1.6. Other considerations
The effects of spices and herbs can be diverse. It is important to
consider negative properties, such as cytotoxicity and drug interference, so that spices and herbs can be properly administered.
Contrarily, spices and herbs may have utility aside from promoting
health themselves, such as bioenhancing. Some additional properties of select spices and herbs are seen in Table 4.
1.7. Scope of selection
The spice and herbs selected in this review have either culinary
popularity or have significance in traditional African medicine (i.e.,
African potato, rooibos, Devil’s claw, and South African geranium).
1.8. Goals
Since the antioxidative properties of spices and herbs have already been established well, we aim to determine if spices and
herbs also have a role as immune enhancers and as anti-inflammatory agents.
2. African potato (Hypoxis hemerocallidea)
2.1. Introduction and source
Hypoxis hemerocallidea is commonly known as African potato but
has other names such as African star grass, star lily, magic muthi,
and yellow stars. African potato is native to southern Africa, with
its habitat ranging from South Africa to Mozambique and Zim-
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Table 2. Immune-enhance properties of select spices and herbs

Spice/herb

Summary of research

Model

Reference

African potato
(Hypoxis
hemerocallidea)

No distinction between immuneenhancing capabilities and antiinflammatory properties

N/A

N/A

Allspice (Pimenta
dioica)

Increased serum albumin, globulin,
and myeloperoxidase levels

Mozambique tilapia

Güllü et al., 2016; Yilmaz
and Ergün, 2014

Increased leukocutes and hemoglobin

Mouse

Nayak and Abhilash, 2008

Increased number of antibodies
created against a bird disease
and infectious bronchitis

Broiler chicken

Jahejo et al., 2019;
Mohammed et al., 2017

Decreased IL-4 and IgE concentrations

Rat

Eftekhar et al., 2019; Kaur et al.,
2018; El-Ashram et al., 2017

Black pepper oil (no piperine)
increased IgM and IgG levels

Rabbit

Abdelnour et al., 2018

Piperine inhibited IgM secretion and
antigen presentation B lymphocytes

Mouse

Bernardo et al., 2015;
Soutar et al., 2017

Increased the immune response
and increased response to induced
delayed-type hypersensitivity

Mouse

Viveros-Paredes et al., 2021

Increased IFN-γ production and
release from lymphocytes

Human cell
line MG-63

Jin et al., 2016

Pre-treatment protective against
experimental autoimmune neuritis

Rat

Motte et al., 2018; Grüter et al., 2020

Reduced immune cell counts in response
to immunostimulatory agents

Mouse

Dibazar et al., 2014; Bereswill et
al., 2021; Chniguir et al., 2019

Decreased mortality
Basil (Ocimum
basilicum)

Stabilized mast cells
Non-specific immune response
Black pepper
(Piper nigrum)

Chili powders
(Capsicum species)

Clove (Syzygium
aromaticum)

Eugenol reduced B cell proliferation
and inhibited an immune inhibitor

Saraphanchoiwitthayaet et
al., 2019; Ding et al., 2018

Increased immune cells and Ig
with bacterial or no challenge

Mouse and
broiler chicken

Devil’s claw
(Harpagophytem
procumbens)

Immunostimulant with decrease
IL-21 and IL-23 secretion

Human cell line THP-1 Cholet et al., 2019

Fenugreek (Trigonella
foenum-graecum)

Increased IgM levels

Increased leukocyte transmigration protein
mRNA expression in inactivated cells

Ginger (Zingiber
officinale)

Schopohl et al., 2016
Fish

Improved lysozyme activity, increased
protease activity, and increased
complement component 3 levels
No effect on antibody titer

Moustafa et al., 2020; Yu et al., 2019
Moustafa et al., 2020; Yu et al.,
2019; Guardiola et al., 2018

Hen and broiler
chicken

Increased globulin, lysozyme, and Ig levels as Fish
well as erythrocyte and leukocyte numbers
Increased bactericidal, phagocytic, and
lysozyme activities but nonsignificant
change in Ig and globulin

Wael et al., 2018; Mahrous et al.,
2017; Al-Mufarrej et al., 2019

Hen and broiler
chicken

Decreased T-bet gene, increased
Clinical trial
erythrocytes, and IgM, and unaffected NF-κB

Samani et al., 2020;
Laudadio et al., 2020
Talpur et al., 2013; Mohammadi
et al., 2020; Kanani et al., 2014;
Sukumaran et al., 2016
Qorbanpour et al., 2018; Elmowalid
et al., 2019; An et al., 2019
Aryaeian et al., 2019; Mahassni and
Bukhari, 2019; Honarvar et al., 2019
(continued)
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Table 2. (continued)

Spice/herb

Summary of research

Model

Reference

Lavender (Lavandula
angustifolia)

Activated both the innate and adaptive
response through the complement
system, whole blood phagocytes,
neutrophils, macrophages, and Peyer’s
patches immunocompetent cells

Human cell lines
and mouse

Georgiev et al., 2017a

Stimulated phagocytes, cytotoxic
T-cells, and regulatory T-cells

Oregano (Origanum
vulgare)

Rooibos (Aspalathus
linearis)

Increased TGF-β expression

Rat

Mori et al., 2016

Anticancer and antiproliferative activity
through increased cancer cell death

Human cell lines

Gezici, 2018

Increased lysozyme, protease,
and bactericidal activity

Fish

Zhang et al., 2020; Beltrán et al., 2020;
Espirito Espirito Santo et al., 2018;
Mabrok and Wahdan, 2018; Shourbela
et al., 2021; Rashidian et al., 2021

Increased specific Ig

Broiler chicken

Galal et al., 2016;
Franciosini et al., 2016

May increase pro-inflammatory
cytokine IL-6 to stimulate hepatocytes,
however no conclusion can be made

Mouse cell line RAW
264.7 and human
white blood cells

Hendricks and Pool, 2010;
Hoosen and Pool, 2019

Mouse and
broiler chicken

Rasouli et al., 2020; Rostami et
al., 2018; Al Sheyab et al., 2012

Augmented innate immunity

Goat

Shokrollahi et al., 2015; Naiel et
al., 2020; Yousef et al., 2020

Wide range of immunomodulatory
effects including inhibited leukocyte
infiltration, decreased serum IgM
concentration, decreased microglia,
and modulating Th1/Th2 balance

Mouse and human
peripheral blood
mononuclear cells

Feyzi et al., 2016; Fernández-Albarral
et al., 2019; Boskabady et al., 2020

Mouse cell line L929

Kayser et al., 2001

Cow

Seckin et al., 2018

Mouse, rat,
and human

Bao et al., 2015; Kamin et al., 2010

Increased neutrophil, Th17, and Th22
cells through the MAPK pathway

Human monocytes

Witte et al., 2015

Immunomodulatory properties
for a variety of diseases

Clinical trail

Abdollahi et al., 2018; Bose et al., 2015

Rosemary/sage (Salvia Conflicting results on if rosemary/
rosmarinus/officinalis) sage increases specific Ig

Saffron (Crocus
sativus)

Activated macrophages
South African
geranium
Increased IgG and IFN-γ
(Pelargonium sidoides)
Protective against acute bronchitis,
as well as reducing symptom
severity and disease duration

Turmeric (Curcuma
longa)

Georgiev et al., 2017b

IFN, interferon; Ig, immunoglobulin; IL, interleukin; MAPK, mitogen-activated protein kinase; NF-κB, nuclear factor kappa-B; TGF-β, transforming growth factor-beta; Th1, T helper
type 1; Th17, T helper type 17; Th2, T helper type 2

babwe. While known as African potato, the plant is not related to
the staple food root vegetable and is part of the lily family. The
corms, an underground storage organ of the plant, are used for the
African potato’s activities. Usage of the corms may lead to overharvesting. Crucially, the leaves are not a viable alternative as they
lack phytochemicals and bioactive similarities, leading to the importance of corm preservation (Katerere and Eloff, 2008). Nevertheless, the African potato has been used in traditional African
medicine for centuries to treat many ailments.

2.3. Bioactive compounds

2.2. Current uses
Some of the medical conditions African potato is used to treat are
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urinary tract disorders, prostate problems, cancers, lung diseases,
human immunodeficiency virus (HIV), and acquired immunodeficiency syndrome (AIDS). Of these, African potato is most used
to treat HIV and AIDS, although there is little evidence supporting
its effectiveness. The bioactive compounds in African potato affect
cytochrome P450 activity, which is the same target as antiretroviral drugs, resulting in possible drug effectiveness interference
(Mills et al., 2005).

The bioactive compounds present in African potato are terpenoids,
saponins, tannin, reducing sugars, phytoglycosides, and sterols
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Table 3. Anti-inflammatory activity of select spices and herbs

Spice/herb

Summary of research

Model

Reference

African potato (Hypoxis
hemerocallidea)

Improvement in allergic rhinitis

Human

Matyanga et al., 2020

Inhibited NO synthase
and NF-κB activity

Human and mouse
cell line RAW 264.7

Zulfiqar et al., 2020

Inhibited COX-2 production
and the NF-κB pathway

Mouse cell line RAW
264.7 and human
cell line HeLa

Zhang and Lokeshwar, 2012

Allspice (Pimenta
dioica)

Basil (Ocimum
basilicum)

Black pepper
(Piper nigrum)

Chili powders
(Capsicum species)

Clove (Syzygium
aromaticum)

Inhibited IL-6 and TNF secretion

Inhibited blood vessel proliferation Rat and mouse

Al-Rehaily et al., 2002

Antitumor activity against
breast cancer

Mouse

Zhang et al., 2015

Dose-dependent antiinflammatory IL-10 production

Human leukocytes

Güez et al., 2017

Decreased phospholipase A2
and serum total protein levels

Rat

Eftekhar et al., 2019

Higher anti-inflammatory
activity than aspirin

Egg albumen
denaturation

Osei Akoto et al., 2020

Significantly reduced edema

Mouse

Rodrigues et al., 2016

Reduced pro-inflammatory
cytokines IL-1β, TNF-α, IL6, and prostaglandin E2

Mouse, BV2 microglia
cells, mouse cell line
ATDC5, and rat

Reynoso-Moreno et al., 2017; Wang-sheng et
al., 2017; Ren and Liang, 2018; Pei et al., 2020;
Mao et al., 2017; Viswanadha et al., 2020

Inhibited macrophage
inflammation in pancreatic islets

Mouse

Yuan et al., 2021

Treated allergic inflammatory
Mouse
through major T helper cell groups

Bui et al., 2017; Bui et al., 2019

High doses lowered the
pro-inflammatory cytokines
TNFα, IFN-γ, IL-1β, and IL-6

Rat, human colon
carcinoma cell
lines, and mouse

Motte et al., 2018; Bessler and
Djaldetti, 2017; Xu et al., 2017; Kang
et al., 2017; Zhang et al., 2019

Contradicting effects on antiinflammatory cytokine IL-10

Human cell lines
and mouse

Bessler and Djaldetti, 2017; Kang et al., 2017

Increased anti-inflammatory
cytokine IL-4

Rat

Motte et al., 2018

Unclear if TRPV1 is the pathway
used for anti-inflammatory
properties, p38MAPK and colonic
cannabinoid receptor type 1
pathways were proposed

Rat and mouse

Xu et al., 2017; Kang et al., 2017

Reduced paw edema

Rat

Marmouzi et al., 2019; Saeed et
al., 2017; Humbal et al., 2019

Reduced pro-inflammatory
markers CRP, COX-2, IL6, TNF-α, TGF-β, and
epidermal growth factor

Devil’s claw
(Harpagophytem
procumbens)

Jose et al., 2017; Abdelrahman et al., 2018

Eugenol reduced ear edema and
proinflammatory cytokines

Mouse, rat,
IPEC-J2 cell line

Tsai et al., 2017; de Araújo Lopes
et al., 2018; Kumar et al., 2021; Ma
et al., 2018; Hui et al., 2020

Strong inhibition of COX-2

Human serum
and mouse cell
line RAW 264.7

Gyurkovska et al., 2011; Rahimi et
al., 2016; Fiebich et al., 2012
(continued)
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Table 3. (continued)

Spice/herb

Fenugreek (Trigonella
foenum-graecum)

Summary of research

Model

Reference

Reduced pro-inflammatory
cytokines IL-1β, IL-6, and TNF-α

Mouse cell line
RAW 264.7

Inaba et al., 2010

Inhibited IL-6 production

Human serum and
chondrocytes

Gyurkovska et al., 2011; Haseeb et al., 2017

Reduced pro-inflammatory
cytokines TNF-α, IL-1β, and IL-6

Mouse and rat

Zhou et al., 2020Liu, 2019; Khound et al.,
2018; Piao et al., 2017; Sindhu et al., 2018;
Nagamma et al., 2021; Yu et al., 2019

Reduced paw edema

Ginger (Zingiber
officinale)

Cheurfa et al., 2021; Sindhu et al., 2018;
Pournamdari et al., 2018; El-Taib et al., 2020

Increased anti-inflammatory
cytokines IL-10, IFN-γ, and TGF-β

Mouse

Liu, 2019; Piao et al., 2017

Decreased pro-inflammatory
cytokines TNF-α, IL-1β, IL-6

Clinical trial, rat,
and mouse

Al Hroob et al., 2018; Çifci et al., 2018;
Kim et al., 2018; Kim and Kim, 2018;
He et al., 2019; Mozaffari-Khosravi
et al., 2016; Askari et al., 2020

Broad anti-inflammatory response
exhibited through reduced
monocyte chemoattractant
protein-1, CRP, NF-κB subunit
p65, COX-2, and iNOS
Lavender (Lavandula
angustifolia)

Decreased the expression of
pro-inflammatory cytokines
TNF-α and IL-1β

Kim et al., 2018; He et al., 2019; Askari et al.,
2020; Hsiang et al., 2015; Hamza et al., 2021

Common carp,
rat, and mouse

Yousefi et al., 2020; Aboutaleb et al., 2019;
Souri et al., 2019; Chen et al., 2020

Reduced the pro-inflammatory
expression of NF-κB and COX-2

Mouse

Chen et al., 2020; Cardia et al., 2018

Increased anti-inflammatory
cytokine TGF-β

Common carp

Yousefi et al., 2020

Oregano (Origanum
vulgare)

High doses have pro-inflammatory
properties while lower doses have
anti-inflammatory properties

Pig and rat

Cappelli et al., 2021; Rivera-Gomis et
al., 2020; Sharifi-Rigi et al., 2019

Rooibos (Aspalathus
linearis)

Mixed results on whether
rooibos is anti-inflammatory
or pro-inflammatory

N/A

N/A

Rosemary/sage (Salvia
rosmarinus/officinalis)

Decreased pro-inflammatory
cytokine production

Mouse

Yousef et al., 2020; Farahpour et al., 2020

Limited recent research (<5 years)

N/A

N/A

Saffron (Crocus sativus) Clinical trials often show no
anti-inflammatory effects

N/A

N/A

South African geranium Decreased pro-inflammatory
(Pelargonium sidoides) molecules from fibroblasts,
leukocytes, and macrophages

Human cell lines

Jekabsone et al., 2019

Modulated chemokines

Human

Perić et al., 2020

Extensive anti-inflammatory or
neutral properties supported
by many clinical trials

Clinical trail

N/A

Significantly increased the
expression of the antiinflammatory cytokine IL-10

Turmeric (Curcuma
longa)

COX, cyclooxygenase; CRP, C-reactive protein; IFN, interferon; IL, interleukin; iNOS, inducible nitric oxide synthase; NF-κB, nuclear factor kappa-B; NO, nitric oxide; TGF-β, transforming growth factor-beta; TNF, tumor necrosis factor; TRPV1, transient receptor potential vanilloid 1
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Table 4. Other important considerations for the listed spices and herbs

Spice/herb

Property

Reference

African potato (Hypoxis hemerocallidea)

Possible HIV/AIDS drug interference

Mills et al., 2005

Allspice (Pimenta dioica)

N/A

N/A

Basil (Ocimum basilicum)

Dose-dependent cytotoxic effects
against Hep-2 and HeLa cell lines

Kathirvel and Ravi, 2012

Black pepper (Piper nigrum)

Application as a bioenhancer, increasing the
bioavailability of other therapeutic agents

Tiwari et al., 2020

Chili powders (Capsicum species)

Low doses of capsaicin may be responsible
for cancer-promoting effects, whereas high
doses are observed with cancer-inhibition

Lin et al., 2018; Chen et al., 2021;
Xu et al., 2017; Guo et al., 2019

Clove (Syzygium aromaticum)

N/A

N/A

Devil’s claw (Harpagophytem procumbens)

Harpagide observed to have a toxic
effect at a concentration of 1 mg/mL

Gyurkovska et al., 2011

Fenugreek (Trigonella foenum-graecum)

N/A

N/A

Ginger (Zingiber officinale)

Safe and effective for treating nausea

Nikkhah Bodagh et al., 2018

Lavender (Lavandula angustifolia)

Some irritative properties at 10% in topical
treatments and cytotoxic at 30 and 90 ug/mL

Rai et al., 2020; Cardia et al., 2018

Oregano (Origanum vulgare)

Pro-inflammatory at high doses

Rivera-Gomis et al., 2020;
Sharifi-Rigi et al., 2019

Rooibos (Aspalathus linearis)

Contradictory results on immunomodulation
abilities and inflammatory properties

N/A

Rosemary/sage (Salvia
rosmarinus/officinalis)

N/A

N/A

Saffron (Crocus sativus)

Cytotoxic at very high doses

Mehri et al., 2020

South African geranium
(Pelargonium sidoides)

Risk of bias in some studies

N/A

Turmeric (Curcuma longa)

Low bioavailability of curcumin

Kunnumakkara et al., 2019

(Zimudzi, 2014). One of the bioactive compounds attributed to African potato’s medicinal activity is hypoxoside, a glycoside product. Hypoxoside is a prodrug that is oxidized by β-glucosidase to
form rooperol, an aglycone. The enzyme β-glucosidase is found
in the gastrointestinal tract, released by cancer cells in tumor tissues, and released by the activation of macrophages in inflammatory sites (Albrecht, 1996). The phytosterols within African potato
include β-sitosterol (BSS), β-sitosterol glucoside (BSSG), campesterol, and stigmasterol, with BSS and BSSG being most studied
(Bouic, 2001).
2.4. Immune-enhancing properties
The immune-enhancing capability of African potato is attributed to
its anti-inflammatory activity, in which there is little distinction in
the literature. Ling and Jones (1995) reported an improvement in
allergic rhinitis and sinusitis after 12 weeks of BSS/BSSG administration, believed to be a result of cytokine profile changes. The
cytokine changes caused by BSS and BSSG are inhibition of interleukin (IL)-6 and tumor necrosis factor (TNF) secretion, leading to
anti-inflammatory effects (Matyanga et al., 2020). BSS and BSSG
have also been used in HIV treatment resulting in a favourable T
helper type 1 (Th1) cell response (Bouic, 2001). Phytosterols as a
class of molecules have been shown to have immune-modulating

properties in vitro (Saeidnia et al., 2014).
2.5. Anti-inflammatory properties
Rooperol, one of the main bioactive compounds in African potato,
has been shown to have potent anti-inflammatory abilities through
reactive oxygen species (ROS) and nitric oxide (NO) production
(Boukes and van de Venter, 2012). Contrarily, three hypoxhemerolosides and one obtuside from African potato were shown to inhibit
nitric oxide production in lipopolysaccharide (LPS)-stimulated
macrophages (Zulfiqar et al., 2020). Nevertheless, these same
glucosides in the ethyl acetate extract inhibited nitric oxide synthase and nuclear factor kappa-B (NF-κB) activity (Zulfiqar et al.,
2020). The exact mechanisms behind the medicinal effects of African potato compounds remain unknown.
2.6. Recent advancements
Gold nanoparticles are used as a catalyst for biological reactions
and have gained much attention as a means as an anticancer and
antibacterial material. The effects of gold nanoparticles have been
combined with African potato extract and hypoxoside to enhance
the protective effects. The four gold nanoparticle treatments syn-
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thesized showed the ability to lower macrophage pro-inflammatory cytokine levels with the one synthesized with hypoxoside
reducing cytokines in natural killer cells (Elbagory et al., 2019).
These results highlight the potential of African potato and its bioactive compounds in advancing emerging technologies.
3. Allspice (Pimenta dioica)

thermore, Yilmaz and Ergün (2014) have found decreased mortality in Mozambique tilapia after allspice supplementation in which
immune system augmentation by allspice may be an important
factor. These findings support the idea that allspice may prove an
effective immune enhancer, although more research needs to be
done, particularly in preclinical and clinical trials, as most benefits are in fish models.
3.5. Anti-inflammatory properties

3.1. Introduction and source
Allspice, also known as Jamaica pepper, myrtle pepper, pimenta,
and pimento, is the dried unripe berry of Pimenta diocia. Pimenta
diocia is a mid-canopy tree native to the Greater Antilles, southern
Mexico, and Central America. Allspice was introduced to Europe
in the 16th century after Christopher Columbus discovered allspice while searching for other common spices. The name allspice
comes from the spice having the combined aromatic flavours of
cloves, pepper, cinnamon, and nutmeg. Today, allspice is cultivated in many warm climates.
3.2. Current uses
Allspice is used in a variety of dishes across many cultures. In
Caribbean cuisine, allspice is an important ingredient in the popular jerk seasoning. In the Middle East, allspice is used to flavour
stews, meat dishes, and tomato sauces. In northern Europe and
North America, allspice is an ingredient in curry powders.
3.3. Bioactive compounds

Eugenol, the major bioactive compound in allspice, is known for
its anti-inflammatory activity (Kim et al., 2003). Eugenol has an
inhibitory effect on COX-2 production and the NF-κB pathway
in LPS-induced activated macrophages, both of which are characteristic of inflammation (Zhang and Lokeshwar, 2012). Quercetin,
another bioactive compound in allspice, is also anti-inflammatory
with inhibition of the NF-κB pathway, of inflammatory cytokine
expression, and by influencing inflammatory gene expression
(Zhang and Lokeshwar, 2012). Allspice has also been shown to reduce inflammation in rats by inhibiting blood vessel proliferation,
characteristic of inflammation (Al-Rehaily et al., 2002). Furthermore, allspice has been shown to have antitumor activity against
breast cancer, with a major cause of cancer being inflammation
through inhibiting mechanistic target of rapamycin (Zhang et al.,
2015). Nevertheless, the main bioactive compound of allspice is
eugenol which likely inhibits inflammation through COX-2 inhibition, similar to some NSAIDs.
4. Basil (Ocimum basilicum)
4.1. Introduction and source

Allspice extract has been shown to have many flavonoids, alkaloids, tannins, triterpenoids, and phytosterols (Nayak and Abhilash, 2008). Additionally, allspice is particularly high in polyphenols. Eugenol is the main bioactive compound, with other potent
compounds being quercetin, gallic acid, and ericifolin (Zhang and
Lokeshwar, 2012). Clove (Syzygium aromaticum) shares eugenol
as the main bioactive compound and thus they may share physiological properties as pertains to eugenol (see clove).
3.4. Immune-enhancing properties
To assess the immunological capabilities of allspice, Güllü et
al. (2016) have looked at blood parameters in Mozambique tilapia (Oreochromis mossambicus) after oral administration. They
found that serum albumin and globulin levels were increased in
groups supplemented with 15 g of allspice per kg of fish feed,
compared to the group with no supplementation and the 5 g kg−1
group (Güllü et al., 2016). Increases in the serum albumin and
globulin in fish are thought to be related to a better innate immune response (Wiegertjes et al., 1996). Additionally, the activity
of lysozyme (an enzyme that is a factor in immune defence) was
found to increase in the allspice supplemented groups compared
to the control group (Güllü et al., 2016). Another enzyme, myeloperoxidase, was increased in the supplemented groups compared
to the control (Güllü et al., 2016). Myeloperoxidase is important
for enhancing neutrophils and macrophages in fish (Güllü et al.,
2016). Nayak and Abhilash (2008) have looked at the effects of
giving mice allspice orally. They found increased leukocytes and
hemoglobin which may be attributed to the allspice leaves. Fur-
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Ocimum basilicum, commonly known as basil or sweet basil, is an
herb of the mint family Lamiaceae. It is native to tropical regions
ranging from central Africa to Southeast Asia and is now cultivated worldwide (Simon, 1998). Today, basil is considered one of
the most popular herbs in the world and is sometimes referred to as
the “King of Herbs”. The name basil is shared with other varieties
in the Ocimum genus as well as hybrids, including Thai basil (O.
basilicum var. thysiflora), lemon basil (O. citriodorum), and holy
basil (O. tenuiflorum). However, here basil will refer exclusively
to O. basilicum.
4.2. Current uses
The main use of basil is as a fresh ingredient, adding a sweet flavour to meals. Typically, basil is added at the end of recipes as
cooking can destroy flavour. In addition, drying the herb can result
in loss of flavour. Basil is a main ingredient in the Italian sauce
pesto, added to salads and soups, and used as a garnish for many
other dishes. Apart from cuisine, basil is used in the creation of
some perfumes and it has a history as a therapeutic in Ayurveda
(traditional Indian medicine) and traditional Chinese medicine.
4.3. Bioactive compounds
There are many compounds in basil which include linalool, estragole, methyl eugenol 1,8-cineole, camphor, limonene, thymol,
citral, α-linalool, β-linalool, chichoric acid, myrecene, borneol,
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neral, and anthocyanins (Purushothaman et al., 2018). The major
bioactive compounds of these are linalool, methyl eugenol, and
1,8-cineol (Radulović et al., 2013). The anthocyanins are responsible for the purple flower pigment, with 11 being cyanidin-based
and 3 being peonidin-based (Phippen and Simon, 1998).
4.4. Immune-enhancing properties
The immune-enhancing effects of basil have been examined in
various animal models. Jahejo et al. (2019) assessed the immunomodulatory effects of basil supplementation in broiler chickens. They found that basil seed supplementation at 5 g/kg of feed
resulted in an increased number of antibodies created against a
highly contagious bird disease (Newcastle disease) 12 days after
vaccination of the chickens, as compared to a group without supplementation (Jahejo et al., 2019). Additionally, they noted a lower
rate of mortality in the basil-fed group which may be caused by
increased immunity. These results are in agreement with a similar
study by Mohammed et al. (2017) which fed broiler chickens basil
seeds at 3 and 6 g/kg of feed. In this study, it was found that after
42 days the two supplemented groups had an increased number
of antibodies against Newcastle disease and infectious bronchitis
(Mohammed et al., 2017).
In an in vivo rat model studying asthma, Eftekhar et al. (2019)
found that treatment with basil extract at 0.75, 1.50, and 3.00 mg/
mL in drinking water resulted in decreased IL-4 and immunoglobulin (Ig) type E concentrations as compared to no treatment.
IL-4 is produced by Th2 cells which stimulates IgE production,
both of which contribute to asthma, with higher levels consistent with disease progression (Murdoch and Lloyd, 2010; Sandeep
et al., 2010). Additionally, with an in vitro rat model it has been
found that basil can stabilize mast cells, a cell type vital for immune surveillance, in a dose-dependent manner (Kaur, Singh, and
Shri, 2018). Finally, El-Ashram et al. (2017) showed enhanced
non-specific immune response in Nile-tilapia after basil oil supplementation at 0.25, 0.5, and 1% basil oil per kg diet for 42 days.
Additionally, supplemented fish had a lower bacterial count in
their muscle at the end of the 42 days and they had a decrease in
mortality rates after infection (El-Ashram et al., 2017). Poultry
and fish account for much of the benefits of basil, thus clinical
trials are needed to confirm effects.

in the first hour and up to five hours after inducing edema (Rodrigues et al., 2016).
The anti-inflammatory effects of basil may be able to be extended using cyclodextrins, a class of molecules used to extend
molecule bioavailability, safety, and stability. Rodrigues et al.
(2017) found that orally administering mice with basil essential oil
complexed with β-cyclodextrin resulted in significant inhibition of
arachidonic acid, a molecule associated with edema.
4.6. Cytotoxicity
Further clinical trials are needed to properly assess the efficacy of
basil supplementation for immune-enhancing and anti-inflammatory activities in humans. However, caution should be practiced as
basil oil has been found to have a dose-dependent cytotoxic effect
against HEp-2 and HeLa human cell lines (Kathirvel and Ravi,
2012). It is possible that the cytotoxic activity of basil oil is only
against these cell lines and, therefore, more studies should be done
to make a conclusion. Nevertheless, basil has promising potential
in immune-enhancing and anti-inflammatory activity.
5. Black pepper (Piper nigrum)
5.1. Introduction and source
Black pepper is the name for the spice derived from grinding the
cooked and dried unripe fruit, known as a peppercorn, of the Piper
nigrum flowering vine and the name for the plant itself. Herein,
black pepper will refer to the spice rather than the plant. Similar to
the black pepper, the uncooked dried unripe fruit of peppercorn is
used to produce green pepper while the ripe fruit seeds are used to
produce white pepper. As a spice, black pepper is the most common of the three and is one of the most commonly used spices
in the world. Additionally, black pepper is the most traded spice
globally, owing to its title as the “King of Spices”. Black pepper,
commonly referred to as simply pepper, is native to India and is
today extensively cultivated in many tropical regions. Black peppers usage dating back to prehistoric times as one of the earliest
known spices.

4.5. Anti-inflammatory properties

5.2. Current uses

The anti-inflammatory properties of basil have also been evaluated using several models. First, Güez et al. (2017) showed an
increased production of the anti-inflammatory cytokine IL-10
in human leukocyte cell cultures treated with basil extract. They
found the correlation to be dose-dependent, with a higher extract
concentration leading to a higher production of IL-10 (Güez et
al., 2017). In the in vivo rat model seen earlier, Eftekhar et al.
(2019) found a decrease in phospholipase A2 and serum total protein levels. Phospholipase A2 induces inflammation in the airway
and serum proteins are known to be a sign of inflammation in
asthma, therefore a reduction in these suggests anti-inflammatory
action (Eftekhar et al., 2019). Using the egg albumen denaturation
method, where anti-inflammatory activity is approximated with
reduced thermal denaturation of protein, Osei Akoto et al., (2020)
found that ethanol and hexane extracts of basil had significantly
higher anti-inflammatory activity than aspirin. An in vivo mouse
model study has shown that supplementation of basil essential oil
significantly reduced edema (swelling caused by inflammation)

Black pepper finds extensive usage in many cuisines around the
world. It is added as a seasoning to many dishes, commonly paired
with salt. The spicy flavour observed from consuming black pepper
is from the compound piperine. Black pepper is also used in many
traditional medicines for its proposed health benefits, ranging from
treating indigestion, heart disorders, toothaches, and more.
5.3. Bioactive compounds
Black pepper contains phenols, flavonoids, alkaloids, and terpenes
(Lee et al., 2020). The bioactive properties of black pepper are
attributed to the phenols, flavonoids, and alkaloids, with a consensus that piperine (an alkaloid) is the major bioactive compound
in black pepper (Lee et al., 2020; Gorgani et al., 2017; Banerjee
et al., 2021). It is important to note that black pepper oil does not
contain piperine as it is a highly volatile compound (Bober et al.,
2018). The terpenes are responsible for the flavour of black pep-
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Black pepper has been found to have some immunomodulatory
effects. Abdelnour et al. (2018) found that supplementing rabbits
with black pepper oil at 0.5, 1.0, and 1.5 g/kg of diet increased IgM
and IgG levels as compared to the control group. This contrasts
with a study by Bernardo et al. (2015) which found that piperine
inhibited IgM secretion in mouse B lymphocytes. Similarly, Soutar et al. (2017) found that piperine exhibited immunosuppressive
qualities in mouse B lymphocytes through impairment of antigen
presentation. Recalling that black pepper oil is absent of piperine,
it can be inferred that another or a combination of bioactive compounds in black pepper causes immunostimulation while piperine
causes immunosuppression. More studies are needed to make conclusions about the immunomodulatory effects of black pepper and
piperine as current research is limited. The immune-enhancing
capabilities of black pepper are typically associated with the antiinflammatory properties, which have been examined.

production while Treg cells control the immune response. Therefore, black pepper extract was effective in treating allergic inflammatory through major Th cell groups.
Black pepper may also find use in regulating inflammation
disrupted iron homeostasis, inflammation related to epilepsy, and
myocardial inflammation. Hepcidin is a protein that regulates iron
homeostasis and is up regulated under inflammatory conditions,
resulting in iron deficiency. Banerjee et al. (2021) found that black
pepper extract, as well as piperine alone, were able to downregulate hepcidin expression caused by turpentine-induced inflammation in mice. In an epileptic rat model, piperine treatment was
shown to decrease neuronal levels of pro-inflammatory cytokines
TNF-α and IL-1β, which at high levels may cause or worsen convulsions (Mao et al., 2017). In myocardial tissue of rats faced with
isoproterenol-induced inflammation, piperine pre-treatment resulted in no changes in TNF-α, IL-6, and inducible nitric oxide
synthase (iNOS), as compared to increased expression in the group
without pre-treatment (Viswanadha et al., 2020). Thus, piperine
pretreatment was effective in reducing isoproterenol-induced inflammation of the myocardial tissue. Taken together, black pepper
has been shown to have a profound impact on reducing different
forms of inflammation. It would be useful to perform clinical trials
to further validate results.

5.5. Anti-inflammatory properties

5.6. Bioenhancing properties

Various alkaloids within black pepper have been shown to ameliorate LPS-induced inflammation in mouse models. Levels of LPSinduced pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 were
reduced by guineensine (Reynoso-Moreno et al., 2017), piperine
(Wang-sheng et al., 2017; Ren and Liang, 2018), and three alkaloids of unknown identity (Pei et al., 2020). Additionally, piperine
and the three unknown alkaloids were shown to inhibited LPSstimulated pro-inflammatory Prostaglandin E2 release (Wangsheng et al., 2017; Pei et al., 2020). Piperine was further found
to inhibit macrophage inflammation in pancreatic islets. Yuan et
al. (2021) found that mice fed a high-fat diet had shrunk, poorly
stained islets with fibrosis (scarring), whereas the mice fed a highfat diet treated with piperine had regular islets with no fibrosis.
They found that piperine inhibited the production of cytokines
consistent with macrophages inside the islets (CD11c, Gal-3, and
IL-1β), relieving inflammation (Yuan et al., 2021). Also, piperine
was found to down-regulate miRNA-127 expression, which normally up-regulates myD88 expression, and expression of these together result in further inflammatory damage from LPS (Ren and
Liang, 2018). These results highlight the anti-inflammatory role of
several alkaloids in black pepper, particularly piperine, and more
research should be conducted on these alkaloids.
Black pepper extract has been shown to treat allergic inflammation. T helper type 2 (Th2) immune response plays an important role in the progression of allergic responses, particularly when
there are excess Th2 cells, creating an imbalance with Th1 cells
(Berger, 2000). Bui et al. (2017) found that allergic inflammation
induced mice treated with black pepper extract had decreased Th2
cytokine production (i.e., IL-6, GATA3, and IL-4) and increased
Th1 cytokine production (i.e., interferon (IFN)-γ in their bronchoalveolar lavage fluid and lung tissues. They later confirmed
and added to these findings with a study that showed that an identical treatment of mice led to (a) the same results in regard to Th2
and Th1 cytokines and (b) a decrease in T helper type 17 (Th17)
cytokine production (i.e., RORc and IL-17A) and an increase in
regulatory T (Treg) cell cytokine production (IL-10) (Bui et al.,
2019). Th17 cells are responsible for pro-inflammatory cytokine

It is worth mentioning that piperine has profound application as
a bioenhancer, increasing the bioavailability of other therapeutic
agents. It has successfully been used in conjunction with resveratrol (variety of pharmacological functions) (El-Ghazaly et al.,
2020), ginsenoside Rh2 (a bioactive compound in Panax ginseng)
(Jin et al., 2016), Tagetes patula extract (antioxidant and antihyperlipidemic) (Nawale et al., 2018), raloxifene (a drug for osteoporosis and breast cancer) (Izgelov et al., 2018), and many more
(Tiwari et al., 2020). Additionally, the oral bioavailability of piperine has been shown to be able to be enhanced by 3.65-fold using
nanosuspension (Zafar et al., 2019). Therefore, the bio-enhancing
abilities of piperine may also be enhanced using emerging technology, however, more studies are needed to make conclusions.

per and are primarily δ-3-carene (27.8%), DL-linonene (18.1%),
2-β-pinene (16.9%), α-pinene (15.0%), 1-phellandrene (6.4%),
and β-myrcene (5.4%) (Lee et al., 2020).
5.4. Immune-enhancing properties
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6. Chili Powders (Capsicum species)
6.1. Introduction and source
Chili powder (also spelt chile and chilli) is primarily made from
the dried and pulverized fruit of chili peppers from the genus Capsicum. In the genus, there are five main species each with many
cultivars: C. annuum which includes bell peppers, banana pepper,
cayenne pepper, jalapeños, Thai peppers, chiltepin, and New Mexico chile; C. frutescens which includes malgueta, tabasco, piri piri,
and Malawian kambuzi; C. chinense which includes ghost pepper,
habanero, datil, and scotch bonnet; C. pubescens which includes
Rocoto and Manzano peppers; and C. baccatum which inclused
South American aji peppers. Chili peppers are believed to originate
from Mexico (Kraft et al., 2014) and subsequently spread globally
in the 15th and 16th century with the Columbian Exchange, a widespread transfer of products between the New World, Old World,
and West Africa. Aside from the chilis, chili powder often includes
other ingredients, such as cumin, onion, and garlic powder. One
quality that all chili powders have in common is the presence of
capsaicin, a compound unique to chili peppers.
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6.2. Current uses
Chili peppers and powders are used to add heat to dishes across
many cultures, such as Mexican chiles rellenos, Indian curries,
Bhutanese ema datshi, Thai som tam, and Italian arrabbiata sauce.
Capsaicin is the compound responsible for the hot, burning sensation obtained from eating chili peppers and chili powder. A psychological interpretation for humans’ preference for consuming
capsaicin is that it represents a controlled risk, where the body’s
warning system is alerted but there is no real threat (Rozin and
Schiller, 1980). This can result in a euphoric feeling for the consumer. Alternatively, capsaicin is used as a deterrent because of
the same pain-inducing properties. Capsaicin is used as a chemical
irritant in pepper sprays and some tear gases. Additionally, chili
peppers are planted around crops in African and Asian countries
to defend against elephants, which avoid the burning sensation
like all other mammals except humans and tree shrews (Han et
al., 2018). However, capsaicin is also used in treatments due to its
activity. Capsaicin has been used in traditional medicines in many
countries such as Mexico, Brazil, India, China, and Africa. Across
these cultures, capsaicin is used to relieve fevers, combat indigestion, stop flatulence, skin infections, and more (Dewitt, 2021). In
addition, capsaicin is used as a topical analgesic to relieve pain of
muscles and joints (Fattori et al., 2016).
6.3. Capsaicin receptor
Capsaicin acts through the transient receptor potential vanilloid
1 (TRPV1), also known as the capsaicin receptor (Caterina et al.,
1997). TRPV1 functions to detect and regulate body temperature
and give a heat and pain sensation. TRPV1 is found mostly in nociceptive (pain) neurons of the peripheral nervous system, such as taste
buds and the skin, but is also found in the central nervous system and
on non-neuronal cells (Bujak et al., 2019). Capsaicin is also believed
to act through pathways other than TRPV1 (Omari et al., 2016).
6.4. Bioactive compounds
Chili peppers have a variety of bioactive compounds, including
vitamin C, carotenoids, capsaicinoids, and capsinoids (MontoyaBallesteros et al., 2014; Georgescu et al., 2017). The most abundant capsaicinoid in chili peppers is capsaicin (69%), however,
dihydrocapsaicin (22%), nordihydrocapsaicin (7%), homocapsaicin (1%), and homodihydrocapsaicin (1%) are also present
(Barceloux, 2009). The capsaicinoids, in particular capsaicin, and
capsinoids are considered the main bioactive compounds of chili
peppers. As capsaicin is found in chili peppers, capsaicin is found
in any spice made from chili peppers including not only chili powders but also paprika and cayenne pepper.
6.5. Immune-enhancing properties
Capsaicin has gained a lot of interest for its therapeutic properties.
Of note, are capsaicin’s immune-enhancing capabilities. ViverosParedes et al. (2021) looked at the effect of capsaicin in modulating
the immune system of mice under chronic stress. They found that
capsaicin treatment increased the immune response, evidenced by
increased spleen lymphocyte proliferation and increased response
to induced delayed-type hypersensitivity (Viveros-Paredes et al.,
2021). Additionally, they found that spleen lymphocytes did not
succumb to stress-induced apoptosis after capsaicin treatment

(Viveros-Paredes et al., 2021). Furthermore, they found significantly reduced corticosterone (stress hormone) production in capsaicin-treated groups (Viveros-Paredes et al., 2021).
An in vitro study by Jin et al. (2016) found that treatment of
osteosarcoma (bone cancer) cells with 200 µM of capsaicin for
24 hours induced surface translocation of calreticulin, a molecule
that promotes immunogenic tumor cell death. Compared to treatment with cisplatin, a chemotherapy medication, capsaicin treatment resulted in increased IFN-γ production and release from
lymphocytes (Jin et al., 2016). However, capsaicin may be more
effective in prevention than in treatment. Motte et al. (2018) found
that pre-treatment of rats with capsaicin was protective against experimental autoimmune neuritis, with the strongest effects at 50
μg/d, whereas treatment started at the neuritis onset needed unphysiologically high dosages of capsaicin to have a therapeutic
effect. Grüter et al. (2020) similarly found capsaicin to have an
immunomodulatory effect in rats with experimental autoimmune
neuritis.
6.6. Anti-inflammatory properties
Capsaicin has popularity as an anti-inflammatory agent. Studies
have found that capsaicin supplementation effectively lowers the
pro-inflammatory cytokines TNF-α, IFN-γ, IL-1β, and IL-6 (Motte
et al., 2018; Bessler and Djaldetti, 2017; Xu et al., 2017; Kang
et al., 2017; Zhang et al., 2019). Of these, IL-6 was found to be
decreased with 200 µM of capsaicin, whereas lower concentrations of capsaicin led to increased production of pro-inflammatory
cytokine IL-6 (Bessler and Djaldetti, 2017). Additionally, Bessler
and Djaldetti (2017) found that capsaicin treatment of colon carcinoma cell cultures between 10 and 200 µM resulted in decreased
anti-inflammatory cytokine IL-10 production. Contrarily, Kang et
al. (2017) found that capsaicin supplementation of mice at 0.01
g/100 g of diet resulted in increased IL-10 production. The difference in IL-10 production could be due to the method of administration between the studies. In the colon carcinoma cell culture study
capsaicin was used as a treatment on carcinogenic cells, whereas
in the mouse study capsaicin was used as a preventative measure
with chronic low-grade inflammation following. Alternatively, the
difference could be between the type of study (in vitro and in vivo)
or the models used (human cell line and mice). Further research is
needed to determine if IL-10 production is increased or decreased
by capsaicin or which factors could lead to increased production
in one situation and decreased in another. Nevertheless, the antiinflammatory cytokine IL-4 was found to be increased with capsaicin supplementation of rats (Motte et al., 2018). Taken together
with the previous results, capsaicin may help alleviate inflammation by reducing pro-inflammatory cytokines production and maybe partially by increasing anti-inflammatory cytokine production,
particularly IL-4.
Capsaicin pre-treatment has been shown effective against various forms of inflammation, including experimental autoimmune
neuritis (Motte et al., 2018), pulmonary arterial hypertension (Xu et
al., 2017), systemic chronic low-grade inflammation (Kang et al.,
2017), concanavalin A-induced hepatitis (Zhang et al., 2019), and
LPS-induced inflammation of myoblasts (Shang et al., 2017). It is
unclear if TRPV1 had a major role in the first three studies listed,
while the latter two have little mentioned of a proposed mechanism. Motte et al. (2018) found that specific macrophage expression was inconsistent with increased TRPV1 expression and points
to the p36 mitogen-activated protein kinase (MAPK) pathway as a
potential means. Consistent with this idea, Xu et al. (2017) found
that capsaicin pre-treatment inhibited the p38MAPK pathway. This
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inhibition was believed to be responsible for the anti-inflammatory
effects of capsaicin pre-treatment. Kang et al. (2017) found that
capsaicin elevated butyrogenic bacterium and butyrate levels which
inhibited colonic cannabinoid receptor type 1 and reduced LPS biosynthesis. It is likely that capsaicin functions through a variety of
pathways and more research is needed to confirm this idea.
The anti-inflammatory effects of capsaicin may be enhanced
when used in combination with other spices. One study showed
that pre-treatment of mice with a combination of capsaicin and
curcumin (the main active ingredient in turmeric) resulted in better
protection against LPS-induced inflammation than capsaicin alone
(Vasanthkumar et al., 2018). This result highlights the potential
beneficial impact of combining spices. Chili powder often includes
ingredients other than chili pepper and it would be interesting to
see if the combination of spices in chili powder results in better
effects than the dried, pulverized chili pepper alone.
6.7. Cancer progression
The effect of capsaicin on cancer progression is unclear. Capsaicin
has been observed to have cancer-promoting effects on prostate
cancer cells (Díaz-Laviada, 2010), colon cancer cells (Liu et al.,
2012), and skin cancer cells (Hwang et al., 2010). Additionally, a
meta-analysis found a correlation between higher spicy food consumption (including chili pepper) and increased cancer incidence
(Chen et al., 2017). Low doses of capsaicin may be responsible for
cancer-promoting effects, whereas high doses are observed with
cancer-inhibition (Lin et al., 2018; Chen et al., 2021; Xu et al.,
2017; Guo et al., 2019). The effect of capsaicin on cancer should
be further examined.
7. Clove (Syzygium aromaticum)
7.1. Introduction and source
The flowering buds of the clove tree (Syzygium aromaticum)
are used to make the spice clove. The clove tree is native to the
Maluku islands in eastern Indonesia, but it is grown in many different countries including India, Jamacia, West Indies, Brazil, Sumatra, and other tropical climates. Clove is available year-round from
those grown in different locations.
7.2. Current uses
Clove is used in a variety of foods. It is used to flavour curries,
marinades, fruit, hot beverages, and baked goods. Clove is described to have an intense, pungent warm flavour and aroma, lending to its use to bring warmth to baked goods such as gingerbread
cookies. Additionally, its intense flavours lead to its frequent use in
spice blends, such as pumpkin pie spice and speculoos spice. Aside
from cuisine, clove finds use in an Indonesian cigarette, as an ant
repellent, as an anaesthetic, and in traditional medicine. In traditional medicine, clove is used to treat vomiting, flatulence, nausea,
liver problems, bowel and stomach disorders, and as a stimulant
(Batiha et al., 2020).
7.3. Bioactive compounds
Eugenol is the main bioactive compound in clove as well as allspice
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(previously covered) (Neveu et al., 2010). Eugenol is believed to
be responsible for much of clove’s physiological properties. Other
compounds in clove include flavonoids,hydroxybenzoic acids, hydroxycinamic acids, and hydroxyphenylpropens (gallic, caffeic,
ferulic, elagic, and salicylic acids), essential oils (eugenol acetate,
β-cariofilenol, and α-humulen), and volatile compounds (β-pinene,
limonene, farnesol, benzaldehyde, 2-heptanone, and ethyl hexanoate) (Cortés-Rojas et al., 2014).
7.4. Immune-enhancing properties
Clove has varying immunomodulatory properties. On mouse
phytohemagglutinin-activated splenocytes, clove essential oil at
100 and 1,000 μg/mL was found to reduce the induced splenocyte
proliferation and suppress IFN-γ release from the immune cells
(Dibazar et al., 2014). Similarly, mice supplemented daily with
clove essential oil at 100 mg/ kg of body weight were found to
reduce increases in macrophages, monocytes, and T cells caused
by acute campylobacteriosis (Bereswill et al., 2021). Furthermore,
clove extract was found to decrease the number of mouse neutrophils challenged with LPS (Chniguir et al., 2019). These three
studies showed clove as an immunosuppressive, reducing cellular damage when exposed to immunostimulatory agents. However, clove has also immunostimulatory properties. Salmonella
typthimurium-infected mice supplemented with clove extract at
150 mg/kg of body weight had increased numbers of lymphocytes
and lymphoblasts (Wael et al., 2018). Additionally, broiler chickens supplemented with up to 1.5 g of ground clove per kg of diet
for five weeks had increased globulin, IgG, IgM, and IFN-γ (Mahrous et al., 2017). Another study with broiler chickens found clove
supplementation at 4–6% of diet increased antibodies in unvaccinated birds, while antibodies in vaccinated birds were unaffected
(Al-Mufarrej et al., 2019). These studies indicate that clove can
augment the resting and infection-challenged immune system, although not as effective as vaccination.
Eugenol-focused studies have shown similar results to those of
clove supplementation. On mouse LPS- and pokeweed mitogenactivated splenocytes, eugenol at 100 and 1,000 μg/mL was found
to suppress IFN-γ activity and B cell proliferation through T celldependent and independent pathways (Saraphanchoiwitthayaet et
al., 2019). Contrarily, eugenol was found to inhibit myeloid-derived suppressor cells (immune inhibitors) in spleen cells from tumor-bearing mice, resulting in increased immune response (Ding
et al., 2018). Additionally in mice with experimental visceral leishmaniasis, eugenol oleate was found to activate the immune system
to clear the parasite (Raja et al., 2020). Thus, clove and eugenol
may be beneficial in modulating the immune system. More studies
are needed to support these results.
7.5. Anti-inflammatory properties
Clove has been shown to have anti-inflammatory properties. An in
vitro study using chronically inflamed human dermal fibroblasts
found that clove essential oil significantly inhibited increases in
the pro-inflammatory biomarkers vascular cell adhesion molecule-1, interferon γ-induced protein 10, interferon-inducible T-cell
α chemoattractant, and monokine induced by γ interferon (Han and
Parker, 2017). Multiple studies have demonstrated clove essential
oil supplementation to be effective in reducing carrageen-induced
rat paw edema (swelling caused by inflammation) at 250 and 500
mg/kg of body weight (Marmouzi et al., 2019; Saeed et al., 2017;
Humbal et al., 2019). Additionally, in rats, clove extracts were
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found to decrease pro-inflammatory markers (C-reactive protein
(CRP), COX-2, IL-6, TNF-α, transforming growth factor (TGF)-β,
and epidermal growth factor) (Jose et al., 2017; Adberlrahman et
al., 2018). Supporting this, a clinical trial using Clovinol®, a clove
extract supplement, significantly decreased CRP and IL-6 in the
treated group as compared to the placebo (Mammen et al., 2018).
It is important to note that four of the authors are affiliated with
the company that produced Clovinol®, resulting in a possibility of
bias. Similarly, the study by Jose et al. (2017) used Clovinol® in
their experiments and disclosed a conflict of interest. Further, unbiased, studies should be conducted to determine the anti-inflammatory properties of clove.
The anti-inflammatory properties of eugenol have also been
examined. In mice, eugenol treatment decreased induced ear edema (Tsai et al., 2017; de Araújo Lopes et al., 2018). Furthermore,
eugenol supplementation was found to reduce pro-inflammatory
cytokines in mice (TNF-α, IL-1β, IL-6, and IL-8) (Tsai et al., 2017;
de Araújo Lopes et al., 2018), in rats (TNF-α, IL-1β, and IL-6)
(Kumar et al., 2021; Ma et al., 2018), and IPEC-J2 cell line (TNF-α
and IL-8) (Hui et al., 2020). Like clove, further studies should be
conducted using eugenol to confirm results.
8. Devil’s claw (Harpagophytum procumbens)
8.1. Introduction and source
Harpagophytum procumbens is an herb native to Southern Africa,
including Namibia, Botswana, and South Africa. The plant has several names, including grapple plant and wood spider, but it is most
known as Devil’s claw. The popular name comes from its appearance, having its fruit covered in tiny hooks. The name Devil’s claw
is not exclusive to H. procumbens and is used for the other species
in the genus, H. zeyheri, some species of the Proboscidea genus,
which are native to the southern United States and Mexico, and
some species of the Pisonia genus. The Southern Africa H. procumbens has been long used to relieve pain and to reduce inflammation.
8.2. Bioactive compounds
The bioactive compounds in H. procumbens include iridoid glycosides, acetylated phenolic glycosides, and terpenoids (Williams,
2013). The main bioactive compound in H. procumbens is harpagoside and, to a lesser extent, harpagide. There is disagreement on what constitutes Devil’s claw. Some believe that only H.
procumbens extracts should be regarded as Devil’s claw, while
others believe that either H.procumbens or H. zeyheri extracts
could be labelled Devil’s claw, depending on the concentration of
harpagoside. In favour of the latter, it has been found that harpagoside is a main component in each species (Kondamudi et al.,
2016). Additionally, harpagoside content can fluctuate in either
species depending on many environmental and harvesting conditions, meaning that labelling H. procumbens extracts as Devil’s
claw does not necessarily mean that harpagoside is present.
8.3. Immune-enhancing properties

mitogen-activated human leukemic monocytic cells (Cholet et al.,
2019). These results suggest that H. procumbens has an immunostimulant effect. Harpagoside and harpagide have been found
to decrease the TNF-α cytokine secretion in mitogen-activated human leukemic monocytic cells while inactivated cells are poorly
affected (Schopohl et al., 2016). Interestingly, harpagoside and
harpagide increased leukocyte transmigration protein mRNA expression in inactivated cells, potentially leading to increased cell
migration (Schopohl et al., 2016).
8.4. Anti-inflammatory properties
Devil’s claw is used commonly for its anti-inflammatory properties. H. procumbens extracts have been shown to decrease nitric
oxide accumulation and suppress IL-6 expression in LPS-stimulated macrophages (Gyurkovska et al., 2011). Additionally, there has
been strong inhibition of COX-1 and COX-2 by H. procumbens
extracts (Gyurkovska et al., 2011). Inhibition of COX-2 is associated with the molecular docking of harpagoside and harpaside,
with binding energies of –9.13 and –5.53 kcal/mol, respectively
(Rahimi et al., 2016). H. procumbens extracts have also been found
to inhibit COX-2 expression by reducing the activator protein 1
transcription factor pathway at concentrations between 100 and
200 μg/mL (Fiebich et al., 2012). Inhibition of COX-2 is a common pathway utilized by NSAIDs, indicating a potential use of
Devil’s claw as an alternative for NSAIDs. Furthermore, it was
found that harpagoside is not solely responsible for Devil’s claw
anti-inflammatory properties, but there is a beneficial effect from
other bioactive compounds (Hostanska et al., 2014). Importantly,
harpagide has been observed to have a toxic effect at a concentration of 1 mg/mL (Gyurkovska et al., 2011). Therefore, caution
should be exercised when using Devil’s claw products as harpagide is a common component.
Devil’s claw has been examined in studies determining its effect
on inflammatory-related diseases. Regarding rheumatoid arthritis,
an in vitro study using LPS-induced mouse macrophages showed a
reduction in pro-inflammatory cytokines, IL-1β, IL-6, and TNF-α
(Inaba et al., 2010). In a study looking at osteoarthritis, harpagoside inhibited IL-6 production in human osteoarthritis chondrocytes (Haseeb et al., 2017). For inflammatory bowel disease, H.
procumbens extracts were shown to reduce inflammatory and oxidative stress markers in LPS-induced rat colon specimens (Locatelli et al., 2017). These results suggest a potential use for Devil’s
claw in the treatment of various inflammatory-related diseases.
9. Fenugreek (Trigonella foenum-graecum)
9.1. Introduction and source
Fenugreek (Trigonella foenum-graecum) is a plant whose leaves
are used as an herb and seeds as a spice. However, fenugreek is
mainly used as a spice. Fenugreek is native to southern Europe
and the Mediterranean region. Today, fenugreek is cultivated in
Europe, western Asia, India, and northern Africa.
9.2. Currents uses

The immune-enhancing effects of Devil’s claw have been examined minimally in the literature. H. procumbens extracts have been
found to decrease IL-21 and IL-23 secretion, associated with T
helper type 17 (Th17) cells, and increase Th1 cell cytokines in

The seeds of fenugreek are described to have a strong, sweet, and
bitter taste and aroma, much like maple syrup. Fenugreek is used
in cooking, especially in the Indian subcontinent where it is used
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in vegetable dishes, dal, pastes, and spice mixes. Fenugreek seed
is composed of 45.4% dietary fiber, resulting in a hypoglycemic
effect and its use as a food stabilizer (Wani and Kumar, 2018).
Other products fenugreek is added to are artificial maple syrup,
beverages, ice cream, candies, tobacco, soaps, and cosmetics. In
traditional medicine, fenugreek is used to aid digestion, treat gastrointestinal inflammation, and promote milk production in lactating women (Petruzzello, 2016). Fenugreek has been used for thousands of years in cooking and traditional medicine, with evidence
dating back to 4000 BC.
9.3. Bioactive compounds
Sapogenins, flavonoids, alkaloids, and steroids are the major classes of compounds in fenugreek (Singh et al., 2020). Two major bioactive compounds in fenugreek are trigonelline (91.20 mg/g) and
4-hydroxyisoleucine (90.10 mg/g) (Singh et al., 2020). Other bioactive compounds include pinitol (45.80 mg/g), isovitexin (3.18
mg/g), sarsasapogenin (1.35 mg/g), and isoorientin (1.12 mg/g)
(Singh et al., 2020).
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ing fenugreek. Multiple studies have shown fenugreek to lower
pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-6,
released in response to induced inflammation (Zhou et al., 2020;
Liu, 2019; Khound et al., 2018; Piao et al., 2017; Sindhu et al.,
2018; Nagamma et al., 2021; Yu et al., 2019). Moreover, a clinical trial found that 15 g/day supplementations of fenugreek seed
powder decreased CRP (a general measure of inflammation) levels
in type 2 diabetes patients, however, there was no effect on IL-6
and TNF-α (Tavakoly et al., 2018). Anti-inflammatory cytokines
were found to be increased with fenugreek supplementation, specifically IL-10, IFN-γ, and TGF-β (Liu, 2019; Piao et al., 2017).
Fenugreek has been found to inhibit c-Jun N-terminal kinases and
NF-κB activation (Zhou et al., 2020) as well as COX-1 and COX2 (El-Taib et al., 2020). Furthermore, fenugreek has been found
effective at reducing carrageenan- and Mycobacterium tuberculosis-induced paw edema (Cheurfa et al., 2021; Sindhu et al., 2018;
Pournamdari et al., 2018; El-Taib et al., 2020). Thus, fenugreek
has shown promising results in ameliorating inflammation. It is
important to note that the clinical trial found no change in two
major pro-inflammatory cytokines, inconsistent with many animal
studies. More research should be conducted to confirm the effects
of fenugreek on pro-inflammatory cytokines.

9.4. Immune-enhancing properties
Fenugreek supplementation has varying effects on the immune
system; however, results are inconsistent and less impressive
than other plants. IgM levels were increased in Nile tilapia (Oreochromis niloticus) (Moustafa et al., 2020) and juvenile blunt snout
bream (Megalobrama amblycephala) (Yu et al., 2019) supplemented fenugreek at 0.3 and 0.16% of diets, respectively. Contrarily, fenugreek supplemented gilthead seabream (Sparus aurata L.)
at 1, 5, and 10% of diet had no change in IgM levels (Guardiola et
al., 2018). Nevertheless, these studies found improved lysozyme
activity (Moustafa et al., 2020), increased protease activity (Yu et
al., 2019), and increased complement component 3 levels (Guardiola et al., 2018). Complement component 3 is a key protein in
the complement system (Sahu and Lambris, 2001). Furthermore,
Nile tilapia supplemented a diet with 2.5% crude fenugreeks seeds
had increased total leukocytes after cadmium toxicity (Abbas et
al., 2019). These results in fish show promising properties of fenugreek supplementation, however clinical trials are needed to confirm results.
Other animal models have had fewer promising results. Hens
and broiler chickens supplemented with fenugreek had no change
in antibody titer against sheep erythrocytes compared to the control groups (Samani et al., 2020; Laudadio et al., 2020). However,
fenugreek was effective at augmenting the antibody titer of black
cumin (Nigella sativa L.) (Laudadio et al., 2020). Additionally,
fenugreek supplemented broiler chickens had little change in immune response towards phytohemagglutinin-P-induced swelling
(Al-Homidan et al., 2020). Compared to mung bean (Vigna radiata)
and garden cress (Lepidium sativum), fenugreek gave the weakest
response (Al-Homidan et al., 2020). Thus, fenugreek may be effective at enhancing innate immunity but not adaptive immunity, particularly in fish, although it may be less effective than other plants.
Furthermore, fish and poultry are not optimal models for determining the applicability of fenugreek on human health, thus preclinical
and clinical trials are needed to gain a better understanding.
9.5. Anti-inflammatory properties
The anti-inflammatory properties have been demonstrated us-
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10. Ginger (Zingiber officinale)
10.1. Introduction and source
Ginger is a flowering plant with the taxonomic classification of
Zingiber officinale. The rhizome (subterranean plant stem) of ginger is used as a spice with the same name. Ginger originated in
Maritime Southeast Asia and was first traded with the spice trade
where it was used by ancient Greeks and Romans. Today, ginger
is grown in many places across the world, although most ginger is
grown in Asia.
10.2. Current uses
Ginger has many uses in cooking. In South Asian cuisine, ginger
is a common ingredient in preparing seafood, meat, and vegetarian
dishes. Examples include Indian lentil curries, Burmese gyin-thot,
and Vietnamese shrimp-and-yam soup. Additionally, ginger is
used for cooking in the Caribbean and Western cultures. In Western cultures, dry powdered ginger is commonly used to produce
products such as gingerbread, cookies, ginger ale, and ginger beer.
Perhaps the most common use for ginger is to combat nausea and
vomiting. In traditional medicine, ginger has also found use across
several cultures. In traditional Chinese medicine, ginger is used to
treat illnesses caused by cold weather (Moghaddasi and Kashani,
2012). In Ayurveda, ginger is used extensively for purposes including fighting heart disease, reducing cholesterol, and combating
arthritis (Moghaddasi and Kashani, 2012). In Iranian traditional
medicine, ginger has been used for improving kidney health, memory, and digestive system health (Khodaie and Sadeghpoor, 2015).
10.3. Bioactive compounds
The main groups of bioactive compounds in ginger are the phenolic compounds gingerols, shogaols, and paradols (Mao et al., 2019).
In particular, 6-gingerol and 6-shogaol are most often reported as
the most common bioactive compounds (Sarip et al., 2014; Ma-
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nasa et al., 2013; da Silverira Vasconcelos et al., 2019). However,
other gingerol, shogaol, and paradol isomers are commonly found
within ginger (Manasa et al., 2013; da Silverira Vasconcelos et al.,
2019). These three phenolic compounds contribute to the pungent
and pleasant aroma of ginger (McGee, 2007).

ments were improved with ginger supplementation (Honarvar et
al., 2019).
The immune-enhancing properties are promising for ginger,
particularly regarding results from clinical trials, with many studies demonstrating positive results and fewer with no changes.

10.4. Immune-enhancing properties

10.5. Anti-inflammatory properties

The immune-enhancing properties of ginger have been studied
across several models, including fish, birds, and humans. In fish,
positive results have been found with ginger supplementation in
different species. Ginger supplementation of up to 13 g/kg of feed
has been found to increase the number of erythrocytes and leucocytes in Asian sea bass (Lates calcarifer) and common carp (Cyprinus carpio) compared to controls (Talpur et al., 2013; Mohammadi
et al., 2020). Both cell types contribute to immunity, as leucocytes
are immune cells and erythrocytes are recently emerging as important modulators of the innate immune system (Anderson et al.,
2018). Furthermore, the Asian sea bass study found an increased
serum bactericidal activity, consistent with an increased immune
response (Talpur et al., 2013). In addition, the common carp study
found increased serum globulin, lysozyme, and Ig (Mohammadi et
al., 2020). Consistent with these findings, an increase in globulin
has been found with ginger-supplemented beluga sturgeon (Huso
huso) (Kanani et al., 2014), whereas increases in lysozyme and Ig
have been found with ginger-supplemented Rohu (Labeo rohita)
(Sukumaran et al., 2016). Globulin, lysozyme, and Ig are important factors for the immune response.
The immune-enhancing properties of ginger supplementation
have been less promising in birds. Qorbanpour et al. (2018) fed
broiler chickens ginger powder at up to 0.25% of the diet for 42
days and found increased IgM and IgG, produced against sheep
erythrocytes, compared to the control. However, the increases were
not significant. Elmowalid et al. (2019) fed broiler chickens 15 g
of ginger extract per kg of diet for 21 days and found significantly
increased bactericidal and phagocytic activity, consistent with an
increased immune capability. Hens given diets with 0.1% ginger
extract for 42 days had significantly increased serum lysozyme
activity, while serum globulin was not affected (An et al., 2019).
Perhaps ginger supplementation has a lesser effect on globulin and
Ig in birds while maintaining other immunological activities.
Ginger supplementation has shown promising results in clinical trials. Aryaeian et al. (2019) supplemented rheumatoid arthritis
patients with 1,500 mg of ginger powder for 12 weeks and found
a significantly decreased expression of the T-bet gene. T-bet is a
transcription factor that inhibits Th2 differentiation and induces
the proliferation of Th1 (Aryaeian et al., 2019). Thus, reduced Tbet expression would result in a relatively increased Th2 concentration. Additionally, they found an increased expression of FoxP3
with ginger supplementation (Aryaeian et al., 2019). FoxP3 is a
transcription factor that increases the function of Treg cells, a modulator of the immune system (Wing and Sakaguchi, 2010). Another
study supplemented smokers and non-smokers with ginger extract
for 21 days and found different results for each group. The smokers had an increased number of erythrocytes while non-smokers
had increased IgM levels, both consistent with better immunity
albeit in different ways (Mahassni and Bukhari, 2019). Contrarily,
diabetic patients supplemented with 2 g of ginger powder for 10
weeks exhibited no significant difference in NF-κB subunit p65
concentrations in lymphocytes and monocytes as compared to the
control group (Honarvar et al., 2019). However, other immunological factors were not considered in this study, and ginger extract
may have had other effects as several anthropometric measure-

The anti-inflammatory properties of ginger have been extensively
examined. In inflammation-induced models, ginger supplementation has been found to significantly decrease levels of pro-inflammatory cytokines TNF-α, IL-1β, IL-6 in rats (Al Hroob et al.,
2018; Çifci et al., 2018; Kim et al., 2018) and mice (Kim and Kim,
2018; He et al., 2019). Similarly, a clinical trial using 500 mg daily
ginger supplementation for osteoarthritis patients found decreased
serum levels of TNF- α and IL-1β compared to the control group
after 3 months (Mozaffari-Khosravi et al., 2016). Additionally, a
meta-analysis of 14 clinical trials found ginger supplementation to
significantly reduce TNF-α and IL-6 (Askari et al., 2020).
Additional inflammatory mediators have also been found to
be modulated by ginger. Monocyte chemoattractant protein-1
were reduced in ginger-supplemented rats (Kim et al., 2018) and
mice (He et al., 2019). Monocyte chemoattractant protein-1 is a
chemokine that regulates monocyte and macrophage infiltration
(Deshmane et al., 2009). Less immune cell infiltration would result in less inflammation. The aforementioned meta-analysis found
a decrease in CRP (a general measure of inflammation) with ginger
supplementation (Askari et al., 2020). Furthermore, increased NFκB subunit p65 activities from induced inflammation have been
found to be suppressed by ginger supplementation in mice (Hsiang
et al., 2015) and rats (Hamza et al., 2021). These results contrast
that of Honarvar et al. (2019) which found no difference in NFκB subunit p65. However, this study was limited to the concentration found within the lymphocytes and monocytes, while the other
two studies considered all cells. Furthermore, COX-2 and iNOS
(inflammatory mediators) levels have been found to be reduced
in liver cancer-induced rats given ginger supplementation as compared to those without supplementation (Hamza et al., 2021). Gene
expression of angiotensin II, TGF-β1, and TGF-β3 has been found
to be decreased in streptozotocin-induced diabetic rats with ginger
supplementation (Abdi et al., 2021). These proteins have important
roles in heart inflammation caused by diabetes (Abdi et al., 2021).
Thus, preclinical and clinical trials have shown ginger to reduce
inflammation.
10.6. Side effects and nausea treatment
There have been suggestions that ginger may negatively interact
with anticoagulant medications, such as warfarin. However, studies have found ginger to have no interaction with warfarin (Jiang
et al., 2005; Ali et al., 2008). Furthermore, the safety of ginger use
in pregnancy has been well established as it is not associated with
any increased risk of congenital malformations and it does not pose
a risk for spontaneous abortions (Heitmann et al., 2013; Viljoen et
al., 2014). Some side effects are possible, but rare, with ginger consumption, including heartburn, belching, bruising, rash, and gastrointestinal discomfort (Nikkhah Bodagh et al., 2019). Nevertheless,
ginger consumption is considered safe (Menon et al., 2021).
Ginger has been found effective in combating pregnancy-,
chemotherapy-, drug-, and sport-induced nausea and vomiting as
detailed in a systematic review of clinical trials (Nikkhah Bodagh
et al., 2018).
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11. Lavender (Lavandula angustifolia)
11.1. Introduction and source
Lavender is the common name for the genus Lavandula as well as
the species Lavandula angustifolia (formerly L. officinalis). Other
names for L. angustifolia include true lavender, English lavender,
garden lavender, common lavender, and narrow-leaved lavender.
L. angustifolia is the most commonly cultivated species of the genus and is native to the Mediterranean. Popularity of L. angustifolia comes from its pleasant fragrance and colourful flowers.
11.2. Current uses
L. angustifolia is commonly used for its fragrance, it is said to have
the sweetest fragrance of the genus. Essential oil is made from
the plant that is used to scent perfumes, balms, cosmetics, soaps,
candles, and more. Additionally, the essential oil is used in aromatherapy where the fragrance is believed to promote calmness and
wellness. In cooking, L. angustifolia is the most common lavender
species used, adding a sweet floral flavour to dishes. Alternatively,
L. angustifolia is used to deter clothing moths and in the production of monofloral honey (honey made from the nectar of only one
flower). L. angustifolia has also found use in traditional medicine
dating back to the ancient Greeks and Romans.
11.3. Bioactive compounds
The main bioactive compounds in L. angustifolia are the terpenoids linalyl acetate (28.89%), linalool (24.30%), caryophyllene
(7.89%), (E)-3,7-dimethylocta-1,3,6-triene (4.64%), 4-terpineol
(4.04%), acetic acid lavandulyl ester (3.49%), borneol (2.60%)
and eucalyptol (2.05%) as determined by gas chromatography with
quadrupole time-of-flight mass spectrometry (Chen et al., 2020).
However, these values can differ between flowers (Woronuk et al.,
2011; Prashar et al., 2004). Additionally, the primary phenolics
of L. angustifolia were determined to be chlorogenic acid, gallic
acid, umbelliferone, luteolin 7-O-glucoside, vitexin, and isoquercitroside by ultraviolet–visible spectrophotometry (Radulescu et
al., 2017). Furthermore, L. angustifolia contains pectins, a soluble
fiber found in most plants.

globulin, alternative complement, and total Ig of the fish. As a topical treatment, Mori et al. (2016) found that applying L. angustifolia oil to a wound on rats for 14 days significantly increased TGF-β
expression. TGF-β is important in wound healing through influencing fibroblast collagen synthesis and proliferation as well as
production of granulation tissue (Clark et al., 1995). Accordingly,
Mori et al. (2016) found an increased number of fibroblasts with
L. angustifolia oil treatment. Using cancer cell lines, Gezici (2018)
found that L. angustifolia essential oil had anticancer and antiproliferative activity through increased cancer cell death even at the
lowest concentrations (5 µg/ml) tested. These studies highlight the
potential variety in applications of L. angustifolia and the variety
of methods it can be used, however, clinical trials are needed to
confirm results.
11.5. Anti-inflammatory properties
Anti-inflammatory properties of L. angustifolia have been examined. Studies have found that L. angustifolia oil significantly
decreased the expression of pro-inflammatory cytokines TNF-α
and IL-1β in fish (Yousefi et al., 2020), rats (Aboutaleb et al.,
2019; Souri et al., 2019), and mice (Chen et al., 2020). Additionally, Chen et al. (2020) found that L. angustifolia oil significantly
reduced the pro-inflammatory expression of NF-κB and COX-2.
Inhibition of COX-2 is the target of many NSAIDs which may
suggest that L. angustifolia oil exerts anti-inflammatory as a COX
antagonist. Supporting this idea, Cardia et al. (2018) found that L.
angustifolia oil inhibited edema (inflammation) formation in mice
in a similar manner to COX and COX-2 antagonists. Nevertheless,
Chen et al. (2020) found that L. angustifolia oil had better antiinflammatory activity than ibuprofen (a common NSAID) at the
same dosage. These results suggest that L. angustifolia’s may have
potential as a natural replacement for NSAIDs.
Anti-inflammatory cytokine expression has also been examined
with L. angustifolia oil usage. Previously mentioned studies have
found that L. angustifolia oil significantly increased the expression of the anti-inflammatory cytokine IL-10 (Yousefi et al., 2020;
Aboutaleb et al., 2019; Souri et al., 2019). Additionally, Yousefi et
al. (2020) found that the anti-inflammatory cytokine TGF-β was
similarly increased with dietary L. angustifolia oil supplementation of fish. Overall, L. angustifolia oil seems promising as an antiinflammatory agent with clinical trials needed to confirm results.
11.6. Cytotoxicity and irritative properties

11.4. Immune-enhancing properties
L. angustifolia has shown promising immunomodulatory activities. Pectins from L. angustifolia were found to activate both the
innate and adaptive response through the complement system,
whole blood phagocytes, neutrophils, macrophages, and Peyer’s
patches immunocompetent cells by measuring chemiluminescence
in response to ROS (Georgiev et al., 2017a). L. angustifolia polysaccharide complexes, which are rich in pectins, were similarly
shown to have immunomodulatory activity by stimulating CD8+ T
cells (cytotoxic), CD25+ T cells (regulatory), and phagocytes using a concentration of 100 μg/ml on human leukocytes (Georgiev
et al., 2017b). These studies contrast most studies which focus on
the terpenoids as the bioactive compounds in L. angustifolia, highlighting the roles of under-considered compounds.
As a dietary supplement, Yousefi et al. (2020) found that feeding common carp diets consisting of 1.0–1.5% L. angustifolia extract for 70 days significantly increased blood leukocytes, plasma
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Caution should be exercised when using L. angustifolia oil as some
irritative properties have been found. Topical treatments of L. angustifolia oil have been shown to be irritative to the skin of mice at
10% in polyethylene glycol 200 (Rai et al., 2020) and at 2.5 mg/ear
(Cardia et al., 2018). Furthermore, L. angustifolia oil concentrations of 30 and 90 ug/mL have been shown to be cytotoxic, while
lower concentrations were not (Cardia et al., 2018). More studies
should be conducted to further determine the beneficial properties
of L. angustifolia, especially at low doses.
12. Oregano (Origanum vulgare)
12.1. Introduction and source
Oregano (Origanum vulgare), also known as wild marjoram, is
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an herb in the mint family Lamiaceae. Oregano is native to the
Mediterranean area but can also be grown in all warm garden soils.
There are several other plants which go by the name oregano, including Coleus amboinicus (Cuban oregano), Lippia graveolens
(Mexican oregano), and Hedeoma patens (small oregano).
12.2. Current uses
The most prominent use of oregano is in Italian cuisine where it is
used in flavouring meat and vegetables. Most notably, oregano is
used in many tomato sauces and olive oil dishes. Oregano is also
widely used in Latin American and Mediterranean cuisines. It is
described to have a bold, earthy, subtly sweet, and slightly bitter taste. Aside from cuisine, oregano has been used in traditional
medicine to treat ailments including cramps, flatulence, coughs,
and menstrual problems (Oniga et al., 2018).
12.3. Bioactive compounds
Thymol and carvacrol are considered to be the main bioactive compounds in oregano (Singletary, 2010). Several classes
of compounds have been isolated from oregano, including essential oil, polyphenols, triterpenoids, and sterols (Oniga et al.,
2018). Identified by HPLC-MS, four phenolic acids in oregano
are gentisic acid, chlorogenic acid, p-coumeric acid, and rosmarinic acid while six flavonoids are hyperoside, isoquercitrin,
rutin, quercitrin, quercetin and luteolin (Oniga et al., 2018). Other
phenolic compounds in oregano include 2,5-dihydroxybenzoic
acid, 3,4-dihydroxybenzoic acid, origanoside, maltol 60-O-(5-Op-coumaroyl)-b-D-apiofuranosyl-b-D-glucopyranoside, E-caffeic
acid, amburoside A, oresbiusin A, (+)-(R)-butyl rosmarinate, apigenin, apigenin 7-O-b-D-glucoside, luteolin, 6,7,40-trihydroxyflavone, 5,7,30,40-tetrahydroxy-8-C-p-hydroxybenzylflavone, and
didymin (Alagawany et al., 2020).
12.4. Immune-enhancing properties
The immune-enhancing properties of oregano have been examined
by mostly using fish models. Dry oregano leaf powder supplementation at 0.5 and 1% of diets resulted in increased IgM, skin mucus bactericidal activity, serum protease activity, and kidney leucocyte phagocytic activity in koi carp (Cyprinus carpio) (Zhang
et al., 2020) and gilthead seabream (Sparus aurata L.) (Beltrán
et al., 2020), thus providing evidence of improved humoral and
cellular immunity. In Nile Tilapia (Oreochromis niloticus), dry
oregano leaf powder supplementation at 0.075% of diet resulted
in increased lysozyme and bactericidal activity (Espirito Santo et
al., 2018). Similarly, fish supplemented with oregano essential oil
showed immune-enhancing properties. Redbelly tilapia (Tilapia
zillii) supplemented with oregano essential oil at 1 g/kg of diet
had increased plasma proteases, lysozyme activity, and plasma
bactericidal capacity (Mabrok and Wahdan, 2018). Moreover, Nile
tilapia supplemented with oregano essential oil at 1 or 2 mL/kg
of diet had increased lysosomal and phagocytic activities as well
as rendering improvements in erythrocytes and leukocytes levels (Shourbela et al., 2021). Oregano extract supplementation of
zebrafish (Danio rerio) resulted in increased lysozyme and protease activity (Rashidian et al., 2021). However, increases were
most significant with fish supplemented 1% extract per kg of diet,
with less significant increases with 0.5 and 2% supplementation
(Rashidian et al., 2021).

Broiler chickens vaccinated against Newcastle disease and
avian influenza supplemented with oregano essential oil at 1 and
2 mL/20 L drinking water (0.005 and 0.01%) had increased antibodies and INF-α RNA levels (Galal et al., 2016). INF-α is a
trigger for the immune system (Galal et al., 2016). Furthermore,
broiler chickens supplemented with 2 g of oregano extract per kg
of diet had increased IgG and lower Staphylococcus spp. populations compared to the control group (Franciosini et al., 2016).
Bactericidal activity was also seen in vitro in human dendritic cells
treated with oregano extract (De Santis et al., 2019). Thus, oregano
in various forms shows potential as an immune enhancer. However, as most benefits are seen in fish and poultry, preclinical and
clinical trials are needed to confirm the results.
12.5. Anti-inflammatory properties
Oregano has anti- and pro-inflammatory properties. Pigs fed a
diet of 0.2% oregano essential oil had decreased expression of
NF-κB and STAT3, transcription factors involved with inflammation (Cappelli et al., 2021). On the other hand, pigs fed a diet
of over 0.4% oregano essential oil had increased CRP, a general
measure of inflammation, while those fed below 0.4% had no
change in CRP (Rivera-Gomis et al., 2020). Additionally, rats fed
200 and 400 mg of oregano extract per kg body weight per day
had reduced pro-inflammatory TNF-α and liver lymphocyte infiltration (Sharifi-Rigi et al., 2019). However, rats fed 800 mg of
oregano extract per kg body weight per day had increased TNF-α
and liver lymphocyte infiltration (Sharifi-Rigi et al., 2019). As
these studies suggest, high doses of oregano often lead to increased inflammation while lower doses more often lead to reduced inflammation.
Several other studies have demonstrated the anti-inflammatory properties of oregano. Mice with P. acnes-induced ear edema
had reduced symptoms with oregano extract injections (Chuang
et al., 2018). The same study found that the human THP-1 monocytes cell line treated with oregano extract had decreased pro-inflammatory cytokines IL-8, IL-1β, and TNF-α as well as reduced
inhibition of NF-κB translocation (Chuang et al., 2018). Furthermore, the human keratinocyte cell line NCTC 2544 treated with
oregano had reduced pro-inflammatory mediators inter-cellular
adhesion molecule-1, iNOS, and COX-2 (Avola et al., 2020). Murine RAW264.7 cells treated with oregano essential oil displayed
inhibition of proinflammatory cytokines IL-1β, IL-6, and TNF-α
as well as reduction of LPS-induced MAPK, protein kinase B, and
NF-κB activation (Cheng et al., 2018). In short, oregano possesses
promising anti-inflammatory properties, however, caution should
be exercised in dosing as high levels lead to proinflammatory responses. Clinical trials are needed to confirm effects.
13. Rooibos (Aspalathus linearis)
13.1. Introduction and source
Rooibos is an herb native to the mountainous area in the Western
Cape of South Africa. Rooibos is available unfermented as green
rooibos or fermented as rooibos. The primary use of rooibos is
making teas. These teas have the names rooibos, bush tea, red tea,
and redbush tea. Plants, such as rooibos, have been used for centuries in Africa as herbal medicine, and the recent popularity of these
products has grown internationally. Rooibos gained much attention as an herbal medicine for its proposed anti-inflammatory and
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immune-enhancing effects. The popularity of the plant has led to
threats to other local species, and climate change threatens rooibos
farming.
13.2. Bioactive compounds
The main bioactive compound of rooibos is aspalathin, a C–C
linked dihydrochalcone glucoside (Hoosen, 2019). Rooibos contains many other flavonoids, such as aspalalinin, nothofagin, isoorientin, isovitexin, hemiphlorin, quercetin, hyperoside, isoquercetrin, and rutinamougst (Hoosen, 2019). Additionally, rooibos
contains nonflavonoids such as lignans and phenolic acids (Hoosen, 2019). On the other hand, rooibos contains no caffeine and has
low tannin levels (Nel et al., 2007).
13.3. Immune-enhancing properties
There has been no reported toxicity of rooibos tea in humans
(Hoosen and Pool, 2019). Some studies have shown that rooibos
has immune-modulating properties (McKay and Blumberg, 2007)
while others find that it does not (Hendricks and Pool, 2010; Hoosen and Pool, 2019). To determine the immune-enhancing effects
of rooibos, Hendricks and Pool (2010) measured IL-10 secretion
in rooibos extract treated LPS-stimulated and unstimulated leukocytes. IL-10 secretion was used as a biomarker for fluid immunity.
They found that the unstimulated leukocytes had increased IL-10
synthesis (immune suppressing), while the stimulated leukocytes
had decreased IL-10 synthesis (immune enhancing) (Hendricks
and Pool, 2010). These results are contrary to the expectation of
rooibos enhancing the immune system as a preventative measure.
Another study by Hendricks and Pool (2010) similarly concluded
that rooibos does not affect nitric oxide or IL-6 synthesis, which
are inflammatory markers, in LPS-stimulated macrophages. Also,
IL-6 was increased in unstimulated macrophages, which is a proinflammatory response (Hoosen and Pool 2019). They suggested
that increased IL-6 may stimulate hepatocytes, thus enhancing immune response while increasing inflammation, but this remains
unconfirmed. The difference in results from other studies could be
because other studies used ethanolic extracts of rooibos. The research on rooibos is limited and more studies should be conducted
to further determine the herb’s effects.
13.4. Anti-inflammatory properties
Like the immune-enhancing function, there are some inconsistent results for the effect of rooibos in inflammation. Most studies report anti-inflammatory properties. One study by Baba et
al. (2009) found increased serum superoxide dismutase and decreased 8-hydroxy-2′-deoxyguanosine concentration in urine, an
antioxidant and a marker of DNA damage, respectively (Baba et
al., 2009). They believe that the antioxidant activity is responsible
for preventing inflammation in vivo (Baba et al., 2009). Another
study by Mueller et al. (2010) found a reduction in IL-6 and IL-10
in rooibos incubated stimulated macrophages, both of which lead
to less inflammation. Green rooibos extract supplementation for
six weeks was similarly found to lower inflammation in preconditioned cardiovascular disease-compromised rat hearts (Smit et
al., 2020). Additionally, rooibos extracts have been found to have
anti-inflammatory effects on hepatic inflammation caused by diesel exhaust particles through intervention in the TNF-α/IkKB/IkB/
NFkB signalling pathway (Lawal and Elekofehinti, 2019).
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13.5. Pro-inflammatory properties
The pro-inflammatory properties of rooibos have been reported in
some studies. A study measuring nitric oxide production in human
endothelial cells found a dose-dependent nitric oxide concentration
increase while, in healthy volunteers, there was no effect on nitric
oxide concentration (Persson et al., 2006). These results indicate that
there may be a difference in the effects or active components of rooibos in vitro and in vivo studies. In addition, as previously mentioned,
IL-6 was increased in unstimulated macrophages (Hoosen and Pool,
2019). Another reason for the differences in the results may be the
variation in dosages used to study rooibos (Hoosen, 2019). Finally,
the amounts of phytochemicals in the plant can differ depending on
many factors, such as ground nutrients and time of harvest.
Overall, to fully understand the effects of rooibos as an immune
enhancer and as an anti-inflammatory agent, more studies need
to be conducted. These studies should consider the concentration
of rooibos in its most common form of consumption, tea. With
this concentration, in vitro studies should be standardized to keep
results consistent. Another aspect to consider is the difference in
phytochemicals expressed in ethanol extracted rooibos, frequently
used for in vitro studies. Additionally, since results differ between
in vitro and in vivo studies, there should be caution in extrapolating
results from in vitro studies.
14. Rosemary/sage (Salvia rosmarinus/officinalis)
14.1. Introduction and source
Rosemary is the common name of the Salvia rosmarinus herb, scientifically known as Rosmarinus officinalis until 2017. Rosemary
is part of the mint family Lamiaceae and is closely related to common sage (Salvia officinalis), or more simply known as sage, both
belonging to the sage family. Other plants which do not belong to
the Salvia genus share the name sage, most of which belong to the
Artemesia genus. Rosemary and sage are native to the Mediterranean region but are now grown worldwide.
14.2. Current uses
Rosemary is a versatile herb in cuisine, especially in traditional
Mediterranean cuisine. Described to have a woodsy and peppery
taste, rosemary is used to flavour soups, bread, meats, and stew,
among other dishes. Additionally, rosemary finds use as an herbal
tea. Aside from cuisine, rosemary is used for its fragrance in perfumes and cleaning products. Furthermore, since ancient times,
rosemary has been believed to improve memory and today is used
in commemorating wars and the deceased. Finally, rosemary has
long been used in traditional medicine to improve memory, as an
antidepressant, anti-inflammatory agent, and more (Ribeiro-Santos et al., 2015).
Sage also finds use in many cuisines, such as Italian, Balkan,
middle eastern, British, and American. Additionally, sage has been
used in traditional medicine to treat mild indigestion, excessive
sweating, and inflammation (Ghorbani and Esmaeilizadeh, 2017).
14.3. Bioactive compounds
The main bioactive compounds of rosemary are carnosic acid, carnosol, and rosmarinic acid (Kontogianni et al., 2013; Ali et al.,
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2019). Other bioactive compounds in rosemary include ursolic
acid and betulinic acid, which are attributed to cytotoxic activity
(Kontogianni et al., 2013), and 1,8-cineole, α-pinene, and camphor, which are the major volatile compounds (Ali et al., 2019).
Of these, carnosic acid is the most investigated compound, followed by carnosol, rosmarinic acid, and ursolic acid (Andrade et
al., 2018). Rosemary and sage have been shown to have a similar
profile of phenolic compounds (Shahidi and Ambigaipalan, 2015;
Kontogianni et al., 2013).
14.4. Immune-enhancing properties
Rosemary has shown promising immune-enhancing and immunomodulatory capabilities in animal models. With mice, Yousef et
al. (2020) found that rosemary extract treatment modulates allergen-mediated mast cell activation. They demonstrated that mast
cells treatment with up to 25 µg/mL rosemary extract inhibited
mast cell degranulation (release of mediators such as cytokines)
by 15% compared to the control. Additionally, rosemary extract
treatment significantly impaired MAPK and NF-κB pathways activation (Yousef et al., 2020), both of which are involved with inflammation (Moens et al., 2013; Liu et al., 2017). Al Sheyab et al.
(2012) found that mice treated with 10, 50, and 100 mg rosemary
extract per kg of body weight for 15 days had increased levels
of IgM and IgG against membrane proteins of sheep erythrocytes
compared to a control group. Similarly, broiler chickens given sage
extract had increased levels of IgM and IgG against sheep erythrocytes in a dose-dependent manner (Rasouli et al., 2020).
Recent studies have investigated the usage of rosemary supplementation in fish feed. Yousefi et al. (2019) have reported that
common carp (Cyprinus carpio) fed diets containing 2 and 3%
rosemary leaf powder for 65 days had increased leukocytes and
total plasma Ig levels as compared to a control group. Similarly,
Nile Tilapia (Oreochromis niloticus) fed diets containing up to 10
g of rosemary leaf powder per kg of feed for 60 days results in improved immune function (Naiel et al., 2020). In particular, the fish
had increased complement activity as measured with ACH50, decreased ROS production as measured with nitroblue tetrazolium,
and increased lysozyme activity (Naiel et al., 2020).
In a study that examined the effects of rosemary extract supplementation in goat kid feed, Shokrollahi et al. (2015) found significant changes in globulin and leukocyte levels. Interestingly, the
highest globulin levels were obtained with 400 mg of rosemary
extract per kg of body weight, while leukocyte levels were highest
with 200 mg/kg supplementation (Shokrollahi et al., 2015). Additionally, they found no significant change in lymphocytes or neutrophils (Shokrollahi et al., 2015). This suggests that the increase
in leukocytes is monocytes, basophils, or eosinophils, which pertain to the innate immune system. Consistent with this suggestion,
Rostami et al. (2018) found no change in specific antibody titers
in rosemary-supplemented broiler chickens vaccinated with avian
influenza-, Newcastle disease-, and infectious bronchitis- inactivated virus. However, they did find modulation of humoral immunity (Rostami et al., 2018).
Further research should be conducted to determine the role of
rosemary supplementation in immunity. There are conflicting reports of rosemary impacting adaptive immunity, however, this may
be due to differences in models or supplementation details. It is
important to note that poultry and fish models are not optimal for
determining health effects in humans but can act as an initial point
of research to be confirmed with preclinical and clinical trials.
Nevertheless, rosemary appears to have a role in modulating the
innate immune system and clinical studies would prove useful in

determining practical applications of rosemary. Additionally, more
research should be conducted using sage as it may have different physiological effects than rosemary despite sharing a similar
phenolic profile.
14.5. Anti-inflammatory properties
The anti-inflammatory properties of rosemary have been examined with animal models. With the decrease in mast cell degranulation mentioned earlier, there was also a decrease in the production
and release of pro-inflammatory mediators, such as IL-6, IL-13,
TNF-α, CCL1, and CCL3, in the mice (Yousef et al., 2020). Similarly, Rahbardar et al. (2017) found that rats supplemented with
400 mg of rosemary extract per kg of body weight for 14 days after
chronic injury of the sciatic nerve resulted in a significant decrease
in spinal cord levels of pro-inflammatory markers COX-2, prostaglandin E2, and NO. Rosemary extract has also been found to
be effective in reducing adjuvant-induced arthritis rat paw edema
(swelling caused by inflammation) (de Almeida Gonçalves et al.,
2018). The rosemary extract treatment was at 150 mg/kg body
weight from 5 days before adjuvant treatment until 18 days after
(de Almeida Gonçalves et al., 2018). Reduced rat paw edema has
also been found using rosemary essential oil. A single dose of 300
mg of rosemary essential oil per kg of body weight was administered 30 minutes before carrageenan injection (to induce edema),
resulting in a 50% reduction in the maximum peak of the edema
(Borges et al., 2018). Finally, an in vitro study with RAW 264.7
murine macrophage cells found that 50 and 100 μg/mL concentrations of rosemary extract significantly increased anti-inflammatory activity, as measured by reduced nitrite and prostaglandin E2
levels (Karadağ et al., 2019).
There is limited recent research (<5 years) regarding the antiinflammatory properties of rosemary despite the herb having consistent promising results (Huang et al., 1994; Chan et al., 1995;
Peng et al., 2007). Future research should be conducted to further
knowledge on the anti-inflammatory properties of rosemary for
potential clinical use.
Sage treatment has recently been shown effective at modulating inflammatory cytokines. In diet-induced obese mice, Khedher
et al. (2018) found that five-week sage extract treatment at 100
mg/kg of body weight resulted in increased plasma levels of antiinflammatory cytokines IL-2, IL-4, and IL-10 while there was a
decrease in pro-inflammatory cytokines IL-12, and TNF-α. Topical treatment using sage essential oil of infected mice was also
shown to decrease levels of pro-inflammatory cytokines IL-6,
IL-1β, and TNF-α (Farahpour et al., 2020). Additionally, these
three pro-inflammatory cytokines were reduced in vitro, with sage
extract-treated RAW 264.7 murine macrophages (Brindisi et al.,
2021) and human subcutaneous mature adipocytes (Russo et al.,
2021). These results highlight the potential usage of sage as an
anti-inflammatory agent, with consistent results across different
models, one of which is a human cell line. Nevertheless, clinical
trials are needed to confirm results.
15. Saffron (Crocus sativus)
15.1. Introduction and source
Saffron is a spice that is derived from the Crocus sativus flower,
commonly known as saffron crocus or autumn crocus. Saffron is
produced from the crimson stigma and styles of the flower, known
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as threads. Each flower possesses just three threads which must be
carefully hand-picked due to their fragility. Consequently, saffron
is the most expensive spice by weight, sometimes costing over 10
thousand USD/kg (Business Insider, 2021). Its high price contributes to its colloquial title of “red gold”. Iran is commonly believed
to be a place of origin of saffron. Today, saffron is produced in a
belt across Eurasia, from Spain on the west to Jammu and Kashmir
on the East. However, saffron can grow in any temperate climate,
with some production in North America. Nevertheless, Iran is the
largest producer of saffron, producing over 90% of the global supply (Business Insider, 2021).
15.2. Current uses
Saffron’s main use is in cuisine across many different cultures. For
example, saffron is used in Iranian khoresh, Italian Milanese risotto, Spanish paella, and French bouillabaisse. Saffron is described to
have a hay-like and sweet taste. Additionally, saffron adds vibrant
yellow-orange colour to foods. This colour allows saffron to find
use as a fabric dye, while saffron’s bittersweet scent is harnessed
in perfumes. Saffron is also used for Hindu, Buddhist, and Jewish
religious purposes as well as for Islamic traditions. Finally, saffron
has a long history in traditional medicine, used to treat ailments in
inflammation, cardiovascular system, central nervous system, eye
disease, gastrointestinal system, genitourinary system, infectious
disease, respiratory system, skin disease, and more (Hosseinzadeh
and Nassiri-Asl, 2013).
15.3. Bioactive compounds
The main bioactive compounds of saffron are crocin, picrocrocin,
and safranal (Khorasany and Hosseinzadeh, 2016) which are responsible for colour, taste, and aroma, respectively (Garavand et
al., 2019). Another compound of note is crocetin, which forms
the central core of crocin. Additionally, saffron contains an estimated 150 compounds (Bathaie and Mousavi, 2010), including
small amounts of other pigments like anthocyanin, α-carotene,
β-carotene, and zeaxanthin (Melnyk et al., 2010).
15.4. Immune-enhancing properties
The immune-enhancing properties of saffron and its compounds
have been examined. In a study using a mouse model of glaucoma,
Fernández-Albarral et al. (2019) treated laser-induced ocular hypertension mice with 60 mg/kg of bodyweight of saffron extract
for 15 days before laser induction and up to 7 days afterward. They
found that saffron treatment decreased microglia (nervous system macrophage) activation, resulting in a neuroprotective effect
due to reduced production of neurotoxic molecules, such as NO,
TNF-α, IL-1β, and ROS (Fernández-Albarral et al., 2019). Using
human peripheral blood mononuclear cells, Feyzi et al. (2016)
found that safranal modulated the Th1/Th2 balance after phytohemagglutinin stimulation at concentrations of 0.1, 0.5, and 1.0
mM. Crocetin has been similarly shown to modulate the immune
system. In ovalbumin-induced asthma mice, Ding et al. (2015)
found that 100 µmol/L daily intranasal administration of crocetin
increased immunoregulatory protein Foxp3 and protein 8-like 2
levels in Treg cells. Furthermore, crocin has also been found to
be immune enhancing. In ovalbumin-challenged mice treated with
100 mg of crocin per kg of bodyweight, Xiong et al. (2015) found
the bronchoalveolar lavage fluid to have reduced mast-cell specific
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tryptase and eosinophil peroxidase. Additionally, they found reduced expression of p-JNP, p-ERK, and p-p38, which are involved
in the MAPK pathway, reducing airway inflammation (Xiong et
al., 2015). Another study found that osteoarthritis patients given
a daily treatment of 15 mg crocin for four months had a reduction of pro-inflammatory Th17 cells and an increase in regulator T
cells as compared to the starting point (Poursamimi et al., 2020).
These studies highlight various immunological effects of saffron
and its compounds. However, many more discovered effects are
not listed, such as inhibited leukocyte infiltration, decreased serum
IgM concentration, improved thrombosis, and beyond (Boskabady
et al., 2020).
The crocus sativus petal may also exhibit beneficial immunological effects. In a study where rats were given petal extract
daily, it was found that using a concentration of 75 mg/kg of body
weight increased IgG expression as compared to other concentrations (Hosseini et al., 2018). As saffron quantity is inherently limited and often expensive, using the petals for similar effects would
greatly increase the applicability of the plant in treatments.
15.5. Anti-inflammatory properties
There are conflicting results regarding the anti-inflammatory properties of saffron. Many studies have found saffron to have antiinflammatory properties, while others have found no effect. Generally, anti-inflammatory properties of saffron have been found in
animal or in vitro studies, while fewer effects have been observed
in clinical trials.
One study that found anti-inflammatory properties of saffron
used a model of rats after chronic injury of the sciatic nerve (Amin
et al., 2014). Amin et al. (2014) found that daily administration
of 200 mg/kg of bodyweight saffron extracts reduced the concentration of pro-inflammatory IL-1β, IL-6, and TNF-α cytokines. A
study by Faridi et al. (2019) found that streptozocin-induced diabetic mice treated daily with 500 mg/kg of body weight for 3 weeks
had decreased production of pro-inflammatory IL-17 cytokines
and NO as well as increased levels of anti-inflammatory IL-10 and
TGF-β cytokines in the pancreatic cells. An in vitro study using
RAW 264.7 cells found that crocin has inhibitory activity on COX1 and COX-2, with inhibition of COX-2 being greater than the
NSAID indomethacin (Xu et al., 2009).
While many clinical trials show no anti-inflammatory properties, some have shown anti-inflammatory properties. One such
study found that asthma patients given 100 mg daily supplementation of saffron for 8 weeks had reduced levels of anti-heat-shock
protein 70 (risk factor and related to severity of asthma) and CRP
(a general measure of inflammation) (Hosseini et al., 2018). Another study found that type 2 diabetes patients given an identical
treatment had decreased serum TNF-α levels as well as downregulated TNF-α and IL-6 mRNA levels as compared to a placebo
group (Mobasseri et al., 2020).
Contrarily, some studies have shown no changes in inflammatory markers. Ege et al. (2020) found that human osteosarcoma
cells treated with saffron extracts at various concentrations had no
significant alteration to the expression of IL-6 and IL-8. A metaanalysis of eight clinical trials similarly concluded that saffron
supplementation did not affect inflammatory cytokines (Asbaghi
et al., 2021). Hamidi et al. (2020) treated rheumatoid arthritis patients with 100 mg of saffron daily for 12 weeks and found no
significant difference in CRP, IFN-γ, TNF-α, and malondialdehyde
between the treated and non-treated groups. However, beneficial
outcomes were observed, such as a lower number of tender and
swollen joints, lower pain intensity, and a lower disease activity
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score (Hamidi et al., 2020).
While it is unclear if saffron positively affects inflammatory
markers, this should not be reason to dismiss the use of saffron in
treatments as it may exert positive effects through other mechanisms. Consequently, further research should be conducted to determine other mechanisms of saffron.

Saffron has exhibited some cytotoxic properties. High doses of saffron can induce organ toxicity, embryonic toxicity, and may lead
to an increased miscarriage rate in pregnant females (Mehri et al.,
2020). However, doses used in clinical and experimental studies
are not high enough to result in significant toxicity (Mehri et al.,
2020). Therefore, caution should be exercised in the consumption
of saffron, particularly at high doses.

cytokine gene expressions, modulating immune response (Seckin
et al., 2018).
One study showed that EPs 7630 had antibacterial properties, increased TNF and interferon activities, and increased the
synthesis of IFN-β, an interferon used to treat multiple sclerosis
(Kolodziej et al., 2003). Another study showed that EPs 7630 was
effective in combating various respiratory viruses, including seasonal influenza A virus strains, respiratory syncytial virus, human
coronavirus, parainfluenza virus, and coxsackievirus (Michaelis et
al., 2011). In addition, EPs 7630 has been shown to be protective
against acute bronchitis, as well as reducing symptom severity and
disease duration (Bao et al., 2015; Kamin et al., 2010). Pre-treatment with P. sidoides extracts has been shown to counteract LPScaused physiological issues and inhibit herpesviruses (Nöldner and
Schötz, 2007; Schnitzler et al., 2008). Furthermore, EPs 7630 has
been shown to increase neutrophil, Th17, and Th22 cells through
the MAPK pathway (Witte et al., 2015).

16. South African geranium (Pelargonium sidoides)

16.4. Anti-inflammatory properties

16.1. Introduction and source

The anti-inflammatory capabilities of P. sidoides have been studied without obvious affiliation with the Schwabe Group. A study
found that P. sidoides extract and proanthocyanidin, from the extract, decreased various LPS-induced pro-inflammatory molecules
from fibroblasts, leukocytes, and macrophages (Jekabsone et al.,
2019). Another study found that P. sidoides extract could modulate chemokines, affecting inflammatory response and activating
immune response to the site of inflammation (Perić et al., 2020).
P. sidoides has also been used in conjunction with Coptis chinensis, a traditional Chinese medicine, to show anti-inflammatory,
through the decrease of pro-inflammatory compounds, and antiallergic activities (Min et al., 2020; Park et al., 2018). Nevertheless,
a systematic review found low quality of evidence relating Pelargonium sidoides extracts to acute bronchitis, acute sinusitis, and
the common cold and no reliable data on other acute respiratory
tract infections (Timmer et al., 2013).
Caution should be exercised in interpreting results from studies
regarding P. sidoides extracts due to financial interests and doubts
on the quality of evidence. P. sidoides may have beneficial properties, but more unbiased studies with high-quality evidence are
needed to make conclusions.

15.6. Cytotoxicity

Pelargonium sidoides is a South African herb used in traditional
medicine native to the Eastern Cape in South Africa. Its names
include South African geranium, black geranium, and Cape pelargonium. EPs 7630 is an extract of P. sidoides and is marketed
under many different names, including Kaloba, Umckaloabo, Umckalor, Umcka, Umquan, and Renikan, differing depending on the
region. For example, in Canada, EPs 7630 is sold by Nature’s Way
under the brand name Umcka. Extracts of P. sidoides were sold exclusively by Dr. Willmar Schwabe GmbH and Co. KG (Schwabe
Group) and its subsidiaries until a European Patent Office ruling
resulted in withdrawal from their patents in 2010 (Herrmann and
Thöle, 2010). Typically, the roots of the plant are used to produce
the extracts, although, there is evidence supporting the use of the
shoots and leaves as a substitute, with both having comparable
properties to the roots (Lewu et al., 2006).
16.2. Bioactive compounds
Isolated active compounds of P. sidoides include scopoletin, umckalin, 5,6,7-trimethoxycoumarin, 6,8-dihydroxy-5,7-dimethoxycoumarin, (+)-catechin, gallic acid, and its methyl ester (Kayser and
Kolodziej, 1997). The main bioactive components in P. sidoides are
believed to be gallic acid and its methyl ester (Kayser et al., 2001).
16.3. Immune-enhancing properties
The immune-enhancing capabilities of P. sidoides have been studied extensively, although much of the research is affiliated with
the Schwabe Group. The following research has no declaration of
affiliation with the Schwabe group. All the previously mentioned
active compounds have shown antimicrobial activities, except for
(+)-catechin (Kayser and Kolodziej, 1997). Some fungi inhibited include Asperillus niger, Fusarium oxyporum, and Phizopus
stolonifer (Mativandlela et al., 2006). The antibacterial activity has
been associated with macrophage activation determined through
TNF-α and inorganic nitric oxide in macrophage cultures (Kayser
et al., 2001). Additionally, P. sidoides has been used in a tablet with
Echinacea purpurae increasing IgG and IFN-γ, as well as certain

17. Turmeric (Curcuma longa)
17.1. Introduction and source
Turmeric (Curcuma longa) is a plant whose rhizome (subterranean plant stem) is used as a spice. Turmeric is native to South and
Southeast Asia where it continues to thrive today in warm climates
and with ample rainfall.
17.2. Current uses
Described to have an earthy and bitter taste, turmeric is an ingredient
in many Asian and Middle Eastern dishes. It is to flavour a variety of
products such as curries, mustards, butters, and cheeses. Additionally, turmeric is used in beverages like milk and teas. Turmeric adds
a bright yellow colour to foods. This dyeing property is also used
to bring a warm gold colour to fabrics. Furthermore, turmeric can
be used as a chemical indicator for solutions between pH 7.4 and
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9.2, turning from yellow in acidic and neural solutions to brown in
alkaline media. Turmeric has long been used in religious ceremonies
and traditional medicine. In Ayurvedic, turmeric is used to treat respiratory conditions, liver disorders, anorexia, rheumatism, diabetic
wounds, runny nose, cough, and sinusitis (Prasad and Aggarwal,
2011). In traditional Chinese medicine, turmeric is used to treat diseases associated with abdominal pain (Prasad and Aggarwal, 2011).
17.3. Bioactive compounds
Curcumin is the main bioactive compound in turmeric and is
believed to be responsible for most of turmeric’s physiological
properties (Sahne et al., 2017). Accordingly, most of the research
concerning turmeric focuses on curcumin. Turmeric contains other
compounds, including peptides (turmerin), essential oils (d-aphellandrene, cineol, d-borneol, d-sabinene, and valeric acid), curcuminioids (demethoxycurcumin, cyclocurcumin, and bisdemethoxycurcumin), and volatile components (turmerone, atlantone, and
zingiberene) (Mollazadeh et al., 2019).
17.4. Immune-enhancing properties
Curcumin has been studied extensively for its immune-modulating
properties. Several recent reviews have highlighted curcumin′s potential as a therapeutic. A review by Kahkhaie et al. (2019) determined that curcumin suppresses inflammatory cascades, resulting
in inhibition of macrophage, dendritic cell, and T cell subset activation, maturation, and cytokine production. Thus, the inflammatory
response was lowered through lower immune cell involvement. Another review by Momtazi-Borojeni et al. (2018) looking at systemic
lupus erythematosus, determined that curcumin inhibited dendritic
cell maturation and function through the reduced expression of
major histocompatibility complex II, co-stimulatory molecules,
and pro-inflammatory cytokines. Additionally, they determined
that curcumin prevented contact between dendritic cells and T
cells in the lymph node, lessening the immune response (MomtaziBorojeni et al., 2018). Furthermore, they determined that curcumin
could increase the number and function of Treg cells, ameliorating
the Th17/Treg ratio in systemic lupus erythematosus patients.
On the contrary, curcumin has been shown to inhibit Treg cell
activities in cancer models (Shafabakhsh et al., 2019). This preclinical work showed that curcumin inhibited Treg cell activities
through prevention of cell-to-cell interactions, reduction of suppressive cytokine secretion, and reduction of IL-2 capacity. It is
important to note that IL-2 is responsible for limiting T cell responses (Nelson, 2004). Thus, curcumin was effective in augmenting the immune response in cancer models, while decreasing immune response in lupus erythematosus, demonstrating curcumin’s
role as an immunomodulator.
Curcumin has been described to have additional immunomodulatory mechanisms in cancer development. T cells, B cells, macrophages, natural killer cells, and dendritic cells have all been
shown to be impacted by curcumin (Bose et al., 2015). Additionally, anti-tumor responses have been found using curcumin through
a variety of mechanisms. These include increased CD4+ and CD8+
T cells, increased Th1 type cytokines, reduction of Treg cells, and
reduction of T cell apoptosis (Bose et al., 2015). Thus, curcumin
has been found to increase anti-tumor immunity. Other immunemediated diseases that curcumin has been shown to remedy include rheumatoid arthritis, immune-mediated liver injury, multiple
sclerosis, Sjogren’s syndrome, type 1 diabetes, chronic serum sickness, allergic inflammatory disease, and graft-versus-host-disease
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(Abdollahi et al., 2018). Therefore, curcumin has the potential as
an immune modulator for use in a wide variety of diseases.
17.5. Anti-inflammatory properties
The anti-inflammatory properties of curcumin have been extensively studied. There is an abundance of many recent reviews
which summarize the current research. A review by Mollazadeh et
al. (2019) considered the effect of curcumin on the anti-inflammatory cytokine IL-10. They found that curcumin increased the expression and production of IL-10 in many different tissues, taking
results from 36 studies. In parallel, pro-inflammatory cytokines
(IL-1β, IL-4, IL-6, IL-10, IL-12, IL-18, TNF-α) and chemokines
(macrophage inflammatory protein-1 alpha and monocyte chemoattractant protein-1) were found to be decreased by curcumin, as
discussed in the literature (Ghosh, Banerjee, and Sil, 2015; Memarzia et al., 2021). Interestingly, Memarzia et al. (2021) highlighted
curcumin’s role at both increasing and decreasing IL-10 levels. It
appears as though IL-10 has contradicting roles as an anti- and
pro-inflammatory cytokine, with some clinical trials finding a proinflammatory effect (Mühl, 2013). Additionally, curcumin was
found to suppress the inflammatory mediators, 5-lipoxygenase,
COX-2, and iNOS (Mirzaei et al., 2017).
Curcumin functions through several anti-inflammatory pathways. These include the Keap1-Nrf2, AKT and ERK, MAPK,
STAT, AP-1, and NF-κB pathways (He et al., 2015; Memarzia et
al., 2021). Of these, NF-κB has been most discussed. In this connection, interleukins were found to decrease through NF-κB (He et
al., 2015) which was in turn inhibited through inhibition of toll-like
receptor-4 and MyD88 (Memarzia et al., 2021). Furthermore, as an
NF-κB suppressor, curcumin was found to prevent inflammationinduced apoptosis of chondrocytes in osteoarthritis (Chin, 2016).
In addition to osteoarthritis, curcumin was shown to remedy inflammatory diseases including knee osteoarthritis, irritable bowel
syndrome, intracerebral hemorrhage, chronic lung disease, periodontal disease, obesity, obesity-induced inflammation, acute pancreatitis, experimental autoimmune encephalomyelitis, atherosclerosis, heart failure, type 2 diabetes, and dementia (Abdollahi et al.,
2018; Shimizu et al., 2019). These findings are primarily based on
animal studies. However, several clinical trials support the use of
curcumin to treat inflammatory diseases such as rheumatoid arthritis, osteoarthritis, type 2 diabetes, and metabolic diseases (Salehi
et al., 2019).
Some clinical trials have shown inconsistent results of curcumin as an anti-inflammatory agent. Saraf-Bank et al. (2019) found
that curcumin supplementation had a significant effect on CRP
and IL-6 in obesity. Supporting these findings, Jazayeri-Tehrani
et al. (2019) found that curcumin supplementation significantly
decreased CRP, IL-6, and TNF-α in obesity. However, in a clinical
trial of osteoarthritis, curcumin did not significantly change IL-6,
TNF-α, or IL-1β but patient’s symptoms were improved (Gupte et
al., 2019). Another clinical trial found that curcumin along with
lifestyle modification decreased NF-κB in non-alcoholic fatty liver
disease compared to baseline, however, there was no benefit compared to lifestyle modification alone (Saadati et al., 2019).
Recent reviews and meta-analyses of clinical trials similarly
report positive or neutral effects of curcumin on inflammation.
Yang et al. (2019) examined 16 clinical trials and found significant
improvement in 10 of the studies (8 on type 2 diabetes and 2 on
ulcerative colitis), while the remaining 6 studies had inconclusive
results (1 on ulcerative colitis, 1 on lupus nephritis, 2 on rheumatoid arthritis, and 2 on multiple sclerosis). A systematic review that
included 11 clinical trials of curcumin supplementation on post-
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exercise inflammation found reduced levels of pro-inflammatory
cytokines TNF-α, IL-6, and IL-8 with curcumin supplementation
(Fernández-Lázaro et al., 2020). Several meta-analyses have also
been conducted on clinical trial data. A meta-analysis of 15 clinical trials found that curcumin-containing supplements significantly decreased levels of pro-inflammatory CRP and IL-6, however,
there was no significant change in TNF-α levels (Tabrizi et al.,
2019). Two other meta-analyses, each including 3 clinical trials,
found that curcumin had no significant effects on irritable bowel
syndrome (Ng et al., 2018) and ulcerative colitis (Grammatikopoulou et al., 2018). There are inconsistent results on the effectiveness of curcumin as an anti-inflammatory agent in clinical trials. A
possible limitation of curcumin is its limited bioavailability, but it
appears that curcumin is more effective at treating some inflammatory diseases than others. More clinical trials should be conducted
using curcumin as it has shown strong potential in treating inflammation with very few side effects.
17.6. Bioavailability
Curcumin is reported to have low bioavailability due to its low
absorption and rapid systemic elimination. To circumvent low bioavailability, several techniques have been implemented to increase
bioavailability. These include nanoemulsion, liposomal encapsulation, phospholipid curcumin complexes, and milk exosomes (Kunnumakkara et al., 2019; Mirzaei et al., 2017). Additionally, formulations such as Teracurmin® and Meriva® have been effective at
low doses (Kunnumakkara et al., 2019). Another promising option
is the use of adjuvants or other natural products, such as piperine,
to increase the bioavailability of curcumin (Mirzaei et al., 2017).
Thus, effective methods of administration are essential to elicit the
beneficial properties of curcumin.
18. Conclusion
There is much interest in finding natural products that can act
as immune-enhancers and anti-inflammatory agents to promote
health. Spices and herbs that are used in traditional medicine are
a great starting point to find such products, as they have been
used for proposed medicinal properties for centuries. Current research suggests that a variety of spices and herbs may function as
immune-enhancers or modulators and anti-inflammatory agents.
However, spices and herbs themselves may pose some risks of use
themselves which should be considered before administration.
Future work should focus on confirming the applicability of
results in humans through clinical trials. Additionally, it may be
useful to further study the effects of combining several spices and
herbs, as combined consumption is common for culinary spices
and herbs. Piperine from black pepper is a great example of a spice
that may benefit from combined consumption as it has established
its ability as a bioenhancer. Furthermore, the development of more
effective techniques to isolate bioactive compounds or to increase
bioactive compounds in final products will be useful in creating
more potent effects, when desirable.
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Abstract
The exploration of naturally occurring phytochemicals with antitumor potential has been the focus of many
studies. Nobiletin, a polymethoxyflavone (PMF) exclusively derived from citrus peels, has been reported as a
promising candidate for the prevention and/or treatment of cancers. Additionally, multiple demethylated derivatives of nobiletin from in vivo biotransformation, including 3′-demethylnobiletin (3′-DMN), 4′-demethylnobiletin
(4′-DMN), 3′,4′-didemethylnobiletin (3′,4′-DDMN) and 5-demethylnobiletin (5-DMN), among others, have been
found to show anti-cancer activity. In this review, the anticancer activity of nobiletin and its derivatives in cancer
prevention are comprehensively described.
Keywords: Nobiletin; Cancer; Anti-Inflammation; Apoptosis; Autophagy.

1. Introduction
Cancer is becoming a major public concern because it is a leading cause of death worldwide. According to a recent statistic from
the American Cancer Society, 1,898,160 new cancer cases and
608,570 cancer deaths are projected to occur in the United States in
2021 (Siegel et al., 2021). As a result of improvements in early detection and treatment, the cancer death rate dropped by 31% from
its peak in 1991 until 2018 (Siegel et al., 2021). In recent years,
attention has been focused on finding effective and low toxic anticancer agents as the alternative and complementary medicine for
cancer treatment and prevention. Notably, accumulating data suggest that compounds from natural plants have been used to target
cancer for decades because they usually have fewer side effects
than non-natural anticancer drugs.
Nobiletin (5,6,7,8,3′,4′-hexamethoxyflavone, Figure 1) is a
natural flavonoid extracted exclusively from citrus peel (Wang

et al., 2018) and exhibits a good safety profile and a broad spectrum of pharmacological activities, including anti-inflammatory
(Ozkan et al., 2020; Hagenlocher et al., 2019; Yang et al., 2019),
antitumor (Ashrafizadeh et al., 2020) and neuroprotective activities (Amarsanaa et al., 2021). Not only does nobiletin itself exhibit
anti-cancer properties, but also its in vivo metabolites, including
3′-demethylnobiletin (3′-DMN), 4′-demethylnobiletin (4′-DMN),
3′,4′-didemethylnobiletin (3′,4′-DDMN) and 5-demethylnobiletin
(5-DMN) also have anti-cancer activity (Figure 1).
In this review, we summarize the anticancer activity of nobiletin
and its derivatives in cancer therapy based on the newly published
articles.
1.1. Chemical aspects of nobiletin and its derivatives
Recently, nutritionists have shown interest in natural compounds
extracted from plants and fruits in the prevention and treatment
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Figure 2. Schematic diagram showing the mechanisms underlying the anti-cancer effects of nobiletin and its derivatives through cell cycle arrest, antiinflammation, anti-angiogenesis and induction of autophagy.

of various illnesses including cancer. Nobiletin can be extracted
exclusively from citrus fruits, particularly in the peels of sweet oranges (Citrus sinensis) (Li, Yu and Ho, 2006) and mandarin oranges
(Citrus reticulate) (Nogata et al., 2006) through different types of
chemical extraction processes. There is concurrently ongoing research looking into the effect of nobiletin on different types of cancers, such as leukemia (Yen et al., 2020), colon cancer (Goh et al.,
2019), breast cancer (Surichan et al., 2018), ovarian cancer (Zhang
et al., 2020), thyroid cancer (Sousa et al., 2020), lung cancer (Da
et al., 2016), and other tumor types. The metabolism of nobiletin
comprises two phases, including phase I and phase II metabolism.
Three common metabolites of nobiletin include 3′-DMN, 4′-DMN,
and 3′,4′-DDMN (Ashrafizadeh et al., 2020). Under long-term storage, nobiletin can be degraded to 5-DMN through the process of
microbial autohydrolysis (Wang et al., 2018). Figure 1 illustrates

the chemical structures of nobiletin and its derivatives.
2. The anticancer activity of nobiletin and its derivatives
Dietary factors play key roles in the development and prevention of
various diseases, including cancer. Nobiletin as a prospective anticancer agent for chemoprevention, is known to inhibit different pathways leading to cancer via a number of different mechanisms, which
includes inhibiting cell cycle progression, limiting inflammation, inducing apoptosis, preventing angiogenesis and reducing tumor formation. Figure 2 schematizes the main anticarcinogenic pathways of
nobiletin, its autohydrolysis product, 5-DMN and its three common
metabolites, 3′-DMN, 4′-DMN, and 3′,4′-DDMN, in chemoprevention of different cancers in detail and also are summarized in Table 1.

Figure 1. Structures of nobiletin and its in vivo metabolites.
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Autophagy

Antiangiogenesis

Antiinflammation

Lung cancer

4′-DMN,

Selectively suppressed cell growth and proliferation. Induced G0/
G1 phase arrest and reduced G2/M phase. Induced apoptosis.

Ovarian cancer

40 μM

Alleviated oxidative damage, inflammation, and cell death caused by hepatic
ischemia and reperfusion. Activated the SIRT-1/FOXO3a and PGC-1α pathways

Hepatic Ischemia 5 mg/kg
and reperfusion
injury

Nobiletin

Inhibited MEK activity and ERK phosphorylation

(continued)

Jiang et
al., 2018

Dusabimana
et al., 2019

Miyata et
al., 2008

Sp et al.,
2018

Inhibited the expression of CD36 and its downstream target proteins. Inhibited
CD36-mediated Angiogenesis. Inhibited CD36-dependent breast cancer cell
migration and Invasion, inhibited tumorsphere formation and survival
Colorectal cancer 64 µM

Sp et al.,
2017

Lai et al.,
2008

Wu et al.,
2017

Ozkan et
al., 2020

Song et
al., 2016

Chen et
al., 2015

DiMarcoCrook et
al., 2020

Wu et al.,
2018

Lien et al.,
2016

Jiang et
al., 2020

References

Inhibited cell growth. Inhibited VEGF-dependent angiogenesis.
Inhibited EGFR activity and Src/FAK/STAT3 signaling

Nobiletin

200 µM

Breast cancer

Nobiletin

Inhibited TPA-induced iNOS, COX-2, VEGF, MMP-9 and ODC expression,
nuclear translocation and phosphorylation of p65/RelA

1 or 3 µM

Skin tumor

3′,4′-DDMN

Inhibited cell growth. Suppressed TLR4/TRIF/IRF3, TLR9/IRF7
signal pathways. Inhibited the release of IFN-α and IFN-β

Inhibited cell growth caused cell cycle arrest and cellular apoptosis. Modulated
the expression of proteins related to cell proliferation and death

Inhibited cell growth. Induced G2/M cell cycle phase arrest.
Induced autophagy. Activated JNK signaling pathway

Inhibited cell growth. Induced significant G2-M cell-cycle arrest and apoptosis

2.03 µM, NOB; 3.28 Suppressed LPS-induced iNOS and COX-2 expression. Increased
µM, 3′-DMN; 24.13 heme oxygenase-1 (HO-1) and NQO1 expression
µM, 4′-DMN; 12.03
µM;,3′,4′-DDMN

80 µM

25 µM

50 µM

12.5 µM

7.5 µM

0.05% (w/w, in diet) Inhibited cell growth. Induced G0/G1 cell cycle arrest and apoptosis

Nobiletin
Colon cancer
and its
metabolites

Nobiletin

Prostate cancer

Lung cancer

5-DMN

3′,4′-DDMN

Colon cancer

3′,4′-DDMN

Inhibited glioma cell growth and migration. Arrested the cell cycle
in the G0/G1 phase. Suppressed MAPK and Akt pathways

100 μM

Glioma

Results
Inhibited the growth and metastasis. Induced autophagy, G0/
G1 cell cycle arrest. Inhibited NF-kB signal pathway

Dosage

Pancreatic cancer 6.12 µM

Colon cancer

Nobiletin

Cell Cycle
Arrest

Cancer Types

4′-DMN

PMF Compounds

Protective
Effects

Table 1. The anticancer activity of nobiletin and its derivatives
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Ouyang, Li
and Ling,
2020
Reduced ROS levels. Inhibited p38, extracellular receptor kinase 1,
and c-Jun amino-terminal expression. Inhibited cell growth
50 μM
Gastric cancer

Yang et
al., 2020
Increased the expression of the apoptosis molecule PARP and caspase-3. Increased
the level of ROS and the degree of DNA damage. Inhibited cell growth
100 μM
Oral cancer

Zhang et
al., 2020
Inhibited cell growth. Induced cell apoptosis and autophagy.
Induced ROS generation contributing to pyroptosis
50 μM
Ovarian Cancer
Nobiletin
ROS

Decreased the tumor size and tumor weight. Increased the ratio of cleaved-PARP and Song et
LC3 expression in tumor tissues. Induced p53-regulated cell death signaling pathway al., 2020
Colon cancer
5-DMN

50 or 100 mg/kg

Moon and
Cho, 2016
Increased the levels of ER-stress related proteins IRE1-α, ATF-4, C/
EBP homology protein, GRP78 and caspase-4. Decreased cell viability.
Increased the number of sub-G1 phase cells. Induced apoptosis
Gastric cancer
Nobiletin

50 μM

References
Cancer Types
PMF Compounds
Protective
Effects

Table 1. (continued)

Dosage

Results

2.1. Cell cycle arrest
The cell cycle is a complex sequence of events through which a
cell duplicates its contents then divides to two genetically identical
daughter cells. Mutations and deficiencies in regulation throughout the cell cycle can lead to serious diseases such as cancer (Wenzel and Singh, 2018). Therefore, one way to suppress cancer is to
block its cell cycle progression. Studies in recent years elucidated
that nobiletin inhibited cancer behavior through cell cycle arrest.
For example, Jiang et al. (2020) demonstrated that nobiletin inhibits the growth and metastasis of human pancreatic cancer cells via
induction of G0/G1 cell cycle arrest and showed an IC50 of 6.12
µM. In glioma cell, the flow cytometry test showed that 50 and
100 μM nobiletin induced dose-dependently increase in the G0/
G1 subpopulation by approximately 8.7 and 17.2%, respectively,
compared with the solvent control (0.5% DMSO), indicating that
nobiletin can arrest the cell cycle in the G0/G1 phase (Lien et al.,
2016). Combining different chemopreventive agents is a promising
strategy to reduce cancer incidence and mortality due to potential
synergistic interactions between these agents. Co-treatment with
4′-DMN and atorvastatin (a lipoprotein-lowering drug) strongly
inhibited the growth of human colon cancer cells by inducing G0/
G1 cell cycle arrest and apoptosis (Wu et al., 2018). In HCT116
human colon cancer cells, the combination of curcumin and 3′,4′DDMN, a primary metabolite of nobiletin, induced significant
G2/M cell-cycle arrest and extensive apoptosis, which greatly exceeded the effects of individual treatments with curcumin or 3′,4′DDMN (DiMarco-Crook et al., 2020). In vitro tests using lung
cancer cells revealed 5-DMN, 4′-DMN, and 3′,4′-DDMN inhibited
cell proliferation by inducing G2/M cell cycle phase arrest (Chen
et al., 2015, Song et al., 2016).
2.2. Anti-Inflammation
Inflammation is the body’s response to tissue damage, caused by
physical injury, ischemic injury, infection, exposure to toxins, or
other types of trauma. Inflammation is often associated with the
development and progression of cancer. The triggers of chronic
inflammation that increase cancer risk or progression include infections, autoimmune diseases, and inflammatory conditions of
uncertain origin (Singh et al., 2019). In addition, cancer cells as
well as surrounding stromal and inflammatory cells engage in
well-orchestrated reciprocal interactions to form an inflammatory tumor microenvironment (Greten and Grivennikov, 2019).
Increasing evidence showed that inflammatory cytokines and
chemokines, which can be produced by the tumor cells and/or
tumor-associated leukocytes and platelets, may contribute directly
to malignant progression. Therefore, one way to suppress cancer
is to inhibit the secretion of pro-inflammatory cytokines. Ozkan
et al. (2020) reported that the anti-inflammatory effect of nobiletin on TLR4/TRIF/IRF3 and TLR9/IRF7 signaling pathways in
PCa cells for the first time. Treatment with nobiletin resulted in a
noteworthy reduction of cell growth and the release of IFN-α and
IFN-β. Besides nobiletin, multiple studies have shown that its metabolites, especially, 4′-DMN, and 3′,4′-DDMN also exhibit significant anti-inflammation effect towards nitric oxide production,
iNOS and cyclooxygenase (COX) expressions in cancer (Wu et al.,
2017). By administering nobiletin and its metabolites at a concentration equivalent in the LPS-induced RAW 246.7 macrophages
decreased iNOS and COX-2 protein expression levels and induced
heme oxygenase-1 (HO-1) protein expression (Wu et al., 2017).
Additionally, the anti-inflammatory activity of 3′,4′-DDMN can be
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demonstrated by its effect on iNOS, COX-2, VEGF, matrix metalloproteinase-9 (MMP-9) and ODC expression in TPA-stimulated
mouse skin (Lai et al., 2008) . iNOS and COX-2 are frequently
regulated by activating the NF-кB signaling pathway (Chun et
al., 2004). 3′,4′-DDMN treatment caused a significant reduction
of TPA-induced nuclear translocation and phosphorylation of p65/
RelA, the functionally active subunit of NF-кB protein (Lai et al.,
2008).
2.3. Anti-angiogenesis
Angiogenesis is a biological process in which novel blood vessels are formed, providing tissues with oxygen and nutrients. Folkman (1971) first proposed that angiogenesis was related to tumor
growth, forming the hypothesis of targeting angiogenesis to treat
cancer. Since then, many efforts have been made to explore the
possibility of curing cancer by targeting angiogenesis.
Steroid receptor coactivator (Src) and focal adhesion kinase
(FAK) are intracellular tyrosine kinases that play an important
role in tumor angiogenesis. Nobiletin inhibited tumor angiogenesis by regulating Src, FAK, and STAT3 signaling through PXN
in ER+ breast cancer cells (Sp et al., 2017). CD36 is implicated
in tumor metastasis through its roles in fatty acid metabolism.
Recent research showed that nobiletin inhibited angiogenesis by
suppressing CD36 expression and decreasing the expression of
TSP-1 and TGF-β1 (Sp et al., 2018). In the zebrafish angiogenesis model, nobiletin showed anti-angiogenic activity by blocking
new blood vessel formation (Lam et al., 2011). Leptin is thought
to be a mitogenic factor that leads to the development of colon
cancer. Treatment with nobiletin suppressed cell proliferation induced by leptin through inhibition of mitogen-activated protein/
extracellular signal-regulated kinase (MEK) 1/2 (Miyata et al,
2008).
2.4. Autophagy
Autophagy plays a dichotomous role in cancer by suppressing benign tumor growth but promoting advanced cancer growth. In the
past decade, numerous researches have established autophagy as a
potential therapeutic target in cancer.
Hepatic ischemia and reperfusion injury are characterized
by impaired autophagy, mitochondrial dysfunction, and subsequent damage of cellular homeostasis after hepatic surgery or
transplantation. Treatment with nobiletin (5 mg/kg) ameliorated
oxidative damage, inflammation, and cell death caused by hepatic ischemia and reperfusion through the activation of SIRT1/FOXO3a-mediated autophagy and mitochondrial biogenesis
(Dusabimana at al., 2019). Autophagy is a cellular defense mechanism involving the degradation and recycling of cytoplasmic
constituents. Nobiletin suppressed autophagic degradation via
over-expressing AKT pathway and enhances apoptosis in multidrug-resistant SKOV3/TAX ovarian cancer cells (Jiang et al.,
2018). ER stress-induced apoptotic signaling has been studied to
identify potential targets for therapeutic intervention in diseases
associated with ER stress (Puthalakath et al., 2007). Studies have
shown that nobiletin-induced apoptosis in SNU-16 cells was mediated by pathways involving intracellular ER stress-mediated
protective autophagy (Moon and Cho, 2016). Notably, different
metabolites of NOB work by different mechanisms against different cancer. In vivo tests using xenograft mouse model showed
that 5-DMN exhibited more preferential anti-colon cancer effects than NOB via its ability to induce p53-regulated autophagy

(Song et al., 2020).
2.5. Reactive oxygen species (ROS)
Extensive research indicated that reactive oxygen species (ROS),
including superoxide radical, hydroxyl radical, and hydrogen peroxide, play an important role in cancer. Although low levels of
ROS can be beneficial, excessive accumulation can promote cancer. For example, they can activate pro-tumorigenic signaling, enhance cell survival and proliferation, and drive DNA damage and
genetic instability (Diao et al., 2016; Prasad et al., 2017; Sarsour et
al., 2008). However, excess ROS can also promote anti-tumorigenic signaling, initiating oxidative stress-induced tumor cell death
(Liou and Storz, 2010; Roy et al., 2015; Stanicka et al., 2015).
Anti-tumorigenic signaling of ROS can be targeted as a therapy in
cancer, by the increased production of ROS levels to toxic levels
and exhaustion of the antioxidant system capacity causing programmed cell death. Numerous studies from preclinical to clinical models have indicated that compounds from natural plants are
rich in antioxidants provided a protective effect in the development
of cancer (Li et al., 2020; Wang et al., 2018; Zhang et al., 2018).
Pyroptosis is a pro-inflammatory form of programmed cell death
that is triggered by a series of cytosolic sensors to induce cancer
cell death (Man, Karki and Kanneganti, 2017). Since nobiletin can
trigger ROS-mediated pyroptosis, it is considered a promising new
anti-ovarian cancer drug candidate (Zhang et al., 2020). In addition, the intracellular ROS level was dose-dependent with the increase of NOB concentration (Yang et al., 2020).
Inhibition of ROS production in tumor cells could well result
in suppressed pro-tumorigenic signaling. ROS are also thought
to be involved in inflammatory gene expression through the activation of NF-κB signaling pathway (Kabe et al., 2005). Studies have shown that nobiletin inhibited the DNA-binding activity
of NF-κB and ROS production in RAW 264.7 cells (Choi et al.,
2007). Treatment with nobiletin reduced ROS levels and apoptotic
morphological changes and decreased levels of lipid peroxides and
glutathione content in H. pylori-infected GES-1 cells (Ouyang, Li
and Ling, 2020).
It is becoming increasingly evident that ROS play an important
role in carcinogenesis. Such dual roles of ROS indicate their critical importance in cellular homeostasis. Therefore, targeting ROS
could be a promising approach for cancer therapeutics.
3. Conclusions
Overall, there is mounting interest in the therapeutic utility of
nobiletin and its autohydrolysis product 5-DMN and several metabolites of nobiletin such as 3′-DMN, 4′-DMN, and 3′,4′-DDMN.
However, biopharmaceutical limitations including low aqueous
solubility, poor permeability across biological barriers and low
bioavailability hinder further accessibility for targeting hard-toreach cancers. Efforts in exploring and developing effective strategies to overcome the biopharmaceutical challenges associated with
nobiletin seems to be a promising way to enhance its therapeutic
effects.
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Abstract
An untargeted approach to profiling of polyphenolics of Brassicaceae microgreens was employed to characterize the phenolic composition in microgreens grown under 8 different treatments of combined amber (590 nm),
blue (455 nm), and red (655 nm) LED, using full MS and HRMS/MS-ESI. Hydroxycinnamic acid (HCA) derivatives
predominated the pool of phenolics in the microgreens, followed by free phenolic acids and flavonol glycosides/
acylglycosides, with most of the HCA derivatives existing as malate esters. Most HCA malates in mustard (Barbarossa) and all HCA malates in mizuna (red kingdom)/ radish (red Rambo, organic) were significantly decreased
under most treatments, whereas all malates were overall increased under combined lighting in radish (red Rambo), mustard (Garnet Giant), mizuna (organic), Pac choi (red Pac) and mustard (Scarlet Frills). The present study
demonstrated that amber in combination with blue and red LED contributed to the altered phenolic profile and
increase and/or decrease in quantity of certain phenolic compounds, particularly the HCA malates.
Keywords: Amber light; Polyphenolics; Phytochemicals; Light-emitting diodes; Microgreens; LC-HRMS/MS-ESI.

1. Introduction
Polyphenolics are secondary metabolites widely distributed as
aglycones or their glycosides or acylglycosides in plants. A wide
range of research has been conducted on dietary polyphenolics mainly due to their roles in human health (Zhang and Tsao,
2016). Brassicaceae (or Brassica, Crucifers) vegetables are the
most consumed globally with several reports highlighting their
importance for preventing cardiovascular diseases and certain
cancers due to their antioxidant properties (Lin et al., 2011).
Extensive research has shown that major polyphenolics in Brassica vegetables exist as glycosides or acylglycosides of quercetin
(Qn), kaempferol (Km) and isorhamnetin (Iso) with various sug-
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ar moieties occurring as mono-, di-, tri-, tetra- and penta-glucosides. The acylated flavonoids are mainly with hydroxycinnamic
acids (HCA), particularly coumaric, caffeic, sinapic and ferulic
acids (Olsen et al., 2009; Sun et al., 2013). Recent review papers
have compiled numerous studies pointing towards the neuroprotective and anti-carcinogenic effects of flavonoids, suggesting a
diet containing these compounds may be part of the treatment for
Alzheimer’s disease and several cancers (Kim and Park, 2021;
Ponte et al., 2021).
Optimal lighting for microgreens production is a growing topic
as energy-efficient LED technology has advanced significantly
and is now equipped in plant factories together with advanced
greenhouse systems and hybrid lighting (Alrifai et al., 2019; Kyri-
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acou, et al., 2019). Red light (RL) and blue light (BL) wavebands
are deemed the most efficient for driving metabolic changes in
plants, including phytochemical biosynthesis for defense-related
activities, compared to other components of the visible light spectrum. These lights are absorbed by chlorophyll photosynthetic pigments responsible for accumulating metabolites of polyphenols,
carotenoids and glucosinolates (Alrifai et al., 2019). We previously
reported on the effects of amber LED on total phenolic contents
and total antioxidant activities, and discussed the need to identify
further information, particularly the phenolic composition, on the
yellow-orange (mid-point amber light at 590 nm) light range to
differentiate from commonly reported effects in the broad 500–600
nm green light range (Alrifai et al., 2020; Alrifai et al., 2021).
In the present paper, various LED treatments of combined
AL, RL and BL were used to grow eight microgreens of Brassica
vegetables to understand the response of individual polyphenolic
compounds. Our previous report analyzed total contents of overall
polyphenolics, including its sub-groups, and therefore the current
study analyzes the contributions of these individual polyphenolics
in the overall pool and their accumulation under the LED lights
(Alrifai et al., 2020). This is the first study of its kind to analyze the
accumulation of individual phenolics under various combinations
of amber, red and blue LED in Brassica microgreens. The methods
and results will better help the understanding of LED-regulated
biosynthesis of these individual health-promoting polyphenolics.
Although phytochemical profiles have been reported for mature
vegetables of Brassica species, detection of these polyphenolics
in microgreens grown under amber (590 nm) light is reported here
for the first time.
2. Materials and methods
2.1. Plant materials, chemical reagents and growth chamber
lighting
Eight varieties of Brassica microgreens, including 2 mizunas
[organic and red kingdom (Brassica rapa var. Japonica), MO,
MR]; Pac choi (Brassica rapa var. Chinensis), PC; 2 radishes
[red Rambo and red Rambo organic (Raphanus sativus), RR,
RO], and 3 mustards [Scarlet Frills, Barbarossa and Garnet Giant (Brassica juncea), MSF, MB, MG] were grown at the Harrow Research & Development Centre, Agriculture and Agri-Food
Canada (Harrow, Ontario, Canada) similar to our previous report
(Alrifai et al., 2020). Seeds of microgreens purchased from Johnny’s Selected Seeds (Winslow, ME, USA) were sown in 100%
Canadian Sphagnum Peat Moss (pH 6–6.2, 1,400 ms/M, average
quantity of nutrient (ppm) N, 110; P, 32; K, 170; and other microelements Ca, Mg, Fe, S, Mn, ASB Greenworld Ltd., Mount
Elgin, ON, Canada) for germination. Trays were submerged in
fertilizer and subsequently moved into a germinating room (24
°C; 90% relative humidity (RH); 16 h photoperiod). General
maintenance was consistent (i.e. water sprayed, irrigated and
trays rotated). Seeds were germinated for 2–3 d, followed by
13–14 d growth period in the chambers. Microgreens were harvested after 15–16 d. Upon first sign of germination, the plantlets
were moved to the chambers and were grown until harvest under eight treatments (2 treatments/chamber; 16 °C; 70% RH; 16
h photoperiod). Each growth chamber was equipped with amber
(A, 590 nm), blue (B, 455 nm) and red (R, 660 nm) LED in different ratios (%): 4.73A:20.52B:74.36R; 6.74A:22.68B:70.25R;
9.51A:24.13B:65.91R; 12.02A:26.26B:61.14R; 4,12.57A:44.31
B:42.39R; 14.53A:30.18B:51.82R; 18.45A:33.51B:47.48R; and

39.46A:58.94B:0.57R. All microgreens were grown in triplicate
over three separate trials. Microgreens were harvested at their
base, packed in air-tight plastic bags and stored in −80 °C and
then lyophilized for extraction and chromatographic analyses.
Details related to sample processing and extraction and chamber
cabinet settings were similar to that reported in our previous papers (Alrifai et al., 2020; Alrifai et al., 2021). Single extractions
were carried out for each sample for a total of 3 replicates per
variety. HPLC grade methanol (MeOH), formic acid and acetonitrile (ACN) were purchased from Caledon Laboratories (Georgetown, ON, Canada). All chemical reagents used were of analytical
grade.
2.3. Identification of phenolics by LC-HRMS/MS
An untargeted approach to profiling combining full MS and MSMS methods was used to obtain reliable peak area and fragmentation data in one run. Pooled quality control (QC) samples for each
microgreen were created by combining 10 µL of each sample.
Samples were randomized before analysis and QC samples were
periodically inserted into sequence and analyzed in DDMS2 mode
(Top N=15) with NCE set at 30. Analysis was carried out in negative ionization mode to ionize polyphenolic analytes in acidified
solvent. LC-HRMS/MS analysis was performed using a Thermo®
Scientific Q-Exactive™ Orbitrap mass spectrometer equipped
with a Vanquish™ Flex Binary UPLC System (Waltham, MA,
USA). Data were acquired using Thermo Scientific™ Xcalibur™ 4.2 software and Thermo Scientific™ Standard Integration Software. The chromatographic separation was performed
on a Kinetex XB-C18 100A HPLC column (100 × 4.6 mm, 2.6
µm, Phenomenex Inc., Torrance, CA, USA). The binary mobile
phase consisted of solvent A (99.9% H2O/0.1% formic acid, v/v)
and solvent B (94.9% MeOH/5% ACN/0.1% formic acid, v/v/v).
The following solvent gradient was used: 0–5 min, 0% to 12% B;
5–15 min, 12% to 23% B; 15–30 min, 23% to 50% B; 30–40 min,
50% to 80% B; 40–42 min, 80% to 100% B; 42–45 min, 100%
B; 45–46 min, 100% to 0% B; 46–52 min, 0% B. The column
compartment temperature was held at 40 °C and the flow rate was
set to 0.700 mL/min, 1 µL injections for all sample extracts and
either 1 or 5 µL for the QC samples. Peaks were monitored at
280, 320, 360 and 520 nm with a diode array detector. MS data
was collected in negative ionization mode (spray voltage = 2.8
kV) with scan range set to 90–1,300 m/z. Data was visualized
and analysed using Thermo FreeStyle™ 1.6 software. All compounds were identified by matching the retention time (RT) and
MS/MS-MS fragmentation with the in-house database of phenolic
standards and that of the literature. Since the predominant phenolics were HCA esters of different organic acids whose standards
are not commercially available, the effect of LED light on the
quantity of the phenolic compounds detected in this study was
evaluated using the ion counts of the peak of extracted ion chromatograms (XIC).
2.4. Statistical Analysis
Peak area (ion counts) averages of XIC for the compound of interest were used for one-way ANOVA followed by Dunnett’s post
hoc test for all LED light treatments and microgreens to determine the differences against control (p<0.05) using IBM SPSS®
software for Windows version 25.0 (IBM corporation, Armonk,
NY, USA). Contents were expressed as mean ± SD of triplicate
extractions.
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Figure 1. Peak area averages of the extracted ion chromatograms (XIC) of polyphenolic extracts of representative Brassica microgreens [B. rapa (mizuna),
B. juncea (mustard) and R. sativus (radish)]. The detected polyphenolics are identified according to their fragmentation patterns and retention times, and
their content levels are generally identified with a larger intensity. *, other non-polyphenolic compounds eluting with detected polyphenolics; quercetin
(Qn); kaempferol (Km); caffeoyl malate, 9; hydroxyferuloyl malate, 10; coumaroyl malate, 11; sinapoyl malate, 12; feruloyl malate, 13; salicylic acid glucoside, 16a/b/c; dihydroxybenzoic acid glucoside, 17a/b/c; feruloyl glucoside, 19a/b; sinapoyl gentiobioside, 20a/b/c/d; disinapoyl gentiobioside, 21a/b; sinapoyl glucoside, 22a/b/c/d; Km 3-diglucoside, 24b; Km 3,7-dirhamnoside, 26; Km glucoside rhamnoside, 28a/b; Km hydroxyferuloyl diglucoside glucoside,
30a; qn feruloyl diglucoside glucoside, 30b; km sinapoyl diglucoside glucoside, 33; Km caffeoyl-diglucoside glucoside, 35; Qn dirhamnoside, 37; Qn sinapoyl
diglucoside glucoside, 39a; Qn caffeoyl diglucoside glucoside, 44.

3. Results and discussion
3.1. Identification of polyphenolics by LC-HRMS/MS-ESI from
Brassica microgreens
A representative XIC and major phenolic peaks are shown in Figure 1. The phenolic compounds identified in eight Brassica microgreens along with their parent and fragment ions (order of decreasing intensity) and RT are listed in Table 1. A total of 46 phenolics,
including phenolic acids and flavonoids, were positively or tentatively identified. Conjugated derivatives of HCA predominated
the majority of phenolics identified in the microgreens, followed
by free phenolic acids and flavonol glycosides (Figures 1, 2). Several studies reported on the phenolic composition in mature Brassica vegetables, and recently in microgreens of mustard, cabbage
and pac choi (Sun et al., 2013; Alrifai et al., 2019). A recent study
showed the phenolic acid content accounted for 79% of the mean
total phenolic content in three species of microgreens, followed
by flavonol glycosides (20.7%) and flavone glycosides (0.3%)
(Kyriacou et al., 2019), a pattern that is similarly found in the current study. Lower contents of HCA and higher flavonol glycosides
were found in three other species of microgreens (Kyriacou et al.,
2020). The results in the current study agree with literature data,
suggesting these groups of phytochemicals are not only specific to
the Brassica microgreens, but light quality had a larger influence
on their accumulation.
3.2. Hydroxycinnamic/benzoic acids and derivatives
Compounds 1, 2 and 3 were identified as p-, m- and o-coumaric
acid, respectively, with the same deprotonated molecular ion [MH]− of m/z 163.0401 and the major fragment ion at m/z 119.0501
(Table 1). The main fragment ion of caffeic acid 6 was m/z
135.0451 (neutral loss of CO2, 44 amu, from [M-H]−) (Chen et al.,
2019; Sinosaki et al., 2020). One study identified the presence of
ferulic acid 5 in PC microgreens, although this was not seen in the
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current study which could imply that under the current combined
lighting and photon flux the accumulation of 5 was inhibited (Kyriacou et al., 2020). Accumulation of 5 under blue LED (bLED) was
higher compared to red LED (rLED) and white LED (wLED) in
another study in B. rapa (Kim et al., 2015). Ferulic acid 5 was only
found in microgreens of RR, MO and MR (Table 1). Isomers chlorogenic acid 7 and neochlorogenic acid 8, commonly found in low
concentrations in Brassica species, were identified by the same
deprotonated molecular ion [M-H]− of m/z 353.087 and the major
fragment ion at m/z 179.0349 ([M-H]− of 6) formed by McLafferty
rearrangement (Wu et al., 2009). In the present study compound 7
was found in all but MG, RR and RO, and 8 was only found in MB.
In some microgreens and treatments, two overlapping peaks are
seen for chlorogenic acid and its isomer (cryptochlorogenic acid)
which could not be separated (Figure 1).
Peaks 9–13 in Figure 1, i.e., caffeoyl malate ([M-H]− m/z
295.0460, 9), hydroxyferuloyl malate ([M-H]− m/z 325.05651,
10), coumaroyl malate ([M-H]− m/z 279.051, 11), sinapoyl malate
([M-H]− m/z 339.0722, 12) and feruloyl malate ([M-H]− m/z
309.0616, 13) were tentatively identified according to literature
data and based on their deprotonated ions and their fragments (Table 1) (Harbaum et al., 2007; Oszmiański et al., 2013; Koley et al.,
2020; Oulad El Majdoub et al., 2020). These were the most dominant phenolics identified in the microgreens, and were all malate
esters of caffeic (6), 5-hydroxyferulic acid, p-coumaric (1), sinapic
(4) and ferulic acid (5), respectively, from the characteristic loss of
malate (116 amu) (Figure 3). In Brassica, hydroxycinnamoyl esters
of malic acid are synthesized by action of sinapoylglucose:malate
sinapoyltransferase (SGMS), an enzyme which is capable of transferring the hydroxycinnamoyl moiety from a hydroxycinnamoylglucose ester to a malic acid acceptor (Sullivan, 2009). Sinapoylglucose accumulator 1 (SNG1) gene in Arabidopsis thaliana
encodes the enzyme responsible for the accumulation of sinapoyl
malate in seeds and leaves (Lehfeldt et al., 2000). For example,
SGMS extracted from radish (Raphanus sativus) is a homolog of
the Arabidopsis SNG1 gene product and can catalyze sinapoyl-,
feruloyl-, caffeoyl- and coumaroyl-glucoside esters to form the
corresponding malic acid esters (Sullivan, 2009). Peak ion height
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m-coumaric acid

o-coumaric acid

sinapic acid

ferulic acid

caffeic acid

chlorogenic acid

neochlorogenic acid

2

3

4

5

6

7

8

9.55
12.52

hydroxyferuloyl malate

coumaroyl malate

sinapoyl malate

feruloyl malate

caffeic acid glucoside

caffeic acid glucoside

10

11

12

13
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14a/b

6.11
7.36
10.65

salicylic acid glucoside

salicylic acid glucoside

salicylic acid glucoside

16a/b/c

10.95

hydroxyferulic acid glucoside

15

22.70

23.38

21.02

19.61

caffeoyl malate
(phaselic acid)

17.36

8.90

14.08

13.72

20.46

21.59

23.45

21.04

18.28

RT (min)

9

Phenolic acid derivatives

p-coumaric acid

Name/Tentative
Identification

1

Free phenolic acids

Compound #

353.0870

C16H18O9

371.0988
299.0773

C13H16O8

341.0880

C16H20O10

C15H18O9

309.0616

339.0722

C15H16O9
C14H14O8

279.0510

325.05651

C13H12O7

C14H14O9

295.0460

179.0350

C13H12O8

193.0506

C9H8O4

223.0612

163.0401

Observed
[M-H]−

C10H10O4

C11H12O5

C9H8O3

Formula

Table 1. LC–HRMS/MS-ESI identification of polyphenolics in eight Brassica microgreens

Ref.

137.0250, 93.035, 71.0140

137.0250, 89.0249, 179.0359,
299.0771, 119.0354, 101.0249

137.0250, 93.035

191.0354, 209.040, 176.0118, 165.0558

179.0354, 135.046, 161.0252

161.0249, 179.0354, 135.0456

193.0507, 134.0376, 71.0139,
115.0039, 149.0610, 178.0273

223.0613, 164.0482, 71.0139, 115.0040,
208.0379, 179.0716, 149.0246

163.0403, 133.0145, 119.0504, 115.0039, 71.0139

133.0146, 209.0458, 115.0040,
150.0325, 194.0221, 165.0560

133.0146, 115.0440, 179.0353, 135.0455

191.0561, 179.0350, 135.0453,
161.0245, 173.0456, 155.0351

191.0559, 161.0246, 179.0349,
275.8323, 154.9462

135.0451, 134.0373, 136.0486,
107.0500, 117.0347, 161.0238

178.0269, 149.0606, 134.0372, 137.0242

208.0376, 193.0141, 179.0713,
164.0479, 152.0115,149.0244

119.0501, 117.0347, 120.0533,
93.0343, 91.0553, 65.0396

(continued)

Blazics et al. 2010;
Sarkar et al. 2012;
Torras-Claveria, et
al. 2012; Zhang et al.
2013; Liu et al. 2016

Huang et al. 2015

Kramberger et al. 2020

Harbaum et al. 2007;
Oszmiański et al. 2013;
Tang et al. 2016; Oulad
El Majdoub et al. 2020

119.0501, 93.0344, 120.0534, 117.0347, 145.0291 Koley et al. 2020;
Sinosaki et al. 2020
119.0501, 91.0554, 93.0346, 120.0535,
145.0293, 135.0452, 117.0348

Fragments
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64
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26.57
27.23

sinapoyl feruloyl
gentiobioside

15.61

sinapoyl glucoside

sinapoyl feruloyl
gentiobioside

15.15

sinapoyl glucoside
26.37

14.21

sinapoyl glucoside

sinapoyl feruloyl
gentiobioside

12.26

sinapoyl glucoside

Flavonol derivatives

23a/b/c

22a/b/c/d

19.53

18.63

sinapoyl gentiobioside

26.76

14.75

sinapoyl gentiobioside

disinapoylgentiobioside

13.92

sinapoyl gentiobioside

disinapoylgentiobioside

9.98

sinapoyl gentiobioside

21a/b

9.33

14.41

feruloyl glucoside

20a/b/c/d/e sinapoyl gentiobioside

12.99

feruloyl glucoside

19a/b

8.84

dihydroxybenzoic
acid glucoside
17.51

7.09

dihydroxybenzoic
acid glucoside

3-benzoyloxy-2hydroxypropyl
glucopyranosiduronic acid

6.26

RT (min)

dihydroxybenzoic
acid glucoside

Name/Tentative
Identification

18

17a/b/c

Compound #

Table 1. (continued)

C33H40O18

C17H22O10

C34H42O19

C23H32O15

C16H20O9

C16H20O10

C13H16O9

Formula

723.2151

385.1143

753.2263

547.1671

355.1037

371.0984

315.0723

Observed
[M-H]−

Olsen et al. 2009;
Sun et al. 2013

Wang et al. 2018

Gómez-Caravaca
et al. 2016

Ref.

175.0404, 205.0509, 193.0509,
223.0618, 499.1479

175.0404, 205.0509, 223.0609, 193.0509

205.0508, 193.0511, 190.0275,
175.0405, 134.0377

205.0509, 190.0275, 223.0615, 89.0247

223.0614, 208.0378, 179.0717, 164.0486

205.0509, 247.0612, 223.0614, 164.0468

205.0512, 223.0616, 247.0614, 265.0719

205.0510, 223.0616, 190.0276, 529.1561

205.0510, 223.0616, 190.0276

205.0508, 223.0615, 265.0721,
427.1244, 325.0929

(continued)

Harbaum et al. 2007;
Sousa et al. 2008; Olsen
et al. 2009; Chakraborty
and Mandal 2013;
Sun et al. 2013

Lin et al. 2011;
Oszmiański et al. 2013;
Morreel et al. 2014;
Truchado et al. 2015

Ferreres et al. 2008

Harbaum et al. 2007;
Sousa et al. 2008; Lin
205.0513, 223.0618, 179.8829,
et al. 2011; Engels
427.1258, 265.0728
et al. 2012; Sun et
205.0513, 223.0618, 164.0482, 89.0248, 247.0612 al. 2013; Shao et al.
2014; Qu et al. 2020
205.0508, 190.0273, 89.0246, 223.0614

205.0513, 223.0618, 427.1258, 265.0728

175.0402, 193.0507, 160.0168,
217.0508, 134.0378

193.0507, 149.0611, 134.0376, 178.0271

249.0618, 121.0299, 113.0247, 85.0297,
75.0088, 371.0997, 231.0518

153.0197, 315.0724, 152.0118, 109.0298

152.0119, 315.0724, 153.0197,
108.0220, 109.0298

153.0197, 109.0298

Fragments
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Qn rhamnoside pentoside

Qn rhamnoside pentoside

25a/b

17.10
18.00

Km glucoside rhamnoside

Km 3-glucoside-7rhamnoside

Km triglucoside glucoside

Km hydroxyferuloyl
diglucoside glucoside

Qn feruloyl diglucoside
glucoside

Km feruloyl triglucoside
glucoside

Km feruloyl triglucoside
glucoside

Km feruloyl diglucoside
glucoside

Km sinapoyl diglucoside
glucoside

Km sinapoyl triglucoside
glucoside

Km sinapoyl triglucoside
glucoside

28a

28b

29

30a

30b

31a
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31b

32

33

34a/b

17.91

18.06

18.26

17.23

16.49

15.05

13.29

25.58

24.88

Km rhamnosyl pentoside

25.76

27.88

23.26

23.43

27

Km 3,7-dirhamnoside

24.40

Qn rhamnosyl glucoside

24c

26

24.64

Km 3-glucosyl glucoside

24b

19.30

Km 3,7-diglucoside

24a

RT (min)

Name/Tentative
Identification

Compound #

Table 1. (continued)

C50H60O30

C44H50O25

C43H48O24

C49H58O29

C43H48O25

C39H50O26

C27H30O15

C26H28O14

C27H30O14

C26H28O15

C27H30O16

Formula

1139.3110

977.2584

947.2474

1109.3011

963.2424

933.2532

593.1513

563.1411

577.1563

579.1360

609.1470

Observed
[M-H]−

771.2004, 977.2589, 284.0331, 753.1899

284.0329, 771.2005, 977.2578, 753.1903

284.0329, 609.1470, 446.0860, 815.2054

284.0327, 609.1465, 446.0856, 785.1943

771.2015, 284.0329, 947.2387, 753.1855

284.0329, 771.2015, 947.2467, 753.1925

462.0811, 625.1418,
300.0210, 787.1981

609.1472, 284.0332, 191.0354, 801.1872

771.2006, 284.0329, 285.0405, 446.0865

430.0907, 447.0935, 285.0406,
283.0249, 593.1518

430.0906, 283.0250, 285.0406,
431.1000, 417.0834, 563.1396

285.0406, 430.0905, 431.0986,
283.0248, 577.1534

446.0857, 301.0350, 299.0201,
447.0941, 433.0771

446.0857, 299.0199, 301.0358,
447.0931, 579.1356, 433.0779

446.0854, 301.0354, 299.0196,
447.0931, 463.0885, 609.1473

284.0331, 285.0416, 609.1492, 446.0882

285.0408, 446.0860, 283.0253,
447.0938, 609.1451

Fragments

(continued)

Schmidt et al. 2010; Li et
al. 2018; Koley et al. 2020

Li et al. 2018; Youssif
et al. 2019

Gonzales et al. 2014;
Onkokesung et al. 2014;
Zhang et al. 2018

Gonzales et al. 2014;
Onkokesung et al. 2014;
Zhang et al. 2018

Barros et al. 2011

Ferreres et al. 2008;
Negri, Santi et al. 2012;
Oszmiański et al. 2013

Lin et al. 2011;
Li et al. 2016

Harbaum et al.
2007; Ferreres et al.
2008;Negri et al. 2012

Ref.
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Qn sinapoyl diglucoside
glucoside

Qn sinapoyl triglucoside

39a

39b

21.55

16.31

11.78
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Qn hydroxyferuloyl
diglucoside glucoside

Qn hydroxyferuloyl
diglucoside-7-glucoside

Qn 3-feruloyl-diglucoside7-diglucoside

Km 3-hydroxyferuloyldiglucoside-7-diglucoside

Qn caffeoyl diglucoside
glucoside

Iso glucoside rhamnoside

Iso 3,7-diglucoside

42a

42b

43a

43b

44

45

46

Km, kaempferol; Qn, quercetin, Iso, isorhamnetin

Qn coumaroyl
diglucoside glucoside

41

20.02

25.98

13.84

15.17

16.87

16.61

13.54

16.70

15.65

Qn triglucoside glucoside

38

25.77

21.57

Qn 3-sinapoyltriglucoside7-glucoside

Qn dirhamnoside

37

16.63

Qn 3-diglucoside

36b

16.99

15.58

RT (min)

Qn 3-sinapoyltriglucoside7-glucoside

Qn 3,7-diglucoside

36a

40a/b

Km caffeoyl diglucoside
glucoside

Name/Tentative
Identification

35

Compound #

Table 1. (continued)

C28H32O17

C28H32O16

C42H46O25

C49H58O30

C43H48O26

C42H46O24

639.1570

623.1624

949.2274

1125.2957

979.2379

933.2314

1155.3054

993.2535

C44H50O26

C50H60O31

949.2480

593.1513

625.1414

933.2314

Observed
[M-H]−

C39H50O27

C27H30O15

C27H30O17

C42H46O24

Formula

315.0514, 476.0966, 313.0358,
477.0142, 639.1595

315.0512, 460.1014, 313.0352,
461.1094, 477.1034

625.1420, 462.0811, 787.1959, 300.0278

771.2006, 284.0330, 191.0354,
963.2426, 609.1447

787.1957, 462.0808, 300.0278, 299.0199,
463.0876, 769.1835, 963.2440

625.1415, 462.0807, 300.0276, 787.1943

462.0807, 625.1415, 787.1943, 300.0276

462.0805, 624.4000, 300.0272, 787.1967

787.1922, 462.0810, 300.0275,
769.1866, 607.1309

787.1922, 462.0810, 300.0275,
993.2586, 625.1424

300.0277, 787.1934, 178.9994

462.0810, 625.1422, 299.0200,
787.1956, 831.2026

462.0809, 787.1954, 300.0278, 949.2516

446.0857, 301.0354, 447.0934,
299.0197, 593.1514

300.0278, 301.0355, 625.1411

462.0810, 463.0880, 301.0359,
299.0202, 625.1433

609.1464, 284.0326, 161.0247, 771.1784

Fragments

Lin et al. 2011; Arimboor
and Arumughan
2012; Sun et al. 2013;
Chen et al. 2015; Li
et al. 2016; Oulad El
Majdoub et al. 2020

Arimboor and Arumughan
2012; Sun et al. 2013;
Chen et al. 2015

Schmidt et al. 2010;
Chen et al. 2019

Li et al. 2018; Yang
et al. 2018

Schmidt et al. 2010;
Benayad et al. 2014

Schmidt et al. 2010;
Koley et al. 2020

Llorach et al. 2003;
Sun et al. 2013

Lin and Harnly 2010;
Gonzales et al. 2015

Lin and Harnly 2010

Barros et al. 2011

Llorach et al. 2003; Lin
et al. 2011; Sun et al.
2013; Li et al. 2016

Ref.
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Figure 2. Extracted ion chromatograms (XIC) of three sub-groups of detected polyphenolics (flavonol glycosides/conjugated phenolic acids/free phenolic
acids) under each treatment in Brassica microgreens. Control is 4.73A(amber):20.52B(blue):74.36R(red) and bars represent the peak area averages ± SD
of three replicates per microgreen.

was generally the highest for malates, therefore the genes controlling their formation under LED should be further examined to understand the light-regulated gene activity.
Several glucosides or hexosides were indeed also identified.
Compound 14a/b with [M-H]− of m/z 341.088 was identified as
caffeic acid glucoside with major fragment of m/z 179.0354 (6,
loss of hexosyl, 162 amu) (Kramberger et al., 2020). Glucosides
of hydroxyferulic acid 15, salicylic acid 16a/b/c, dihydroxybenzoic acid 17a/b/c, feruloyl 19a/b and sinapoyl 22a/b/c/d were also
tentatively identified by matching with literature reports which
observed the loss of a glucoside unit (162 amu) from their respective deprotonated molecular ions and the aglycone ions (Table
1) (Olsen et al., 2009; Blazics et al., 2010; Sarkar et al., 2012;
Torras-Claveria et al., 2012; Oszmiański et al., 2013; Sun et al.,
2013; Zhang et al., 2013; Huang et al., 2015; Truchado et al., 2015;
Gómez-Caravaca et al., 2016; Liu et al., 2016; Qu et al., 2020).
Salicylic acid is a modulator of plant stress response and is pro-

duced in the phenylalanine ammonia lyase/ isochorismate synthase
pathway which is responsible for controlling biotic and abiotic factors (Lefevere et al., 2020).
Compound 18 with its deprotonated molecular ion [M-H]− of
m/z 371.0984 was tentatively identified as 3-benzoyloxy-2-hydroxypropyl glucopyranosiduronic acid according to literature
data and fragment of m/z 249.0618 corresponding to the neutral
loss of benzoic acid (122 amu) (Wang et al., 2018). Compound
20a/b/c/d/e with [M-H]− of m/z 547.1671 showed major fragment
of m/z 205.0513 (loss of gentiobiose, 342 amu) and m/z 223.0618
(loss of H2O from 4), and therefore was tentatively identified as
sinapoyl gentiobioside (Table 1) (Lin et al., 2011; Engels et al.,
2012; Oszmiański et al., 2013; Morreel et al., 2014; Qu et al.,
2020). These compounds were only detected in RR microgreens
in the present study. Sinapoyl gentiobioside is relatively abundant
in B. oleracea and at least three of its isoforms can be identified in
any Brassica species (Sousa et al., 2008; Lin et al., 2011; Shao et
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Figure 3. Hydroxycinnamic acids (HCA) (top) and malate esters of HCA (bottom) detected in Brassica microgreens under amber, blue and red LED.

al., 2014; Qu et al., 2020). Compound 21a/b with [M-H]− of m/z
753.2263 was tentatively identified as disinapoyl gentiobioside according to literature data with the major fragment of m/z 529.1561
(loss of 4) (Ferreres et al., 2008; Picchi et al., 2020). Compound
23a/b/c with [M-H]− of m/z 723.2151 was tentatively identified
as sinapoyl feruloyl gentiobioside in only radish (RR, RO) microgreens according to literature data on cabbage and PC and major
fragments of m/z 499.1479 (loss of 4) and m/z 193.0509 (loss of
gentiobiose and neutral 4) (Table 1) (Harbaum et al., 2007; Sousa
et al., 2008).
3.4. Flavonols and derivatives
The MS analysis of all microgreen extracts indicated that the main
flavonoids in Brassica vegetables were Qn and Km derivatives,
and less of Iso, and most of them were ester-linked glycosides (Oglycosides) or O-acylglycosides (Table 1) (Cartea et al., 2010; Sun
et al., 2013).
Compound 24a with deprotonated molecular ion [M-H]− of m/z
609.1470 was tentatively identified as Km 3,7-diglucoside according to literature on other Brassica vegetables, with fragments of m/z
447.0939 (loss of one glucose moiety, 162 amu) and m/z 285.0408
(Km, loss of the second glucose moiety) (Lin et al., 2011; Li et al.,
2016). A lower peak area of m/z 447.0939 indicated the presence
of the diglucoside moiety; thus, compound 24b was tentatively
identified as Km 3-glucosyl glucoside and 24c as Qn rhamnosyl
glucoside based on the observed fragment of m/z 447.0931 (loss of
glucosyl moiety) and m/z 301.0354 (Qn, loss of a glucosyl moiety)
(Olsen et al., 2009; Sun et al., 2013). Compound 25a/b with [MH]− of m/z 579.136 was tentatively identified as Qn rhamnoside
pentoside according to literature data and the observed fragments
of m/z 447.0931 (loss of pentose, 132 amu) and m/z 301.0358 (Qn,
loss of rhamnosyl unit, 146 amu) (Table 1) (Barros et al., 2011).
Compound 26 with pseudo-molecular ion [M-H]− of m/z
577.1563 was detected in radish microgreens (RR, RO) only, and
was tentatively identified as Km 3,7-dirhamnoside with fragments
m/z 431.0986 (neutral loss of one rhamnose, 146 amu) and m/z
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285.0406 (Km, loss of second rhamnose) that indicated two rhamnose moieties in different positions on the aglycone (Harbaum et
al., 2007; Negri et al., 2012). Structurally similar Km derivatives
can also be found in turnip (B. rapa) and cabbage (B. oleracea) microgreens (Table 1) (Ferreres et al., 2008). Compound 27 with [MH]− of m/z 563.1411 was tentatively identified as Km rhamnosyl
pentoside according to one study based on fragmentation of [MH]− to m/z 431.1000 (loss of pentose, 132 amu) and m/z 285.0406
(Km, loss of rhamnosyl moiety, 146 amu) (Barros et al., 2011).
Deprotonated molecular ion [M-H]− of m/z 593.1513 and 933.2532
were tentatively identified as Km triglucoside rhamnoside 28a/b
and Km triglucoside glucoside 29 according to literature data and
major fragments of m/z 447.035 and 771.2006 indicating the loss
of rhamnosyl moiety (146 amu) and glucosyl moiety (162 amu),
respectively. Both compounds 28a/b and 29 also had fragment of
m/z 285.0406 (Km) from the loss of the glucosyl (162 amu) and
triglucosyl (648 amu) moiety, respectively (Table 1) (Gonzales et
al., 2014; Onkokesung et al., 2014; Zhang et al., 2018).
Peaks 30–35 were acylglycosides of Km. Compound 30a/b with
deprotonated molecular ion [M-H]− of m/z 963.2424 was tentatively identified as Km hydroxyferuloyl diglucoside glucoside/Qn
feruloyl diglucoside glucoside according to the literature data and
based on fragments m/z 801.1872 and 609.1472 (loss of a glucosyl
unit, 162 amu) and the feruloyl ion (192 amu). Additionally, fragments m/z 284.0332 (Km, loss of diglucoside moiety, 325 amu)
and m/z 300.021 (Qn) were observed (Table 1) (Li et al., 2018;
Youssif et al., 2019). Compound 31a/b and 32 with deprotonated
molecular ion [M-H]− of m/z 1109.3011 and m/z 947.2474 were
tentatively identified as Km feruloyl trigulucoside glucoside and
Km feruloyl diglucoside glucoside, respectively, based on similar fragmentation patterns, i.e., loss of the glucosyl and diglucosyl moieties, and the presence of the feruloyl and Km fragments
(Schmidt et al., 2010; Li et al., 2018). Other Km derived cinnamic
acid glucosides were tentatively identified as Km sinapoyl diglucoside glucoside ([M-H]− m/z 977.2584, 33), Km sinapoyl triglucoside glucoside ([M-H]− m/z 1139.3110, 34a/b) and Km caffeoyl
diglucoside glucoside ([M-H]− m/z 933.2314) based on similar
fragmentation to the literature data (Table 1) (Schmidt et al., 2010;
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Li et al., 2018).
Qn glycosides were the most abundant flavonols in the microgreen samples. Compound 36a/b with deprotonated molecular
ion of [M-H]− at m/z 625.1414 was tentatively identified as Qn
3,7-diglucoside/Qn 3-diglucoside according to the literature and
fragments of m/z 463.0880 (loss of glucosyl moiety, 162 amu) and
m/z 301.0355 (loss of second glucosyl) (Table 1) (Lin et al., 2011;
Li et al., 2016). Compound 37 with deprotonated molecular ion of
[M-H]− at m/z 593.1513 was tentatively identified as Qn dirhamnoside according to one study with fragments of m/z 446.0934
(loss of first rhamnosyl unit, 146 amu) and m/z 301.0354 (Qn,
loss of second rhamnosyl unit) (Barros et al., 2011). Compound
38 with deprotonated molecular ion of [M-H]− at m/z 949.248
was tentatively identified as Qn triglucoside glucoside based on
literature data in mustard greens, yu choy and 15 other Brassica
vegetables and fragments of m/z 787.1954 (loss of first glucosyl
moiety), m/z 462.0809 (loss of diglucoside, 325 amu) and m/z
300.0278 (Qn, loss of second glucosyl) (Table 1) (Lin and Harnly,
2010).
Peaks 39–44 were Qn acylglycosides, except 43b which was a
Km acylglycoside. Compound 39a/b with [M-H]− at m/z 993.2535
was tentatively identified as Qn sinapoyl diglucoside glucoside/Qn
sinapoyl triglucoside based literature data and fragments of m/z
831.2026 (loss of glucosyl unit, 162 amu), m/z 300.0277 (Qn) and
m/z 462.0810 (sinapoyl-glucoside) (Lin and Harnly, 2010; Gonzales et al., 2015). Compound 40a/b with [M-H]− at m/z 1155.3054
was tentatively identified as Qn 3-sinapoyltriglucoside-7-glucoside according to the literature data in Brassica microgreens of
other red mustards, pac choi, kale and mizunas other studies, and
observed fragments of m/z 993.2586 (loss of glucosyl unit), m/z
787.1922, m/z 462.0810 (Qn glucoside) and m/z 300.0275 (Qn,
loss of glucosyl unit) (Table 1) (Llorach et al., 2003; Schmidt et
al., 2010; Sun et al., 2013). Compound 41 with [M-H]− at m/z
933.2314 was tentatively identified as Qn coumaroyl diglucoside glucoside according to the literature and fragments of m/z
787.1967 (loss of coumaroyl unit, 146 amu), m/z 624.400 (loss
of 162 amu, glucosyl unit) and m/z 462.0805 (loss of glucosyl)
and m/z 300.0272 (Qn) (Table 1) (Schmidt et al., 2010; Koley et
al., 2020). A similar pattern was observed for 42a/b which was
tentatively identified as Qn hydroxyferuloyl diglucoside glucoside
based on literature data and fragments m/z 787.1943 (loss of dehydrated dihydroferulic acid moiety, 192 amu), m/z 625.1415 (loss of
glucosyl moiety) and the presence of Qn (m/z 300.0278) (Schmidt
et al., 2010; Benayad et al. 2014). Compound 43a with pseudomolecular ion [M-H]− of m/z 1125.2957 was tentatively identified
as Qn 3-feruloyldiglucoside-7-glucoside according to literature
data and fragments m/z 963.2440 (loss of glucosyl), m/z 787.1957
(subsequent loss of feruloyl group, 176 amu), m/z 463.0876 (loss
of diglucoside, 324 amu) and presence of m/z 301.0355 (Qn) (Table 1) (Li et al., 2018; Yang et al., 2018). An earlier eluting isomer 43b with the same pseudo-molecular [M-H]− was tentatively
identified as Km 3-hydroxyferuloyl-diglucoside-7-diglucoside
according to one study with fragments of m/z 771.2006 (loss of
hydroxyferuloyl glucoside, 354 amu) and the presence of Km (Lin
et al., 2011). Similarly, compound 44 with deprotonated molecular
ion [M-H]− m/z 949.2274 was tentatively identified as Qn caffeoyl
diglucoside glucoside according to the literature and by the losses
of the glucosyl, diglucoside and caffeoyl moieties from [M-H]−
to produce fragments of m/z 787.1959, 625.1420, 462.0811 and
300.0278 (Table 1) (Schmidt et al., 2010; Chen et al., 2019).
Compound 45 with deprotonated molecular ion of [M-H]− at
m/z 623.1624 was tentatively identified as Iso-glucoside rhamnoside according to previous reports in Brassica vegetables with
fragments of m/z 477.1034 (loss of rhamnosyl, 146 amu) and m/z

315.0512 (Iso, loss of glucosyl, 162 amu) (Table 1) (Arimboor and
Arumughan 2012; Sun et al., 2013; Chen et al., 2015). Compound
46 of [M-H]− at m/z 639.157 was identified as Iso-3,7-diglucoside
according to literature data and fragments m/z 477.0142 (loss of
glucosyl moiety) and m/z 315.0514 (Iso, loss of second glucosyl)
and (Table 1) (Lin et al., 2011; Li et al., 2016). One report identified the 3- and 7- monoglucosides of Iso that is common to Brassica vegetables; however, only trace amounts were observed in our
RR and RO microgreens (Sun et al., 2013).
3.5. Light effects on individual phenolic components in the
microgreens
The effects of seven different combined amber, blue and red LED
ratios (%) on individual phenolic compounds in the microgreens
were quantitatively analysed based on the ion counts of major
peaks of the XIC of different microgreen samples grown under
LED, and were compared to those under the basal (control) treatments (Table 2). Based on peak areas (ion counts), free phenolic
acid contents in the microgreen samples were low (except in RO);
most phenolic acids were present as derivatives or conjugated
with other compounds (i.e. malates, glycosides). Phenolic acid
glycosides predominated the pool of phenolics in the microgreens
(except in RO). Flavonoid contents in the studied microgreens
had significantly lower ion counts compared to the phenolic acids
(Figure 2). The current study identified 23 flavonoids and their
conjugates; the majority were various Km and Qn glycosides or
acylglycosides and a small number of Iso glycosides (Table 1).
Considering the low peak area data detected for free phenolic acids in addition to their very low abundance in Brassica, discussion will focus on compounds with peak ion counts ≥1.0e8 and
the effects of the combined LED light on their accumulation as
compared with control (%) (Table 2). Data on other phenolic compounds and their changes from control are listed in Table S1. Generally, the highest ion counts (≥1.0e8) was observed for all HCA
malates 9, 10, 11, 12, 13, sinapoyl glucoside 22a/b/c/d (MB only),
feruloyl glucoside 19a/b (RO only) and Qn rhamnoside glucoside
24c (RO only).
In B. juncea microgreens (MB, MG and MSF) the predominate
phenolics were malic acid esters of HCA with the highest peak
intensity (ion counts). This agrees with literature reports for B.
juncea which observed the predominating HCA to be the malate
derivatives of sinapic, ferulic, hydroxyferulic and caffeic acids
(Harbaum et al., 2008; Cartea et al., 2010). There was a significant decrease in 9, 10, 12 and 13 in MB under most treatments,
except under 12.02A:26.26B:61.14R resulting in their increase by
202%, 145%, 36% and 33%, respectively (Table 2). In MB, sinapoyl glucoside 22a/b/c/d was variably affected under the combined
lighting treatments and was generally significantly decreased by
29–69%. Contrasting responses under the lighting for MG were
observed compared to MB, i.e., 9, 10, 11, 12 and 13 were overall
significantly increased by 9.8–61.4%, 3.7–27.8%, 3.8–45.8%, 14–
22.2% and 23.3%, respectively, although 9 and 11 were decreased
under 6.74A:22.68B:70.25R by 11.1% and 9.8%, respectively (Table 2). Similarly, cinnamoyl malates 9, 10, 11, 12 and 13 in MSF
were also significantly increased under most light treatments by
8.9–38.3%, 5.7–46.4%, 6.3–26.9%, 4.7–17.4% and 10.8–24.5%,
respectively, except for 10 and 13 under 14.53A:30.18B:51.82R
and 9.51A:24.13B:65.91R (Table 2). Arabidopsis and other Brassica species accumulate sinapoyl malate in their leaves presumably
as a protective measure against high energy UV radiation (Jin et
al., 2000; Sullivan et al., 2021). This group of malates detected
in B. juncea microgreens may have been accumulated under most
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Table 2. Effect of LED treatments on the quantity of major phenolic compounds (% changes) in Brassica microgreens.

Percent change (%) b
Compound (#)
caffeoyl malate (9)

hydroxyferuloyl
malate (10)

coumaroyl malate (11)

sinapoyl malate (12)

feruloyl malate (13)

Light a

Mizunas

Radishes

Mustards

MO

MR

PC

RR

RO

MSF

MB

MG

1

NS

−17.2

21.2

NS

−7.8

18.9

15.3

13.0

2

34.2

4.7

19.3

10.1

−15.5

NS

−52.6

−11.1

3

NS

NS

18.6

27.3

−27.3

27.6

201.8

39.5

4

9.0

−17.9

6.5

22.5

15.5

NS

−89.9

17.5

5

23.9

−19.5

23.6

−4.4

−20.8

8.9

−48.8

24.8

6

NS

NS

−49.9

5.6

−18.2

27.7

−34.7

9.8

7

−51.4

−20.8

3.2

30.1

−26.0

38.3

−87.8

61.4

1

19.1

−20.7

9.7

26.2

5.0

5.7

NS

7.1

2

42.0

NS

17.3

10.9

−6.4

NS

−54.5

NS

3

12.9

NS

15.1

72.2

−24.4

34.4

145.2

NS

4

13.3

−17.8

NS

33.8

44.4

NS

−59.6

NS

5

28.9

−22.1

11.5

16.5

−9.5

−7.0

−61.0

27.8

6

10.8

−8.3

−45.8

71.2

−16.2

NS

−56.9

11.4

7

−47.1

−28.2

21.6

38.2

−25.0

46.4

−48.9

23.0

1

7.2

−10.5

7.5

−5.9

NS

17.9

NS

NS

2

25.8

−3.3

10.8

8.8

NS

NS

NS

−9.8

3

−8.9

−6.3

11.2

53.6

NS

12.1

NS

22.6

4

11.2

−14.7

NS

40.2

27.2

NS

NS

NS

5

16.6

−18.2

16.3

−5.1

−30.2

6.3

NS

NS

6

NS

−3.7

−55.5

3.5

−21.9

15.1

NS

7.4

7

−60.1

−20.5

−6.2

64.6

NS

26.9

NS

45.8

1

27.8

−22.6

15.1

19.5

19.4

17.4

−5.3

NS

2

41.9

−4.9

20.4

NS

NS

NS

−38.3

16.9

3

NS

−3.9

19.3

NS

−28.5

6.0

35.8

NS

4

15.1

−18.2

5.0

14.2

29.9

NS

−72.3

22.2

5

31.8

−14.9

11.2

NS

−9.3

4.7

−36.3

NS

6

NS

−13.6

−42.7

18.8

NS

NS

−32.6

14.0

7

−48.8

−39.1

4.9

11.7

−30.4

9.5

−35.8

−10.1

1

NS

−29.9

NS

6.0

NS

10.8

−13.2

NS

2

21.3

−13.8

9.5

NS

−15.8

−6.3

−43.7

NS

3

7.1

−2.1

22.3

31.0

−26.6

16.7

33.0

NS

4

NS

−21.0

24.8

21.3

12.9

NS

−75.1

NS

5

11.2

−22.5

NS

NS

−23.4

NS

−46.2

23.3

6

−11.2

−18.9

−54.1

NS

−20.6

NS

−26.6

NS

7

−52.3

−37.4

19.3

31.0

−31.7

24.5

−63.8

NS

aLED

treatments: 1, 6.74A:22.68B:70.25R; 2, 9.51A:24.13B:65.91R; 3, 12.02A:26.26B:61.14R; 4,12.57A:44.31B:42.39R; 5, 14.53A:30.18B:51.82R; 6, 18.45A:33.51B:47.48R; 7,
39.46A:58.94B:0.57R. bSignificant changes (%) from control (p<0.05) (4.73A:20.52B:74.36R); NS, not significant from control.

combined lighting regimes for similar reasons, or even under increasing blue light which is shown to be a source of high energy radiation in Brassica vegetables resulting in higher overall contents
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(Li et al., 2013; Kopsell et al., 2015; Vaštakaitė et al., 2015; Zheng
et al., 2018; Li et al., 2019; Ying et al., 2020).
Among the B. rapa microgreens, the five cinnamoyl malates
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(9–13) in MO and PC were generally increased more significantly compared to MR. Under most treatments, 9, 10, 11, 12 and
13 in MO were significantly increased by 9–34.2%, 10.8–42%,
7.2–25.8%, 15.1–41.9% and 7.1–21.3%, respectively, except
when treated under 39.46A:58.94B:0.57R leading to the significant decrease of 47.1–60.1% for these malates. Among the five,
11 and 13 also decreased under 12.02A:26.26B:61.14R and
18.45A:33.51B:47.48R by 8.9% and 11.2%, respectively (Table
2). In PC, a similar response was observed for these five cinnamoyl malates significantly increasing under most lighting except when under 18.45A:33.51B:47.48R. Our findings agree with
one study which also identified malate esters of HCA to predominate the pool of phenolics in several PC varieties (Harbaum et al.,
2007). In contrast to MO and PC, 9, 10, 11, 12 and 13 in MR were
significantly decreased under most treatments by 17.2–20.8%,
8.3–28.2%, 3.3–20.5%, 3.9–39.1% and 2.1–37.4% (Table 2). Only
9 was significantly increased in MR by 4.7%.
Sinapic acid esters (e.g., sinapoyl malate and sinapoyl glucose) are important UV protectants in Brassica, and the genes involved in their biosynthesis in Arabidopsis are well documented
(Fraser et al., 2007; Li et al., 2010; Shuab et al., 2016). The pathway for sinapoyl malate during biosynthesis in Brassica is well
characterized biochemically and Arabidopsis genes encoding the
enzymes upstream and downstream of UDP-glucosyltransferase
(UGT) have been identified (Lim et al., 2001; Shuab et al., 2016).
The precursor of sinapoyl malate is the glucose ester, thus modulation of the UGT enzyme involved in its formation may provide
a better understanding for the link between sinapoyl malate and
many other wavelengths under visible and UV light (Lim et al.,
2001).
The R. sativus microgreens RO and RR differed in their response
under the LED lightings in the five cinnamoyl malates 9–13. In RO,
9, 10, 11, 12 and 13 were significantly decreased under the lighting
by 7.8–27.3%, 6.4–25%, 21.9–30.2%, 9.3–30.4% and 15.8–31.7%,
respectively, except under 12.57A:44.31B:42.39R which showed
significant increase by 15.5%, 44.4%, 27.2%, 29.9% and 12.9%,
respectively (Table 2). In RR, on the other hand, 9, 10, 11, 12 and
13, were overall significantly increased under most treatments by
5.6–30.1%, 10.9–71.2%, 3.5–64.6%, 11.7–19.5% and 21.3–31%,
respectively, and only 9 and 11 were significantly decreased under
14.53A:30.18B:51.82R by 4.4% and 5.1%, respectively (Table 2).
Compound 19a/b in RO was also generally significantly increased
by 3–60%. Irrespective of the differences in the response under
light in both radish microgreens, light-grown radish seedlings had
higher activity of L-malate sinapoyltransferase, the enzyme catalyzing the transformation of sinapoyl glucose to sinapoyl malate,
and low 1-(hydroxycinnamoyl)glucose-hydroxylcinnamoyl-transferase activities (Dahlbender and Strack 1986; Gräwe et al., 1992;
Gutiérrez and Perez 2004). Further investigation into the genes
controlling phenylpropanoid pathway enzymes and their response
under LED would provide a more logical understanding of individual synthesis and opportunities for maximizing their content in
microgreens.

tive to the lighting (Alrifai et al., 2020). In the present study we
focused on the profile and identification of individual phenolic
compounds in these microgreens grown under the same LED lightings. By using LC-HRMS/MS-ESI, a total of 46 phenolics, including phenolic acids and flavonoids, were positively or tentatively
identified. HCA derivatives were the predominant majority of the
phenolics identified in the microgreens, followed by free phenolic
acids and flavonol glycosides/acylglycosides. The overwhelming
majority of the HCA derivatives were malate esters. In addition
to species-specific responses, light quality played a large role in
the profile and quantity of the phenolic compounds detected. Under combined red, blue and amber LED, the highest peak intensity
by ion counts were malate esters of HCA observed in R. sativus
microgreens, followed by B. juncea and B. rapa. HCA malates 9,
10, 12 and 13 in MB and 9–13 in MR and RO were decreased under most treatments, whereas all the five compounds (9–13) were
overall increased under combined lighting in RR, MG, MO, PC,
MSF. Additionally in MB, 9 and 10 were remarkably increased by
145% and 202% from the control, respectively, when grown under
12.02A:26.26B:61.14R.
Results of the present study demonstrated that amber LED in
combination with blue and red lights contributed to the altered
phenolic profile and increase and/or decrease in quantity of certain
phenolic compounds, particularly the HCA malates. The effect was
also species-specific among the eight Brassica microgreens tested,
suggesting that developing microgreens with high amount of certain phenolic compounds using the LED technology may be multifaceted. Also, the Brassica vegetables may contain other important
bioactive phytochemicals such as carotenoids and glucosinolates,
which may also contribute to the overall antioxidant or other health
beneficial activities. Future studies should therefore investigate on
the collective effect of LED lights on all phytochemical components and the molecular mechanisms modulating the synthesis of
these bioactives. Since LED are an emerging modern technology
for controlled environment agriculture, further investigation on
this sub-group of vegetables under certain wavelengths and intensities will allow for production of highly nutritious microgreen
vegetables. The literature is still scarce on studies investigating the
underlying gene expression of the enzymes in biosynthetic pathways controlling various syntheses, and only a few to date have
been studied in microgreens. Genes modulating phenylpropanoid
pathway enzymes under LED, for example, would provide a logical understanding of individual synthesis response and opportunities for optimizing the nutritional and antioxidant value in microgreens.
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Abstract
The phenolic composition of the exocarp, hypanthium, and endocarp from three pear cultivars: Jingbai, Korla and
Crystal were measured by high-performance liquid chromatography method with diode array detection (HPLCDAD), while antioxidant activities were investigated using DPPH radical and ABTS radical cation scavenging activity, and FRAP. Ferulic acid, chlorogenic acid, and caffeic acid were detected as major components. The exocarp
of the Jingbai pear had a relatively high chlorogenic acid content (0.691 mg kg−1) while the hypanthium and endocarp had the high chlorogenic acid content of the three pear varieties. The exocarp of the Korla pear had the
highest ferulic acid and rutin content. The exocarp, hypanthium, and endocarp of the Crystal pear had the highest
content of chlorogenic acid of the three pear varieties. The Crystal pear presented the highest total phenolic and
flavonoid contents and had the highest antioxidant activities in terms of FRAP. The Jingbai pear exocarp presented
the highest ABTS value, 83.62 ± 0.08%. The endocarp of the Crystal pear had the highest DPPH value, 87.30 ±
0.03%. Positive correlations were detected among chlorogenic acid, TPC, TFC, and FRAP. The results reveal that
the different parts of Pyrus communis L. have effective antioxidant activity for the pharmaceutical application.
Keywords: Pyrus communis L.; phenolic compounds; exocarp; hypanthium; endocarp; HPLC-DAD; TPC; DPPH.

1. Introduction
Pear (Pyrus communis L.) is one of the most common and widely
consumed fruits in the world (Lin and Harnly, 2008; Peng et al.,
2018). The desirable taste and high digestibility of pear fruits make
them very popular among consumers (Salta et al., 2010). Fruits
in general contain a wide array of dietary phytonutrients such as
sugars, organic acids (Hudina et al., 2012), dietary fiber (Hussain

et al., 2015), flavonoids, phenolic acids (Peng et al., 2015), carotenoids, and vitamins with strong antioxidant capacities (Oliveira et
al., 2009). The health benefits, such as would healing effects (Ma
et al., 2015) and antioxidant activity (Liaudanskas et al., 2017; Alipoorfard et al., 2020), are attributed to the dietary phytonutrients
in pear. Among fruits, the pear is reported to contain a considerable
large number of valuable compounds such as natural antioxidants
and in turn, impart health-promoting effects to consumers (Barroca
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et al., 2006). The distribution of antioxidants may vary among different parts of the same fruit, such as the exocarp and hypanthium
(Manzoor et al., 2012). Several studies have focused on phenolic
composition and antioxidant activity of exocarp and pulp of the
Pakistani pear varieties Nakh and Naspati (Manzoor et al., 2013)
and the Portuguese Rocha pear (Singleton et al., 1999). However,
the phenolic composition and antioxidant activity of the exocarp,
hypanthium, and endocarp of the Chinese pear cultivars: Jingbai,
Korla, and Crystal have not been evaluated.
The goal of this work is to investigate and analyze the phenolic
composition and antioxidant activity of the exocarp, hypanthium,
and endocarp of three different Chinese pear cultivars (Jingbai,
Korla, and Crystal), and to provide scientific support to produce an
enhanced value-added fruit and a source of a low-cost functional
food.
2. Materials and methods

ries instrument equipped with a UV-Vis photodiode array detector
(DAD). After injecting 5 μL of a sample, separation was performed
in an Agilent-Eclipse XDB C18 (4.6 × 150 mm; 5 μm) column.
The column temperature was set at 30 °C. Two solvents were used
for the gradient elution: A-(H2O containing 1% acetic acid) and
B-(methanol). The elution program used was as follows: from 0 to
3 min, 85% B, flow rate of 1.2 mL min−1; from 3 to 7 min, 70% B,
flow rate of 1.2 mL min−1; from 7 to 8 min, 55% B, flow rate of 0.6
mL min−1; from 8 to 14 min, 40% B, flow rate of 1.2 mL min−1;
from 14 to 14.1 min, 85% B, flow rate of 1.2 mL min−1. For identification purposes, the standard addition was used by spiking the
samples with pure standards, as well as by comparing the retention
parameters and UV-Vis spectral reference data. The concentration
of the identified phenolic compounds, expressed in mg per kg of
fresh fruit weight (FW), was obtained by calibration plots using
external standard methodology.
2.4. Determination of total phenolic content (TPC)

2.1. Materials and chemicals
Jingbai, Korla, and Crystal pears were purchased from a local supermarket in Qinhuangdao, Hebei Province, China. Before analysis, all samples were frozen at −20 °C. Folin-Ciocalteu reagent was
purchased from Beijing Aoboxing Biotechnology Co., Ltd. (Beijing, China). Gallic acid, catechin, chlorogenic acid, caffeic acid,
ferulic acid, rutin, morin, 1,1-diphenyl-2-picrylhydrazyl (DPPH),
2,4,6-tri(2-pyridyl)-s-triazine (TPTZ), and 2,2-azino-di-(3-ethylbenzothialozine-sulphonic acid) (ABTS) were purchased from the
National Standard Samples Center (Beijing, China). All other reagents were of analytical grade.
2.2. Sample preparation

The TPC of samples was determined using the Folin-Ciocalteu
reagent-based colorimetric assay as described by Singleton, Osirthofer, & Lamuela-Raventos (Singleton et al., 1999). Phenolic
content was calculated as gallic acid equivalents (GAE) and reported as mg 100 g−1 sample. Briefly, a 0.5 mL appropriately
diluted sample (or gallic acid standard at 0, 50, 100, 150 or 200
mg/L) was mixed with 0.5 mL of 2 N Folin-Ciocalteu reagent and
7.5 mL deionized water and allowed to stand for 10 min at room
temperature. Then, 3 mL of 20% (w/v) Na2CO3 was added to the
reaction mixture, and it was placed in a 40 °C water bath for 20
min. After the 20 min reaction period, the samples were cooled to
room temperature, and the absorbance was measured at 760 nm
(Dong et al., 2013).
2.5. Determination of total flavonoid content (TFC)

After washing thoroughly with tap water, the fruits were separated
into exocarp, hypanthium, and endocarp parts. The different portions recovered were sliced into cubes approximately 1× 1 cm using
a steel knife. The exocarp, hypanthium, and endocarp parts (each 5
g) were extracted with 70% ethanol (v/v) using a KQ5200DB sonicator (Kunshan, China) at 40 kHz and 100 W for 30 min at room
temperature. The exocarp, hypanthium, and endocarp extracts were
filtered through Whatman filter paper and filtrates were evaporated
to dryness in an EYEL4N-1100 vacuum rotary evaporator (EYELA
Corp., Tokyo, Japan). The extracts were used in a radical scavenging assay. The extracts were prepared in methanol and passed
through 0.45 μm polyether sulfone filter (Millipore Corp., Bedford,
North Dakota, USA) for HPLC analysis.
2.3. HPLC-DAD analysis

The TFC of samples was determined using a modified colorimetric
method (Jia et al., 1999). Briefly, a 0.25 mL pear sample extract
was mixed with 1.25 mL of distilled water and subsequently with
0.075 mL of 5% sodium nitrite solution, and was allowed to react
for 5 min. Then, a 0.15 mL of 10% aluminum chloride was added
and allowed to further react for 6 min before 0.5 mL of 1 M sodium
hydroxide was added. Distilled water was added to bring the final
volume of the mixture to 3 mL. The absorbance of the mixture was
immediately measured at 510 nm wavelength against a prepared
blank using a SHIMADZU UV-2201 spectrophotometer. The flavonoid content was determined by a rutin standard curve and expressed as the mean (milligrams of rutin equivalents (RE) per 100
g pear sample) ± standard deviation (SD) for three replications.
2.6. DPPH free radical scavenging capacity assay

For quantification purposes, the external standard methodology
was performed in which the solute chosen as the reference is chromatographed separately from the sample. Stock solutions of individual standards (gallic acid, catechin, chlorogenic acid, caffeic
acid, ferulic acid, and rutin) were prepared in methanol and used
to make the standard mixtures at the desired concentration. Calibration standard solutions had concentrations ranging from 9.5 to
380.0 mg L−1 for gallic acid, 10.6 to 424.0 mg L−1 for catechin,
10.2 to 408.0 mg L−1 for chlorogenic acid, 10.0 to 400.0 mg L−1
for caffeic acid and ferulic acid, and 9.8 to 392.0 mg L−1 for rutin.
HPLC-DAD analyses were carried out with an Agilent-1200 se-
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DPPH radical scavenging capacity of samples was evaluated according to the method of Xu & Chang (Xu and Chang, 2007) with
slight modifications. DPPH radicals have an absorption maximum
at 515 nm, which disappears due to reduction by an antioxidant
compound. The DPPH• solution in methanol (6 × 10−5 M) was prepared daily, and 3 mL of this solution was mixed with 100 μL of
the sample solution. The mixture was incubated for 20 min at 37
°C in a water bath, and then the decrease in absorbance at 515 nm
was measured (AS). A blank sample containing 100 μL of methanol
in the DPPH• solution was prepared daily, and its absorbance was
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Figure 1. HPLC-DAD chromatogram of the individual phenolic compounds mixture standard. Peak identification: (1) Gallic acid, (2) Catechin, (3) Chiorogenic acid, (4) Caffeic acid, (5) Ferulic acid, (6) Rutin and (7) Morin

measured (AB). The experiment was carried out in triplicate. Radical scavenging activity was calculated using the following formula:
Scavenging effect (%) = [ (AS – AB) / AB] × 100
where AB = absorbance of the blank sample and AS = absorbance
of the pear sample
2.7. Ferric reducing antioxidant power (FRAP) assay
This method is based on the reduction, at low pH, of a colorless
ferric complex (Fe3+-tripyridyltriazine) to a blue-colored ferrous
complex (Fe2+-tripyridyltriazine) by the action of electron-donating antioxidants. The reduction was monitored by measuring the
change of absorbance at 593 nm. The working FRAP reagent was
prepared daily by mixing 10 volumes of 300 mM acetate buffer,
pH 3.6, with 1 volume of 10 mM TPTZ in 40 nm hydrochloric
acid and with 1 volume of 20 mM ferric chloride. A standard curve
was prepared using various concentrations of FeSO4·7H2O. All
solutions were used on the day of preparation. 100 μL of sample
solutions and 300 μL of deionized water were added to 3 mL of
freshly prepared FRAP reagent. The reaction mixture was incubated for 30 min at 37 °C in a water bath. Then, the absorbance of
the samples was measured at 593 nm. A sample blank reading using acetate buffer was also taken. The difference between sample
absorbance and blank absorbance was calculated and used to calculate the FARP value. The reducing capacity of the sample tested
was calculated with reference to the reaction signal given by a Fe2+
solution. FRAP values were expressed as mmol Fe2+ g−1 of sample.
All measurements were done in triplicate (Xu and Chang, 2007).
2.8. ABTS assay free radical scavenging capacity assay
ABTS was dissolved in deionized water to a 7 mM concentration.
ABTS radical cation (ABTS•+) was produced by reacting ABTS
solution with 2.45 mM potassium persulfate (final concentration)
and allowing the mixture to stand in the dark at room temperature for 12–16 h before use. For the study, the ABTS•+ solution
was diluted in deionized water or ethanol to an absorbance of 0.7
(±0.02) at 734 nm. An appropriate solvent blank reading was taken
(AB). After the addition of 100 μL of sample solutions to 3 mL of

ABTS•+ solution, the absorbance reading was taken at 30 °C, 10
min after initial mixing (AS). All solution was used on the day of
preparation, and all determinations were carried out in triplicate
(Jia et al., 1999). The percentage of inhibition of ABTS•+ was calculated using the following formula:
Scavenging effect (%) = [ (AS – AB) / AB] × 100
where AB = absorbance of the blank sample and As = absorbance
of the pear sample
2.9. Statistical analysis
All results were expressed as mean ± SD of three replicates. Data
in triplicate were analyzed by one-way analysis of variance (ANOVA) and post-hoc test using SPSS 11.5 software package for Windows (IBM Corporation, Armonk, NY, USA).
3. Results and discussion
3.1. HPLC-DAD analysis of pear phenolics
High performance liquid chromatography-diode array detection
(HPLC-DAD) chromatogram of the individual phenolic mixture
standard is shown in Figure 1. The mixed standard substances were
separated at various scanning wavelengths, and the wavelength selected can simultaneously determine a variety of phenolics. After analysis and comparison of the spectra at each wavelength, it
has been found there was no wavelength at which seven types of
phenols can be simultaneously determined. This problem can be
overcome using a multiple wavelength scanning program capable
of monitoring several wavelengths simultaneously in which seven
phenolics were able to achieve maximum absorption, the baseline
was stable, and separation and repeatability was good. These results allowed us to conclude that good accuracy was reached in
pear fruit phenolic compounds determination.
The content of gallic acid, catechin, chlorogenic acid, caffeic
acid, ferulic acid, and rutin in pear samples is shown in Table 1.
Morin was not found in the exocarp, hypanthium, or endocarp of
pear fruit. Ferulic acid, catechin, gallic acid, chlorogenic acid, caf-
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Table 1. : Individual phenolics content in exocarp, hypanthium and endocarp from 3 varieties of pear (mg kg−1)

Samples

Parts

Gallic acid

Catechin

Chlorogenic Acid

Caffeic acid 1)

Ferulic acid

Rutin

Jingbai pear

Exocarp

0.016 ± 0.003

0.016 ± 0.002

0.691 ± 0.02

0.045 ± 0.004

0.576 ± 0.06

0.312 ± 0.02

Hypanthium

0.006 ± 0.001

nd*

0.074 ± 0.006

0.012 ± 0.002

nd

–

Korla pear

Crystal pear

Endocarp

0.010 ± 0.002

nd

0.353 ± 0.03

0.038 ± 0.005

nd

0.019 ± 0.003

Exocarp

0.025 ± 0.005

0.019 ± 0.003

0.254 ± 0.02

0.031 ± 0.005

1.405 ± 0.05

0.905 ± 0.04

Hypanthium

0.009 ± 0.001

nd

0.044 ± 0.005

0.013 ± 0.003

nd

–

Endocarp

0.006 ± 0.001

nd

0.505 ± 0.03

0.034 ± 0.005

nd

0.007 ± 0.001

Exocarp

0.011 ± 0.002

0.019 ± 0.002

0.225 ± 0.02

0.036 ± 0.004

0.131 ± 0.02

0.034 ± 0.004

Hypanthium

0.006 ± 0.001

nd

0.046 ± 0.005

0.017 ± 0.003

nd

–

Endocarp

0.008 ± 0.001

nd

0.304 ± 0.02

0.057 ± 0.005

nd

0.011 ± 0.002

*nd: < detection limit of the determination.

feic acid, and rutin were determined in the exocarp of all three
varieties. Gallic acid, chlorogenic acid, caffeic acid, and rutin were
determined in the endocarp of all three varieties. Gallic acid, chlorogenic acid, and caffeic acid were determined in the hypanthium
of all three varieties. Chlorogenic acid and ferulic acid, which belong to hydroxycinnamic acid, were detected as the major phenolics. Ferulic acid is an abundant phenolic phytochemical found
in plants. Kikuzaki et al. (2002) suggested that ferulic acid was
most effective radical-scavenging activity among the tested phenolic acids. The exocarp of the Jingbai pear had the highest chlorogenic acid content (0.691 mg kg−1). The exocarp of the Korla pear
presented the highest ferulic acid content (1.405 mg kg−1). The
content of chlorogenic acid in the Jingbai pear was in descending
order, as follows: exocarp > endocarp > hypanthium. The endocarp
from the Korla pear and the Crystal pear had the highest chlorogenic acid content, followed by exocarp and hypanthium. Other
reports have reported a similar phenomenon. Sanchez, Gil-Izquirdo & Gil (Sanchez et al., 2003) suggested that chlorogenic acid
content was higher in the exocarp than in the hypanthium from six
pear cultivars.
3.2. Total phenolic content (TPC) and total flavonoid content
(TFC)
TPC and TFC of exocarp, hypanthium, and endocarp from three

varieties of pear fruit are shown in Table 2. TPC and TFC in all
three varieties are in descending order as follows: exocarp > endocarp > hypanthium. These results are in accordance with previous studies in which TPC and TFC results for both the varieties of
pear fruit (Nakh and Nashpati) showed that the exocarp contained
higher phenolic contents than the pulp (Manzoor et al., 2013). Oztürk et al. (2015) determined the phenolic compounds and some
chemical characteristics at flesh and peel in some pear cultivars.
They also found the phenolic compounds were generally higher in
the peel than in the flesh (Oztürk et al., 2015). The exocarp of the
Crystal pear presented the highest TPC content (153.44 ± 2.60 mg
GAE 100g−1) and TFC content (3.04 ± 0.86 mg RE 100g−1). The
antioxidant activity of plant phenolics is due to the reactivity of
phenol moieties (hydroxyl group on aromatic ring) which have the
ability to scavenge free radicals via hydrogen-atom transfer (HAT)
or single-electron transfer (SET).
3.3. DPPH radical scavenging activity
DPPH is a stable free radical, which decreases significantly on exposure to proton radical scavengers (Sun et al., 2011). As a rapid
and simple measure of antioxidant activity, the DPPH radical scavenging capacity has been widely used. It also has an advantage of
polyphenolic compounds. The scavenging effect of different part
from all three varieties on the DPPH radical decreased in the order

Table 2. : TPC, TFC, FRAP, ABTS and DPPH in exocarp, hypanthium and endocarp from 3 varieties of pear

Samples
Jingbai pear

Korla pear

Crystal pear

Parts

TPC (mg GAE 100g−1)
3.02a

TFC (mg RE 100g−1)
2.96 ±

0.42a

FRAP (mmol Fe2+ g−1)
216.64 ±

9.54a

ABTS (%)
83.62 ±

0.08a

DPPH (%)
17.83 ± 0.53b

Exocarp

121.22 ±

Hypanthium

56.78 ± 1.78b

1.62 ± 0.50b

66.64 ± 1.10b

12.93 ± 0.04c

4.32 ± 0.05c

Endocarp

112.33 ± 3.52a

2.52 ± 0.43b

167.55 ± 3.59ab

53.44 ± 0.14b

84.86 ± 0.06a

3.33a

0.32a

0.18b

15.68 ± 0.06b

Exocarp

135.67 ±

Hypanthium

60.11 ± 1.92b

1.61 ± 0.45b

57.55 ± 9.39b

40.51 ± 0.14c

8.91 ± 0.07c

Endocarp

76.78 ± 2.96b

2.13 ± 0.50ab

80.27 ± 1.06a

72.41 ± 0.14b

79.46 ± 0.07a

0.15a

60.27 ± 0.53b

2.60a

2.89 ±

3.04 ±

0.86a

223.91 ±

1.92a

329.82 ±

5.03a

66.38 ±

Exocarp

153.44 ±

67.24 ±

Hypanthium

61.22 ± 2.69b

1.80 ± 0.21b

89.82 ± 1.16b

19.82 ± 0.09c

22.16 ± 0.05c

Endocarp

146.78 ± 2.63a

2.87 ± 0.30ab

308.91 ± 2.68b

56.03 ± 0.17b

87.30 ± 0.03a

a–cBar with no letters in common are significantly different (p < 0.05) in the same column. (TPC: Total phenolic content; TFC: Total flavonoid cotent; FRAP: ferric reducing antioxidant
power)
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of endocarp > exocarp > hypanthium (Table 2). This is in agreement with the result obtained by Manzoor, Anwar, Bhatti & Jamil
(Barroca et al., 2006), who suggested that the exocarps extracts of
the Nakh and Nashpati pears exhibited higher DPPH scavenging
activity ranging from 49.71–49.94% compared to those of the pulp
extract 27.89–28.29%. The endocarp from the Crystal pear had the
highest DPPH radical scavenging activity (87.30 ± 0.03%). The
hypanthium from the Jingbai pear had the lowest DPPH radical
scavenging activity (4.32 ± 0.05%). The exocarp, endocarp, and
hypanthium of the Crystal pear exhibited higher DPPH scavenging
activity compared to the Jingbai and Korla pears.
3.4. FRAP values

pear fruit was positively correlated with chlorogenic acid, TPC,
and TFC. Our results have found that the exocarp of three pear
varieties analyzed is rich in antioxidants. From a nutritional point
of view, the consumption of unexocarped pears if recommended
to maximize the dietary intake of antioxidant compounds.
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The FRAP assay is often used to measure the antioxidant capacity
of foods, beverages and nutritional supplements containing polyphenols. The antioxidant capacities of pear fruits using the FRAP
assay are shown in Table 2. The scavenging effect of different parts
from all three varieties on FRAP decreased in the order of exocarp > endocarp > hypanthium. The exocarp from the Crystal pear
had the highest FRAP (329.82 ± 5.03 mmol Fe2+ g−1). The hypanthium from the Korla pear had the lowest FRPA (57.55 ± 9.39
mmol Fe2+ g−1). It has been reported that the antioxidant activity of
many compounds of botanical origin is proportional to their phenolics contents, suggesting a causative relationship among TPC,
TFC, and FRAP. Interestingly, the Crystal pear, which exhibited
the highest chlorogenic acid, TPC, and TFC, registered the highest
FRAP. This is in agreement with the results obtained by Loots, Van
Der Westhuizen & Jerling (Loots et al., 2006) who suggested that
the FRAP of Kei-apple juice correlated well with the polyphenol
concentrations.
3.5. ABTS radical scavenging activity
The ABTS assay is applicable on both lipophilic and hydrophilic
compounds (Sasidharan and Menon, 2011). This ABTS method
determines the antioxidant activity of hydrogen-donating antioxidants and of chain-breaking antioxidants. The antioxidant capacities of three pear varieties using the ABTS assay are shown in Table 2. In the present study, the pear fruit samples showed notable
ABTS•+ cation radical scavenging activity. The scavenging effect
of different parts of the Jingbai and Crystal pears on ABTS•+
scavenging activity decreased in the order of exocarp > endocarp
> hypanthium. However, as for the Korla pear, the endocarp had
the highest ABTS•+ scavenging activity, followed by the exocarp
and hypanthium. The exocarp from the Jingbai pear presented the
highest ABTS•+ scavenging activity (83.62 ± 0.08%).
4. Conclusions
The present results describe TPC, TFC, and individual phenolic
compounds in exocarp, hypanthium, and endocarp from three
different varieties from China. Ferulic acid, catechin, gallic acid,
chlorogenic acid, caffeic acid, and rutin were determined in the
exocarp of three pear varieties. These pear varieties also showed
higher antioxidant activity when evaluation by FRAP, DPPH, and
ABTS assays. The Crystal pear presented the highest content of
total phenolic and total flavonoids as well as the highest results of
FRAP. This work has shown that phenolics in different pear varieties have potent antioxidants, and that the antioxidant activity in
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Abstract
Wuyi rock tea (WRT), a type of oolong tea, is famous for ‘rock flavor’ with characteristic taste and aroma. The
qualitative and quantitative changes of the nonvolatile constituents and taste profiles were investigated during
the WRT production process by analyzing of polyphenols, caffeine, amino acids, L-theanine and total sugar, coupled with sensory evaluation and determination of dose-over-threshold values. The contents of L-theanine, total
sugar, amino acids and some catechins varied considerably except for GA, GCG and GC that increased significantly
during the process, while the amount of caffeine was relatively stable. Astringent, bitter, sweet and umami taste
properties were predicted. In accordance with the sensory evaluation, there was no umami-like taste in the finished tea that underwent full fire processing, which is essential for WRT to enhance the mellow, heavy taste, and
weaken the bitter taste. EGCG and caffeine contributed the most to the astringent, bitter taste of WRT. This study
provides a comprehensive profile of the changes in taste characteristics during the WRT manufacturing process.
Keywords: Wuyi rock tea; Nonvolatiles; Taste profiles; Dose-over-threshold; Sensory evaluation; Manufacturing process.

1. Introduction
Tea (Camellia sinensis) with a pleasant taste and potential health
benefits made from the leaves of the tea plant. It is the most popular and consumed beverage besides water around the world (Ho

et al., 2015). According to the different tea processing, the tea can
be classified into black, white, yellow, green, dark, and oolong tea
(Yi et al., 2015). Oolong tea, which is a partially fermented tea is
highly appreciated by tea drinkers in Southeast China area and is
gaining popularity due to its special flavors (Chen et al., 2010).

Copyright: © 2021 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Wuyi rock tea (WRT), one kind of oolong tea, is mainly produced
in the Northern Fujian area. It is famous for ‘rock flavor’ with a
characteristic aroma and taste with mellow, heavy and thick attributes, which is produced by a series of manufacturing processes.
Tea manufacturing is the crucial factor that affects tea quality.
The production process substantially determines both the properties of the tea flavor and the relevant chemical constituents, and
subsequently the nutritional and biological properties of teas (Lin
et al., 2015). There are dozens of steps in the conventional WRT
manufacturing from fresh tea leaves to the final product, including withering, making (a total of five steps of shaking, i.e. from
the first to the fifth shaking), fixing, rolling, roasting twice from
the first and second roast, and full fire processing. Tea samples of
the individual processing steps have different flavor properties and
chemical components, which originate from biochemical reactions
or thermal reactions, and form the basis for the flavor generation of
the final product tea (Cho et al., 2007). Withering and making are
considered to be the vital processes for oolong tea flavor formation. Chemical transformations of plant metabolites and the liberation of flavor compounds occur in these two processes (Lin et al.,
2015; Cho et al., 2007; Guo et al., 2019; Ma et al., 2018). During
the WRT manufacturing process, enzymes are inactivated in the
fixing processing. After this procedure flavor compounds can only
be formed non-enzymatically (Kuo et al., 2011). Furthermore, the
full fire processing is a special drying procedure, which is a longlasting and highly intensive roasting procedure, and is essential for
the production of heterocyclic compounds with nutty or roasted
flavor (Guo et al., 2018). A number of early studies focused on the
effect of individual process such as withering, making or fixing
on the quality of oolong tea, especially on roasting odor formation
under high-intensity drying treatment (Hu et al., 2018; Kobayashi
et al., 2014; Lin et al., 2016; Sheibani et al., 2016). However, there
are few reports of changes in nonvolatile components during the
whole WRT processing.
Nonvolatile compounds in the tea leaves have important healthpromoting effects and are precursors of aroma chemicals, and
ultiamately influence the sensory characteristics and economic
value of the tea (Liu et al., 2018). Some crucial bioactive constituents in tea, such as catechins, caffeine, and amino acids are also
important components that determine the taste of the tea infusion
(Liu et al., 2018; Mao et al., 2018; Sharma et al., 2018; Yu et al.,
2014). Saccharides contribute to the sweet taste and are also important substrates for the production of tea aroma during thermal
reactions (Mao et al., 2018; Sharma et al., 2018; Yu et al., 2014;
Qu et al., 2019; Jiang et al., 2019). L-theanine, which is the most
abundant nonprotein amino acid in teas, shows biological activities
and also contributes significantly to the umami taste of tea and is
an aroma precursor (Guo et al., 2018; 2019). The nonvolatile components in oolong tea mainly derive from fresh tea leaves. After
the leaves are plucked, they undergo various reactions during the
tea production process such as aggregation, degradation, oxidation, and isomerization, which result in the formation of flavors
and other substances that strongly influence the quality of the tea,
especially the taste (Jiang et al., 2019; ÖLmez and Yilmaz, 2009).
To the best of our knowledge, the non-volatile compounds in Wuyi
rock tea, either in chemical compositions or in taste properties and
their changes during production, have been rarely comprehensive
analyzed and reported. Knowledge of the composition of nonvolatile substances, their taste profiles and changes throughout the processing chain would assist tea manufacturers either to improve the
tea taste or to avoid the generation of undesired flavors.
In the present work, nonvolatile polyphenols, caffeine, L-theanine, total sugar and free amino acids were analyzed in twelve
samples at different processing stages from fresh tea leaves to the
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finished tea product, which was subjected to full fire processing.
The aim was to provide the scientific foundation for the processing
and quality improvements of Wuyi rock tea.
2. Experimental
2.1. Tea materials
The preparation of Wuyi rock tea (cultivar “shuixian”) with ‘rockflavor’ was the same to Guo et al. (2018). The oolong tea samples
were provided by ManTingFeng Tea Co., Ltd (Wuyi Mountain
City, China), and were produced by a tea master with more than
30 years of experience in preparing of tea in 2016 according to
the traditional oolong tea processing, including withering, making
(a total of five steps, consisted of first shaking, second shaking,
third shaking, fourth shaking and fifth shaking), fixing, rolling,
roasting twice (first and second roasting) and full fire processing.
The detailed parameters of WRT processing were from Guo et al.,
(2021) and are shown in Table S1. The tea samples immediately
frozen in liquid nitrogen and then maintained at −80 °C until use.
The tea samples corresponding to the process steps were FTL
(fresh tea leaves), Wi-OT (withering, oolong tea), 1S-OT (making, first step), 2S-OT (second step), 3S-OT (third step), 4S-OT
(fourth step), 5S-OT (fifth step), Fx-OT (fixing, oolong tea), RoOT (rolling, oolong tea), FRt-OT (first roasting), SRt-OT (second
roasting) and FF-WRT (full fire, Wuyi rock tea). All tea samples
were freeze-dried and were ground into powder with an ultra-mill
(Changsha Hongjing Mechanical Equipment Co., Ltd., Changsha,
China) until the tea sample could pass through a 350 μm sieve.
2.2. Chemicals
Deionized water was prepared by a Milli-Q water purification system (Millipore, Billerica, Massachusetts). The authentic standards
were all of chromatographic grade. Detailed information of reference standards, solvents and their suppliers are listed in the Table
S2.
2.3. Determination of polyphenols and caffeine
The preparation of tea infusion and analytical procedure was previously published by Guo et al. (2021). In brief, the extraction of
polyphenols and caffeine (CAFF) was conducted two times by
adding 5 mL of 70% methanol to 0.1 g of tea powder in a 10 mL
centrifuge tube. The suspension was sonicated with the assistance
of KQ-500DE mode ultrasonic (Kunshan Ultrasonic Instruments
Co., Ltd., Kunshan, China) for 20 min at room temperature. The
two supernatants were combined and diluted to 10 mL with 70%
methanol after centrifugation at 3,500 rpm for 10 min, and then
filtered through 0.22 μm nylon membrane (Baierdi Technology
Co. Ltd., Hefei, China). The liquid chromatographic separations
were carried out on an Agilent 1260 Infinite II HPLC system using a Kinetex XB-C18 HPLC column (100 mm × 4.6 mm i.d., 2.6
μm; Phenomenex). Solvent A (0.2% acetic acid in water) and B
(100% methanol) were as the mobile phase, and the linear elution
programing was as follows: 0 min, 5% B; 2 min, 20% B; 14 min,
25% B; 20 min, 42 % B; 22 min, 42 % B; 28 min, 100% B; 30 min,
5% B. The injected volume was 5 μL with flow rate of 0.4 mL/
min at 30 °C and the UV detection wavelength was set at 278 nm.
Gallic acid (GA), catechins, and CAFF were identified by compar-
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ing their retention times and UV spectra with those of authentic
standards, and were quantitated by external calibration standards.
All experiments were run in three replicates.
2.4. Determination of free amino acids
The preparation of tea sample was the same to Guo et al. (2021).
0.10 g of tea powder and 10 mL of 4% sulfosalicylic acid was
placed in a 10 mL centrifuge tube and sonicated at 500 W for 30
min. The supernatant was filtered through a nylon membrane (0.22
μm, Baierdi Technology Co. Ltd., Hefei, China) after centrifugation at 12,000 rpm for 30 min. The determination of free amino
acids was conducted on a L-8900 automatic amino acid analyzer
system (Hitachi, Japan). The amino acids were separated by high
performance cation-exchange chromatography using a 2622SCPH ion separation column (4.6 mm ID × 60 mm L, Hitachi, Tokyo,
Japan, packed with 3 μm ion exchange resin) and post-column derivatized by ninhydrin. The temperature of the separation column
(Hitachi Ltd.) and reaction column (Hitachi Ltd.) was 57 and 135
°C, respectively. The flow rate of pump I (buffer solution, pressure
10.0 MPa) and II (reaction solution, 1.07 MPa) was 0.40 and 0.35
mL/min, respectively. The injected sample volume was 20 μL and
the detector wavelengths were set at 570 and 440 nm for signal
channel one and two, respectively. The total run time was 32 and
10 min in signal channel one and two, respectively. The free amino
acids were identified by comparing spectra and retention time of
the reference amino acids. Quantitation was done via external calibration curves. All experiments were performed in triplicates.
2.5. Determination of L-theanine
The analytical method was modified from Guo et al. (2019). The
detection was carried out on a Waters Model 2695 HPLC system
coupled to a UV detector using a Symmetry Shield RP18 column
(250 × 4.6 mm i.d., 5 μm; Thermo Electron Corp., Waltham, MA,
USA). 1.0 g of tea powder was extracted twice with 100 mL of
boiling distilled water using a KQ-500DE ultrasonicator (500W,
Kunshan Ultrasonic Instruments Co., Ltd., Kunshan, China) for 10
min. After filtration, the residue was removed. Subsequently the
filtrates were combined and diluted with distilled water to 200 mL
after cooling. Then, the tea infusion was filtered through a 0.45 μm
polyethersulfone (PES) membrane (Baierdi Technology Co. Ltd.,
Hefei, China) before subsequent HPLC analysis. The mobile phases consisted of solvent A (water) and B (acetonitrile), and the linear
gradient was as follows: 0–10 min 100% A, 10–12 min linear ramp
to 20% A, 12–20 min remain 20% A, 20–22 min linear ramp to
100% B, 22–40 min remain 100% B and the UV detector wavelength was set at 210 nm. The injection volume was 10 μL with the
flow rate of 1 mL/min, and the column temperature was 28 ± 1 °C.
L-theanine was identified by comparing absorption spectrum and
the retention time with those of the authentic standard. The concentration of L-theanine was calculated from the standard curve.
All experiments were run in three replicates.

the reaction was carried out in a water bath for 3 h at 100 °C. This
brew was designated as the initial tea infusion. 0.1 mL of the initial
tea infusion was added to a test tube (10 mL) with glass stopper and
diluted with distilled water to 2 mL, and 1.0 mL of 6% phenol (w/w,
in water) and 5 mL of concentrated sulfuric acid were added rapidly,
the tubes were allowed to stand for 5 min, shaken and placed for 15
min at 100 °C using a water bath, and then cooled in ice-bath before
readings were taken at 490 nm. Blanks were prepared by substituting distilled water for the tea infusion. The amount of total sugar was
determined using a standard curve previously generated with for Dglucose. All experiments were run in three replicates.
2.7. Sensory evaluation
The method of sensory evaluation on oolong tea was slightly modified from Liu et al. (2018). In brief, 5.0 g of tea samples from
SRt-OT and FF-WRT, respectively, were carried out in a tea cup
brewed with 110 mL of boiling water with the lid put on for 5
min. Then the tea infusion was subjected to a sensory test. All the
tea samples were coded using three-digit numbers. After brewing,
the samples were randomly offered to panelists to evaluate the tea
taste. Panelists recorded the taste descriptors as well as the intensity values of the samples. The six taste attributes, namely mellow, bitter, astringent, sweet, heavy and thick were identified to
describe the oolong tea taste by the panelists. The intensities of the
taste attributes were scored using a scale from 0 to 10, where 0 =
none or not perceptible intensity, 3 = weak intensity, 5 = moderate
intensity, 7 = high intensity, and 10 = extremely high intensity.
Each sample was evaluated three times by each panelist on different days, and the taste intensity was expressed as the average from
all the panelists.
The taste of tea samples was evaluated by the trained panelists,
which included six females and four males from 24 to 45 years
old. All assessors had more than 5 years of experience in describing the taste attributes of teas. Panelists were trained by a series of
important taste compounds including glucose as sweet taste, citric
acid as sour taste, caffeine as bitter taste, salt (NaCl) as salty taste,
EGCG as astringent taste, and sodium glutamate as umami taste.
2.8. Statistical analysis
All the determination were performed in triplicates. The data were
analyzed with one-way analysis of variance (ANOVA) and Duncan’s multiple-range tests by use of SPSS Statistics 22 (SPSS Inc.,
Chicago, IL, USA) to determine the statistical difference (p-value
<0.05).
3. Results and discussion
3.1. Changes in nonvolatile compounds during the WRT processing
3.1.1. Gallic acid, catechins and caffeine

2.6. Determination of total sugar
The tea infusion was prepared by the method of Guo et al. (2018).
Briefly, 1.0 g of tea powder and 80 mL distilled water with 20 mL
hydrochloric acid was placed in a beaker flask. The mixture was sonicated in a KQ-500DE mode ultrasonic (500 W, Kunshan Ultrasonic
Instruments Co., Ltd., Kunshan, China) for 15 min. Subsequently,

The concentrations of eight polyphenols including seven catechins
such as EGCG, EGC, ECG, EGC, EC, GC and C as well as one
phenolic acid GA were quantitated during the WRT manufacturing processes. They were grouped into two categories according
to their trends in their concentration changes. The contents of GA,
GC and GCG increased in the late stages of the process and the

Journal of Food Bioactives | www.isnff-jfb.com

83

Changes of taste profiles during WRT processes

Guo et al.

Figure 1. The contents of polyphenols and caffeine during Wuyi rock tea manufacturing processes. (a) EGCG; (b) C; (c) ECG; (d) EC; (e) EGC; (f) GA; (g) GCG;
(h) GC; (i) CAFF.

others showed mixed trends (Figure 1). GA and GC contents gradually increased up to of 2.35 and 7.91 μg/mg, respectively, until the
final stage of FF-WRT, while the GCG level remained stable but
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rose sharply in FF-WRT to 1.04 μg/mg, which was significantly
higher than the levels found in other stages. As for other compounds, a similarity was that the content in Wi-OT was higher than
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Figure 2. The contents of L-theanine and total sugar during Wuyi rock tea manufacturing processes. (a) L-Theanine. (b) Total sugar.

that in FTL and then the content was relatively stable during the
making stages. The concentrations were significantly reduced after
the fixing (Fx-OT) and rolling (Ro-OT) treatment, increased during the roasting processing (FRt-OT and SRt-OT), but there was
a significant reduction after full firing processing (FF-WRT). For
EC and ECG the lowest amount was even determined in FF-WRT.
In contrary to the polyphenol content, the caffeine content during
tea processing was relative stable in the range of 20.04–22.30 μg/
mg, in line with the findings in other teas (Mao et al., 2018).
Generally, catechins and EGCG in particular are regarded as the
most biologically active ingredients in tea, and they are considered
the major compounds imparting bitter and astringent taste, and affecting the color of tea infusion (Wang et al., 2000). The processes
involved in the manufacturing of tea play a vital role in the dynamic content changes of catechins, which are caused by the hydrolysis
of ester-catechins (EGCG, GCG and ECG), enzymatic oxidations,
polymerizations and non-enzymatic reactions of catechins (Seto
et al., 1997). Probably for these reasons, the amounts of EC and
ECG in the final product tea were significantly lower than in FTL,
while the contents of other polyphenols in tea were significantly
higher than in FTL. The level of EGCG was significantly higher
than the levels of the other polyphenols in all tea samples suggesting that EGCG was one of the major contributors for astringency
taste in WRT. It should be noted that some catechins showed a
significant increase in quantity, such as GC and GCG, or a significant reduction in content, such as EGCG, EGC, ECG and EC,
from the SRt-OT to the FF-WRT stage. This observation is mainly
due to the epimerization of EGCG, EGC, ECG and EC at the C-2
position of the flavan-3-ols under thermal treatment (Seto et al.,
1997). The GA content significantly raised during the WRT manufacturing process. The increase could be due to the degradation of
ester catechins to GA and non-ester catechins (EGC, EC and C)
by enzymatic conversion, microorganisms, and thermal reaction
(ÖLmez and Yilmaz, 2009). In addition to catechins, caffeine also
can give a bitter taste to WRT and its bitterness intensity is much
higher than that of catechins, therefore the bitterness taste could be
dominated by the caffeine content (Yu et al., 2014).

3.1.2. L-Theanine
L-Theanine, which is known for its potential health benefits and
affects the flavor and quality of tea (Sharma et al., 2018). The
amount of L-theanine during WRT manufacturing is illustrated in
Figure 2a (the data of L-theanine in FF-WRT, SRt-OT and FTL
was adapted from Guo et al. (2018)). There was a significant difference in L-theanine concentration among these samples, ranging
from 0.25 to 6.33 mg/g. The lowest content was measured in FFWRT and the highest in 4S-OT.
From withering to making, there was a significant increase in
L-theanine content, which could be explained by the hydrolysis of
proteins in tea, catalyzed by plant or microbial enzymes (Deng et
al., 2009). Subsequently, the L-theanine content decreased simultaneously with the loss of tea juice and moisture after the fixing
and rolling step and then further decreased to the lowest amount
in the finished product tea. The significant reduction of L-theanine
during the heat treatment confirmed that it is thermally degraded to
volatiles, which contribute to the aroma of tea (Guo et al., 2018).
It is generally known that L-theanine mainly influences the taste of
tea and it is thought to be the major source of umami taste with a
low threshold value (3.44 μmol/L) in tea, and ultimately affect the
property of tea taste (Sharma et al., 2018).
3.1.3. Free amino acids in addition to theanine
Twenty amino acids, including eight essential amino acids were
quantitated during the WRT processing (Figure 3). Hydroxyproline
(Hyp) was not detected in all tea samples. Some amino acids, such
as glutamic acid, glutamine, methionine, tryptophan, histidine, arginine, and proline (Glu, Gln, Met, Trp, His, Arg and Pro, respectively) were not detected in the final product tea, Met, His and Arg
were not found in FTL, but were identified during the process and
disappeared again after the roasting procedure. Most amino acids
were detected in trace amounts not exceeding 1 mg/g except for
aspartic acid (Asp), Glu, Gln, which showed levels higher than 1
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Figure 3. The concentrations of free amino acids during Wuyi rock tea manufacturing processes. (I) Bitter-tasting amino acids, (a) Val; (b) Ile; (c) Leu; (d)
Tyr; (e) Phe; (f) Trp; (g) Lys; (h) His; (i) Arg. (II) Sweet-tasting amino acids, (j) Thr; (k) Ser; (l) Gln; (m) Gly; (n) Ala; (o) Met; (p) Pro. (III) Umami-tasting amino
acids, (q) Asp; (r) Glu. (IV) Other amino acid, (s) Cys.
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Figure 3. (continued)
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Figure 3. (continued)

mg/g in some tea samples. The contents of individual amino acid
differed significantly during different stages of the WRT process.
In tea processing, the changes in the amino acid concentration
are related to the hydrolysis of proteins, and the oxidation, decarboxylation and thermal reaction of amino acids (Qu et al., 2019;
Kausar et al., 2013), subsequently leading to the increase or decrease in amino acid amount. The contents of most amino acids increased due to the hydrolysis and thermal degradation of proteins
during withering and fixing, especially during the making phase,
and then decreased probably because the amino acids were degraded by thermal reactions after the fixing stage, in which enzyme
activities were inactivated (Figure 2). Amino acids are also substrates and intermediates of important biochemical reactions. The
variations in the levels of alanine (Ala) and Glu, could be related
to the changes of theanine and ethylamine (Deng et al., 2009). In
addition, most amino acids, such as phenylalanine (Phe), glycine
(Gly), valine (Val), Ala, and Met are important aroma precursors.
They react in the Maillard reaction with sugars to liberate volatile compounds with pyrrole, pyrazine, pyran or furan structures.
Amino acids also can be transformed to alcohols, phenols or indole
(Shahidi et al., 1997). The amino acids Glu, Gln, Met, Trp, His,
Arg and Pro were not detected in heat-treated tea samples, suggesting that they were thermally degraded to volatile components.
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In addition to their contribution to the generation of tea aroma,
they are also accountable for the tea taste (Zhang et al., 2019).
The amino acids were grouped into three categories, umami, sweet
and bitter according to their different taste properties (Mao et al.,
2018). The latter two categories contained more amino acids, 8
and 9, respectively, but the umami group had the highest quantity
(Figure 4). Glutamic acid (Glu), which is the major contributor
for umami taste together with Asp, was the most abundant amino
acid and the only one whose content exceeded 1 mg/g in fresh tea
leaves of WRT, and then gradually decreased during the processing. In contrast to the changes of the Glu concentration, the content of Gly with sweet taste, and His, Phe and Val with bitter taste
showed a similar pattern. Their concentrations peaked in the FxOT stage and then decreased significantly. The FF-WRT showed
lower amounts of all amino acids than FTL, except for lysine
(Lys), tyrosine (Tyr), leucine (Leu), isoleucine (Ile), Val, and Phe.
3.1.3. Total sugar
The amount of total sugar was analyzed in tea samples during the
WRT processing (Figure 2b, the data of total sugar in FF-WRT,
SRt-OT and FTL was adapted from Guo et al. (2018)). Similar to
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Figure 4. The content of amino acid category during Wuyi rock tea manufacturing processes.

L-theanine, there were significant differences in total sugar content among the samples during processes, peaking during the making phase and the lowest amount in the final product. In contrast
to L-theanine, the percentage decrease of total sugar in FF-WRT
compared to FTL was 29.90%, while the value for L-theanine was
93.84%. Sugar is the major tastant responsible for sweet taste in
tea, and is an important substrate in the Maillard reaction, which
contributes to the formation of the tea aroma during tea production
(Guo et al., 2018). The lower quantities in tea samples compared to
the levels in fresh tea leaves are due to degradation by the Maillard
reaction. The monosaccharide composition in tea is diverse and the
individual sugars show different reactivities (Bertuzzi et al., 2020).
More information is needed to determine precisely the contribution of monosaccharides to the formation of tea flavor. However,
the total sugar content may to some extend reflect the effects on the
formation of the tea flavor.
3.2. Taste profiles during the WRT processing
The taste profile of an individual chemical compound depends
on its concentration and taste threshold. The dose-over-threshold
(Dot) factors of taste compounds were applied to analyze the taste
active compounds in tea (Scharbert and Hofmann, 2005). The
Dot factor of the taste-provoking compound was obtained from
their concentration by their taste threshold, was used to evaluate
the contribution of individual taste component to the taste of tea.
Generally, compounds having Dot value of higher than one are assumed to have a positive contribution to the taste of the food. The
taste compounds were classified into four groups according to the
taste descriptors, including astringent, bitter, and sweet as well as
umami-tasting compounds. Detailed information on the taste compounds found in WRT, their taste qualities, thresholds, taste types
and Dot values are listed in Table 1.
Table 1 shows that the Dot values of catechins, which have an

astringent taste, were all above one during the WRT manufacturing
process. Three astringent-tasting compounds, EGCG, EGC and
ECG, exhibited Dot factors greater than 60 in the finished product
tea, and greater than 100 during the WRT manufacturing process
suggesting that they can contribute significantly to the astringent
taste of tea. In particular the contribution of EGCG was the highest
with Dot factors exceeding 300. Caffeine was the only compound
with a Dot factor greater than one in the group of compounds imparting bitter taste. Due to the high Dot value of 216.8 in FF-WRT
it has a positive contribution to the bitter taste of WRT. Other bittertasting compounds with Dot factors of less than one have by definition a minor or no effect on the taste of WRT. Similar to group
II (bitter-tasting compounds), the sweet-tasting amino acids do not
have a positive effect on taste of tea due to Dot factors of less than
one except for total sugar. Assuming that the total sugar consists
only of glucose, a Dot factor greater than 1 (5.00 in FF-WRT) was
calculated in all tea samples, so the sugars were the main contributors for the sweet taste of WRT. Compounds imparting umami-like
taste were L-theanine, Asp, and Glu with Dot factors lower than
one in FF-WRT. These compounds have little impact on the umami
taste of WRT, although the Dot factor was above one in tea samples before full fire processing. The concentrations of umami-like
taste compounds decreased significantly after fixing, and sharply
decreased due to full fire processing. This indicates that especially
heat treatment and high intensity drying had a significant influence
on the umami taste of WRT.
Descriptors are used for describing the taste of a compound. The
taste compounds that have similar taste properties were grouped
together, allowing a taste spectrum with several taste types to be
formed to create a taste profile of WRT (Liu et al., 2018; Scharbert
and Hofmann, 2005). Four taste types were defined for tea including astringent, bitter, sweet, and umami-like (Table 1). Accordingly,
to further understand the variations of the taste compounds during the WRT processing, taste profile webs were established for
the non-volatile components for twelve tea samples (Figure 5a).
The figure coordinates represent the sum of the Dot factors of the
taste compounds of the same taste quality with natural logarithms
computation. The primary characteristic taste properties of FTL
were a strong astringent taste, moderate bitter taste, weak sweet and
umami-like taste (Figure 5a). The intensity of the astringent and
bitter taste changed little during the manufacturing process, because
of the chemical stability of EGCG and caffeine, and there was no
significant variation in the intensity of the sweet taste. However,
the tea samples obtained after thermal treatment showed a reduced
intensity of the umami-like taste, in particular the FF-WRT sample.
The taste spectrum of the tea infusion during the production
process could be determined by calculating the Dot factors. However, since the taste of tea also depends on the interactions of the
compounds, the taste profile must be assessed from a sensorial
point of view.
3.3. Sensory evaluation
Sensory evaluation is an important method for comprehensive assessment of tea taste, and it can clearly distinguish the influence of
tea processing on the taste of tea (Nie et al., 2019). Therefore, tea
samples of SRt-OT and FF-WRT taken before and after full firing
processing were selected for sensory evaluation, in order to analyze the effect of full fire processing on the formation of WRT flavor. The detailed scores on intensity of taste attributes were shown
in Table S3. There were significant differences in the taste assessments described for SRt-OT with a strong mellow, sweet, moderately astringent, bitter, thick and heavy taste whereas FF-WRT had
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Threshold
(μmol/L)
FTL

520

410

190

930

390

260

EGC

C

EGCG

EC

GCG

ECG
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21,000

11,000

12,000

5,000

58,000

18,000

3,400

1,500

2,800

Val

Ile

Leu

Tyr

Phe

Trp

Lys

His

Arg

9,000

40,000

30,000

17,000

30,000

8,000

4,000

Total sugar

Thr

Ser

Gln

Gly

Ala

Hypro

Group III: Sweet-tasting compounds

Total

500

CAFF

Group II: Bitter-tasting compounds

Total

540

GC

nd

0.17

0.01

0.14

0.04

0.01

7.14

206.64
± 0.22

nd

nd

0.03

0.12

nd

0.05

0.02

0.01

0.02

206.40

509.21 ±
14.66

77.55

3.19

22.56

325.85

6.30

45.46

28.30

Group I: Astringent-tasting compounds

Tastant

nd

0.42

0.02

0.33

0.07

0.03

6.14

216.49
± 8.86

nd

nd

0.13

0.25

0.01

0.22

0.05

0.03

0.04

215.77

834.87
± 54.98

80.25

3.58

32.08

557.78

13.19

118.49

29.51

Wi-OT

nd

0.38

0.02

0.31

0.08

0.03

7.06

213.37
± 4.33

nd

nd

0.17

0.28

0.01

0.27

0.06

0.04

0.05

212.47

845.84
± 25.52

81.64

3.41

31.56

559.61

13.61

127.40

28.60

1S-OT

nd

0.35

0.02

0.33

0.09

0.04

7.36

214.47
± 18.55

0.16

0.24

0.24

0.27

0.02

0.35

0.07

0.06

0.07

212.99

823.38
± 27.53

83.20

3.24

34.01

528.73

12.60

128.28

33.32

2S-OT

Table 1. Taste qualities, thresholds and dose-over-threshold factors of Wuyi rock tea

nd

0.38

0.02

0.30

0.11

0.04

7.38

216.40
± 2.43

0.08

0.32

0.30

0.27

0.04

0.42

0.08

0.07

0.09

214.74

812.48
± 19.55

80.77

3.24

34.38

519.54

12.77

128.28

33.50

3S-OT

nd

0.47

0.02

0.36

0.11

0.05

7.25

216.26
± 10.38

0.22

0.41

0.39

0.30

0.05

0.57

0.10

0.09

0.11

214.02

806.56
± 25.64

80.77

3.47

34.56

511.73

12.94

129.41

33.68

4S-OT

nd

0.38

0.02

0.34

0.12

0.05

6.65

219.70
± 6.92

0.19

0.43

0.40

0.33

0.05

0.58

0.10

0.10

0.11

217.42

771.62
± 40.95

81.38

3.64

33.97

480.05

13.36

124.70

34.53

5S-OT

nd

0.47

0.02

0.46

0.12

0.05

6.02

217.63
± 8.72

0.20

0.43

0.41

nd

0.06

0.54

0.11

0.10

0.12

215.67

579.26
± 46.45

71.90

3.36

26.71

348.35

10.50

84.52

33.92

Fx-OT

0.43
nd

nd

0.02

0.40

0.10

0.05

5.51

215.83
± 5.49

0.16

0.22

0.32

nd

0.05

0.45

0.09

0.09

0.11

214.33

658.42
± 49.04

78.51

3.19

29.12

396.92

11.01

102.98

36.70

FRt-OT

0.45

0.02

0.43

0.11

0.05

6.47

231.57
± 3.44

0.21

0.40

0.39

nd

0.05

0.53

0.11

0.10

0.11

229.67

553.69
± 17.29

73.21

3.41

26.38

337.33

10.25

70.95

32.17

Ro-OT

nd

0.43

0.02

0.39

0.10

0.04

5.14

220.77
± 0.66

0.18

0.24

0.32

0.18

0.05

0.46

0.09

0.09

0.10

219.06

743.55
± 22.09

83.38

3.41

29.63

455.82

11.26

117.54

42.51

SRt-OT

(continued)

nd

0.11

0.01

nd

0.02

0.01

5.00

217.06
± 3.51

nd

nd

0.07

nd

0.01

0.13

0.02

0.02

0.03

216.80

596.14
± 19.79

66.68

5.82

19.74

380.61

10.34

65.11

47.83

FF-WRT
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nd, not detectable. FTL, fresh tea leaves; Wi-OT, withering; 1S-OT, first shaking; 2S-OT, second shaking; 3S-OT, third shaking; 4S-OT, fourth shaking; 5S-OT, fifth shaking; Fx-OT, fixing; Ro-OT, rolling; FRt-OT, first roasting; SRt-OT,
second roasting; FF-WRT, Wuyi rock tea after full fire processing treatment. GC, (−)-Gallocatechin; EGC, (−)-Epigallocatechin; C, (+)-Catechin; EGCG, (−)-Epigallocatechin gallate; EC, (−)-Epicatechin; GCG, (−)-Gallocatechin gallate;
ECG, (−)-Epicatechin gallate; CAFF, caffeine. Val, Valine; Ile, Isoleucine; Leu, Leucine; Tyr, Tyrosine; Phe, Phenylalanine; Trp, Tryptophan; Lys, Lysine; His, Histidine; Arg, Arginine; Thr, Threonine; Ser, Serine; Gln, Glutamine; Gly,
Glycine; Ala, Alanine; Hypro, Hydroxyproline; Met, Methionine; Pro, Proline; Asp, Aspartic acid.

nd

0.99 ±
0.04
7.18 ±
0.34

0.37
0.35

7.85 ±
0.17
10.39
± 0.14

0.44
0.46

10.47
± 0.57
12.21
± 0.44

1.90
1.98

14.24
± 1.28
12.79
± 0.36

2.10

12.71
± 0.12
13.30
± 0.11

2.33
2.30
2.33

10.26 ±
0.22

3,000
Total

Glu

2.47

14.07
± 0.87

0.57
1.49
1.68
1.80
1.87
1.96
1.72
1.90
1.69
4,000
Asp

1.02

1.71

1.76

0.42
5.32
5.82
8.15
8.13
8.35
10.55
9.83
8.70
9.28
6.77
3.44
Theanine

Group IV: Umami-like taste compounds

8.21 ±
0.08
7.89 ±
0.07

8.93

nd

5.16 ±
0.03
6.16 ±
0.04

0.03
0.01

6.51 ±
0.06
7.56 ±
0.05

0.01
0.03

7.18 ±
0.05
7.66 ±
0.09

0.04
0.04

8.41 ±
0.04
8.33 ±
0.09

0.01
0.01

7.01 ±
0.02
7.51
± 0.02

26,000
Total

Pro

nd

0.00

0.04

nd
nd
nd
0.01
0.01
0.06
0.11
0.05
nd
nd
nd
2,000
Met

nd

2S-OT
Wi-OT
FTL
Threshold
(μmol/L)
Tastant

Table 1. (continued)
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Figure 5. The taste profiles of Wuyi rock tea during manufacturing processes. (a) The tasty series of taste chemical compounds form Wuyi rock
tea during manufacturing processes based on Dose-over-threshold factors
with natural logarithms computation. The data from FF-WRT in ‘Umami’
attribute had significant difference (p<0.05) from the other samples (‘*’
labeled). (b) Radar of sensory taste attributes profile duing Wuyi rock tea
manufacturing processes (SRt-OT & FF-WRT). The taste attributes labeled
with ‘a’, ‘b’ had significantly difference (p<0.05) for the two samples.

an extremely strong mellow, strong sweet, moderately astringent,
heavy, thick, and bitter taste (Figure 5b). The FF-WRT samples
possessed a higher intensity of mellow and heavy taste, but a lower
bitter taste. No significant difference was observed in both samples
for the other three taste attributes. Consistent with the prediction
of the taste profiles of FF-WRT, there was no umami-like taste
attribute. FF-WRT showed a significantly lower bitter taste than
SRt-OT, which could be covered by the taste of other ingredients
(Khanum et al., 2017). The results of the sensory evaluation indicate that full fire processing is essential for the generation of the
WRT taste characteristics, as it enhances the mellow, heavy taste
and weakens the bitter taste, while sweetness, astringency and
thick taste is maintained.
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4. Conclusions
Although Wuyi rock tea is appreciated for its ‘rock flavor’, and is
gaining popularity for its special taste and aroma, there is no comprehensive comparative analysis of the effects of the individual
production steps on the quality of the product. The present work
indicates that tea manufacturing has an important effect on the
WRT taste, which can be judged by the changes occurring in the
chemical composition of caffeine, catechins, gallic acid, L-theanine, total sugar and free amino acids. In addition, taste profiles
calculated by Dose-over-threshold values and sensory evaluation
during the WRT manufacturing processes showed significant differences. Taste profiles were predicted by calculating the Dot factors of compounds with similar taste qualities, such as astringent,
bitter, sweet and umami taste attributes during the WRT processing. Consistent with the sensory evaluation, there was no umamilike taste in FF-WRT after full fire processing, which was crucial
for the final taste formation of WRT. Full fire processing enhanced
the intensity of mellow, and heavy taste, while it weakened the
intensity of the bitter taste. EGCG, caffeine and L-theanine were
the main taste compounds in finished product tea and the processing samples with high Dot values, and were the main contributor for the astringent, bitter and umami taste, respectively. To a
certain extent, the use of taste profiles can predict the basic taste
impressions, but these should always be combined with a sensory
evaluation in order to fully reveal the taste properties of the tea.
Furthermore, the ‘Rock flavor’ of WRT should be the comprehensive presentation of aroma and taste, so further studies are needed
to investigate the change of volatile and nonvolatile components
and detail sugar profiles during tea processing and reveal the characteristic flavor profiles of mineral note and charcoal roasted odor.
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Abstract
Legumes and cereals stand a great chance as remedies to overcome incidences of protein malnutrition and oxidative stress. Cereal grains such as wheat (WT), millet (ML), maize (MZ) and acha (AC) were blended with cowpea
(CP), peanut (PN) and soybean (SO) at varying levels to produce four different blends. Protein contents of the
cereal-legume blends were determined and found to be higher as the inclusion level of legumes increased in
the blends. Amino acid profiles and antioxidant properties of the flour blends were evaluated. Results showed
that leucine was the most abundant (6.52–8.45 g/100 g) essential amino acid in the flour blends while total content of essential amino acids increased as the level of legume incorporation increased in the WT/SO (31.3–36.2
g/100 g) and MZ/CP (34.5–37.4 g/100 g). The antioxidant properties showed that MZ50:CP50 exhibited greater
ferric reducing antioxidant power while WT70:SO30 and AC50:SO50 had stronger metal chelation activity and
ML50:PN50 scavenged the most DPPH radicals when compared to the other flour blends. The results suggest that
the composite flours have the potential to be used as ingredients for the formulation of food products with high
levels of essential nutrients in addition to antioxidant benefits.
Keywords: Cereals; Legumes; Composite flours; Amino acid composition; Antioxidant properties.

1. Introduction
Cereals and legumes occupy an important place in the dietary
pattern of sub-Sahara African countries, because they both stand
a great chance as remedies to overcome the incidences of malnutrition, especially protein-energy imbalance and other related
health challenges. Cereal crops such as maize, wheat, sorghum,
millet and acha are grown basically for their grains and serve as
sources of energy more than any other crops globally (Emmambux and Taylor, 2013). Wheat is a good source of calories but low
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in protein and deficient in some amino acids such as lysine and
threonine (Bakke and Vickers, 2007). Maize is one of the most
cultivated cereals in the world after rice and wheat and is a rich
source of minerals, especially magnesium and potassium. Maize
also contains trace amounts of lysine and tryptophan, which contributes to its low protein content (Okafor et al., 2018). Acha,
a pseudo-cereal grain has highly digestible proteins, but low in
minerals. Unlike many other cereal grains, acha has significant
amounts of cysteine and methionine, the sulfur-containing amino
acids (Anuonye et al., 2010). Millet is one of the cereal grains
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that has received global attention in recent times as ingredients
in traditional food preparations and has also found applications in
the beverage industries. Millet is a good source of carbohydrates
and as such, a potential source of calories to the body. It has been
found to contain high amounts of iron but to be low in protein
and lysine (Habiyaremye et al., 2017; Tumwine et al., 2018). A
look through the nutritional profiles of cereals indicate that they
are either deficient or contain insufficient amounts of protein and/
or some essential amino acids, which are vital for proper growth
and development. For instance, inadequate amounts of protein
and amino acids in infants and young children diets may lead to
malfunctioning of the brain with adverse effects on the immune
system, which could predispose them to high risk of infections
(Habiyaremye et al., 2017). This suggests the need for compositing the cereal flours with protein-rich crops in order to meet the
nutritional requirement of the target populace and to improve their
health status.
Legumes such as soybean, peanut and cowpea have been used
over the years as alternatives to animal proteins, because they are
low-cost and within the reach of poor resource population in developing countries. Basically, the protein contents in leguminous
crops are in the range of 20–30%, depending on the cultivar and
species (Okafor et al., 2018). Cowpea is one of the most popular legume crops in the world and is a chief source of protein in
many homes and provides dietary carbohydrates, especially in
developing countries. It is a good source of lysine but contains
trace amounts of cysteine and methionine (Brennan et al., 2016).
Soybean (Glycine max) is a special source of plant protein because
in addition to its high-quality protein content, it is considered a
complete protein due to the presence of all the nine essential amino
acids that the body cannot make, which must be obtained through
the diet to support normal growth and development of infants and
children. Soybean protein could boost the nutrient density of newly developed food products and provide the indispensable amino
acids necessary for protein synthesis in muscles and other tissues
(Asif and Acharya, 2013).
Like cowpea, peanut (Arachis hypogea) is high in protein but
limiting in some essential amino acids such as methionine, lysine and tryptophan (Maphosa and Jideani, 2017; Temba et al.,
2017). Literature has documented the deficiency of some nutrients in cereals (Saldivar, 2016; Zhu et al., 2007) and this apparent
poor nutritional quality of cereal crops needs to be composited
with rich protein sources from legumes to achieve a nutritionally
balanced diet (Kumari and Sangeetha, 2017). In addition to the
balance of amino acids that may probably be achieved through
cereal-legume composite flours, it is possible that this strategy
will improve the bioactive components of the resulting composite flours. For instance, the cereals and legumes have been identified to contain some bioactive compounds that possess properties
such as antidiabetic, antioxidant, antimicrobials, antihypertensive, anticancer (Malaguti et al., 2014; Shahidi and De Camargo,
2019), which may vary depending on the protein content and the
amino acids within the composite flours (Maphosa and Jideani,
2017). Several studies have shown that millet grains are rich in
bioactive compounds such as polyphenols and proteins (Akanbi
et al., 2019) and is among the minor cereals that are underutilized
(Okwudili et al., 2017). Fibre rich wheat and barley brans have
been reported to possess bioactive ingredients with the capacity to
ameliorate oxidative stress and other related morbidities (LópezPerea et al., 2019). The antioxidant properties can be effectively
measured using methods such as the 1,1-diphenyl-2-picrylhydrazyl (DPPH), hydroxyl and superoxide radical scavenging activities in addition to metal and ferric reducing activities (Adjimani
and Asare, 2015). Composite flours with antioxidant properties

would in addition to addressing the problem of protein-energy
malnutrition also have the potential to reduce the risk of cardiovascular diseases (Bamigbola et al., 2016). Previous studies have
shown that different millet types are rich sources of bioactives,
phenolic compounds, peptides which possess in vitro antioxidant
or antiradical, antidiabetic and antiproliferative activities (Chandrasekara and Shahidi, 2011, 2012). Various cereal and legume
flour composites have been formulated for confectionery and
bakery products including wheat-water chestnut flour blends
Shafi et al. (2017), acha-soybean blend (Anuonye et al., 2010)
maize-cowpea and sorghum-cowpea, millet-tigernut (Omoba et
al., 2015) with improved protein and amino acid profiles of the
resulting flours. Lentils have generated significant interest from
food researchers and the ultimate consumers, as excellent dietary
sources of legumes that are rich in dietary fiber, carbohydrates,
protein, various vitamins, minerals and in addition, they possess
several health-beneficial fatty acids (Nwokolo and Smartt, 1996;
Yeo and Shahidi, 2015). Epidemiological studies have reported
the effects of lentils/legumes in lowering cholesterol and reducing chronic diseases like colon cancer, heart diseases, and type2 diabetes (Chhabra, 2018; Yeo and Shahidi, 2020). However,
there is dearth of information on the influence of cereal-legume
compositing on the antioxidant properties of the resulting flours.
This study, therefore evaluated the protein content, amino acid
profiles and the antioxidant properties of different cereal-legume
blends.
2. Materials and methods
2.1. Materials
All the reagents such as, Triton-X 100, sodium phosphate, reduced
glutathione (GSH), 95% methanol, Tris-HCl buffer, EDTA, NaOH,
HCl, 1,10-phenanthroline, hydrogen peroxide, FeSO4, FeCl3,
FeCl2, were of analytical grade and purchased from Sigma (St.
Louis, MO, USA). Wheat flour was purchased from a Wurukum
market in Makurdi, Benue State, Nigeria. Other cereals (millet,
acha and maize) and the legumes (soybean, peanut and cowpea),
produced in the 2020 crop season, were purchased from accredited
sellers from same market and cleaned prior to utilization.
2.2. Methods
2.2.1. Preparation of defatted soybean and peanut protein meals
Soybean and peanut seeds were preconditioned as appropriate and
processed into defatted meals according to the methods described
by Gbadamosi and Famuwagun (2016) through unit operations
involving roasting, dehulling, winnowing, milling into whole fullfat flours, defatting the flours using acetone and followed by air
drying the residue cakes overnight in a fumehood. The dried defatted soybean and peanut cakes residue were finally ground into
defatted soy and peanut protein meals and used in compositing the
cereals according to the following ratios: Wheat (100% WT), 90%
wheat + 10% soybean (90WT:10SO), 70% Wheat + 30% Soybean
(70WT:30SO), 50% Wheat + 50% Soybean (50WT:50SO); 90%
Millet + 10% Peanut (90ML:10PN), 70% Millet + 30% Peanut
(70ML:30PN), 50% Millet + 50% Peanut (50ML:50PN); 90%
Acha + 10% Soybean (90AC:10SO), 70% Acha +30% Soybean
(70AC:30SO), 50% Acha +50% Soybean (50AC:50SO) and 90%
Maize + 10% Cowpea (90MZ:10CP), 70% Maize + 30% Cowpea
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(70MZ:30CP), 50% Maize + 50% Cowpea (50MZ:50CP).
2.2.2. Protein content and amino acid composition
Total protein content was determined using the modified Lowry
method (Markwell et al., 1987) after samples were treated with
0.1 M NaOH to solubilize the proteins. The amino acid profile of
each sample was determined according to the established methods
described by Girgih et al. (2011) using a HPLC system after hydrolysis with 6 M HCl. The cysteine and methionine contents were
determined after performic acid oxidation while the tryptophan
content was determined after alkaline hydrolysis.
2.2.3. Determination of antioxidant properties
2.2.3.1. DPPH radical scavenging activity (DRSA)

=
HRSA (%)

The DRSA of each flour mix was determined using the method
described by Onuh et al. (2014) with slight modifications for a 96well flat bottom microplate. Samples were dissolved in 0.1 M sodium phosphate buffer, pH 7.0 containing 1% (v/v) Triton-X 100,
to an assay concentration of 1.0 mg/mL. Prior to obtaining the desired assay concentration, the sample mixtures were vortexed for 3
min to obtain optimal dissolution, then centrifuged and the supernatant used for the analysis. DPPH was dissolved in 95% methanol
to assay concentration of 100 µM. A 100 µL aliquot of each sample
was mixed with 100 µL of the DPPH radical solution in a 96-well
plate and incubated at room temperature in the dark for 30 min.
The buffer was used in the blank assay while 1.0 mg/mL reduced
glutathione (GSH) served as the positive control. Absorbance was
measured at 517 nm using a spectrophotometer and the percentage
DRSA was determined using the following equation:
DRSA
=
(%)

A1 − A2
×100
A1

2.2.3.2. Superoxide radical scavenging activity (SRSA)
The method described by Xie et al. (2008) was used to determine
SRSA of the sample mix. Samples (1.5 mg/mL assay concentration) were each dissolved in 50 mM Tris–HCl buffer, pH 8.3 containing 1 mM EDTA followed by the transfer of 80 µL into a clear
bottom microplate well while 80 µL of buffer was added to the
blank well. This was followed by addition of 40 µL 1.5 mM pyrogallol (dissolved in 10 mM HCl) into each well in the dark and the
rate of reaction was measured immediately at room temperature as
absorbance (Abs) change over a period 4 min (1 min interval) using a microplate reader at a wavelength of 420 nm. The SRSA was
calculated using the following equation:

∆Abs of blank − ∆Abs of sample
× 100
∆Abs of blank

2.2.3.3. Hydroxyl radical scavenging activity (HRSA)
The HRSA of samples was determined using the method described
by Ajibola et al. (2011) with slight modifications. Samples, pre-

96

∆A/min of blank − ∆A/min of sample
×100
∆A/min of blank

2.2.3.4. Ferric reducing antioxidant power (FRAP)
The FRAP of each sample was determined using the method of
(Benzie and Strain, 1996), which was slightly modified as follows. FRAP working reagent was prepared by mixing 300 mM
acetate buffer (pH 3.6), 10 mM 2,4,6-tri-(2-pyridyl)-1,3,5-triazine,
and 20 mM FeCl3 in the ratio of 5:1:1, respectively to obtain a
straw-colored solution, and the temperature of the mixture raised
to 37 °C. Samples were dissolved in distilled water to an assay
concentration of 1.0 mg/mL. Into a clear 96-well microplate, 40 µL
of samples and 200 µL of FRAP reagent were added and absorbance read at 593 nm. Iron II sulfate heptahydrate (FeSO4·7H2O) at
0.025–0.25 mM was used as standard. Iron reducing activity of the
samples was determined from the standard curve and the results
expressed as Fe2+ (mM).
2.2.3.5. Metal (iron) chelation activity (MCA)

where A1 and A2, are absorbance of the blank and sample, respectively.

SRSA (%)

pared to assay concentration of 1 mg/mL and 3 mM 1,10-phenanthroline were separately dissolved in 0.1 M phosphate buffer (pH
7.4) while 3 mM FeSO4 and 0.01% (w/v) hydrogen peroxide were
each separately dissolved in distilled water. The mixture was kept
at room temperature for 1 h and then centrifuged (3500 x g) for
30 min. Fifty microliters (50 µL) of the samples or GSH standard
were first added to a 96-well plate followed by 50 µL each of the
1,10-phenanthroline and FeSO4. To initiate the Fenton reaction in
the wells, 50 µL of hydrogen peroxide was added to the mixture
and the covered plates incubated at 37 °C for 1 h with constant
shaking. The blank consisted of 50 µL phosphate buffer instead of
the protein sample. Absorbance of the colored reaction mixtures
was measured at 10 min intervals for 1 h in a microplate reader at a
wavelength of 536 nm. The reaction rate (ΔA/min) was then used
to calculate the HRSA value as follows:

The MCA of the samples was determined according to a previous
method (Xie et al., 2008), which was modified as follows. Briefly,
samples were prepared to give assay concentrations of 1 mg/mL
in distilled water. A 1 mL aliquot of the sample solution or blank
(distilled water) was mixed with 50 µL of 2 mM FeCl2 and 1.85
mL double distilled water in a reaction tube. This was followed
by the addition of 100 µL of 5 mM Ferrozine. The mixture was
vortexed thoroughly and incubated at room temperature for 10
min. After incubation, a 200 µL aliquot of the reaction mixture
was transferred into a 96-well plate and absorbance values of both
the blank (Ab) and samples (As) were measured at 562 nm using
microplate reader. The metal chelating activity was calculated as
follows:

=
MCA
(%)

Ab − As
×100
Ab

2.2.4. Statistical analysis
The cereal-legume blends were prepared in duplicates and analyses performed in triplicates. The results were subjected to analysis
of variance using SPSS version 18.0. The statistical significance of
differences (p < 0.05) between mean values were determined using
the Duncan’s multiple range test.
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Table 1. : Protein content of cereal-legume flour blends*

Samples

Protein content (g/100g)

100%WT

13.0 ± 0.15

90WT + 10SO

13.5 ± 0.40

70WT + 30SO

17.1 ± 0.10

50WT + 50SO

20.3 ± 0.46

90ML + 10PN

14.0 ± 1.48

70ML + 30PN

16.5 ± 0.40

50ML + 50PN

19.5 ± 0.31

90AC + 10SO

15.1 ± 0.35

70AC + 30SO

19.8 ± 0.21

50AC + 50SO

25.0 ± 0.25

90MZ + 10CP

13.9 ± 0.10

70MZ + 30CP

16.9 ± 0.10

50MZ + 50CP

23.7 ± 0.30

*WT, wheat flour; SO, soybean meal; ML, millet flour; PN, peanut meal; AC, acha
flour; MZ, maize flour; CP, cowpea flour.

3. Results and discussion
3.1. Protein content of cereal-legume flour blends
The protein content of the whole wheat (100% WT) was 13.0%
with 13.5–20.3% increases in the protein content of wheat-soybean flour blends as a result of soybean flour addition (Table 1).
Increases in the amount of soybean flour in acha/soybean flour
blends may be responsible for the observed 15.1, 19.8 and 25.0%
increases in the protein content of the blends at 10, 30 and 50%
inclusion of soybean flour, respectively. In a similar manner, as the
amount of peanut flour increased from 10 to 50% in millet/peanut
blends, there were increases in the protein content from 14.0 to
19.5%. For addition of cowpea to maize flour, there were similar
increases in the protein content by 6.9–82.3% when the amount
of cowpea was raised from 10 to 50% in the blends. Overall, the
results showed that acha/soybean blends resulted in the highest
protein content (15.1–25.0%) while the least was associated with
millet/peanut blends (14.0–19.5%). The differences in the protein
contents of the cereal-legume blends may be attributed to variations in the protein content of the starting material (individual cereals and legumes) before blending. Previous reports on wheat/soybean flour (Ndife et al., 2011), flaxseed/wheat flour (Kaur et al.,
2017), acha/pigeon pea (Olagunju et al., 2018) and acha/soybean
(Ayo and Kajo, 2016) blends also showed increases in the protein
contents of the composite flours as the inclusion level of legumes
increased.
3.2. Amino acid composition
Proteins are essential in the body because they are involved in various chemical processes, which sustain life and they serve as body
structure building blocks for all living things in addition to acting
as catalytic enzymes and modulators of the body system pathways
(Wu, 2016). The extent at which proteins perform these functions is based on the content of amino acids, which is the building

block of proteins. The amino acid composition of cereal-legume
composite flours is shown in Table 2. The contents of aspartic/asparagine and glutamic/glutamine increased as the level of legume
inclusion increased from 10–30% in the cereal-legume composite
flours. The glutamic acid contents were in greater amounts in the
composite flour blends when compared to aspartic acid content in
same samples. The sample that contained wheat/soybean blends
had the highest glutamic and aspartic acid contents. Though tryptophan appeared to be the limiting amino acid in all the composite
flours, its content was further reduced as the percentage of soybean
and peanut increased in the mixtures. The methionine content of
the flour mixtures also decreased as the soybean and cowpea component of the flour mix increased in all the composite flours. These
reductions are consistent with the low contents of tryptophan in
soybean and peanut and the low methionine levels in soybean and
cowpea. This is in contrast to previous studies that reported increases in the methionine content of acha/soybean (Anuonye et
al., 2010), and co-fermented maize/cowpea and sorghum/cowpea
flour blends (Ndife et al., 2011). However, inclusion of peanut
led to slight increases in the sulfur containing amino acids of the
composite flours. The flour blend that contained 90:10 maize/cowpea ratio had the highest methionine content (3.04 g/100 g). The
phenylalanine contents of the flour mixes were enhanced as the
content of legume flours increased. The phenylalanine was higher
in maize/cowpea (4.81–5.43 g/100 g) compared to millet/peanut
flours (4.20–4.73 g/100 g), which had the lowest. Basically, the
contents of the essential amino acid (EAA) were higher in the
composite flours as the level of soybean and cowpea increased
but not peanut. The major essential amino acid in this study was
leucine (6.39–8.45 g/100 g) while the least was tryptophan (0.70–
1.44 g/100 g) across the composite flours. In a similar manner,
maize/cowpea (50MZ:50CP) flour blend in this study exhibited
greater amounts of aromatic (9.82%), essential (37.35%), positively charged (16.10%) and branched chain (17.25%) amino acids. The 90:10 maize-cowpea mixture had the highest hydrophobic
amino acids (52.78%), while negatively charged amino acids were
most abundant (44.69%) in WT90:10SO flour and sulfur containing amino acids highest (4.4%) in each of 50MIL:50PN and
90MZ:10CP.
3.3. Antioxidant properties
3.3.1. DPPH radical scavenging activity
The DRSA is one of the methods often used to screen the antioxidant properties of food materials (Moukette et al., 2015). The
method involves a change in purple colour of the DPPH radical to
colourless on encountering an antioxidant compound. The DRSA
of the cereal-legume composite flour blends are shown in Figure
1. The composite flour blend that contained 50% millet/peanut exhibited significantly greater (p < 0.05) DRSA (43.7%) when compared to other composite flour blends (4.70–22.3%) but lower than
GSH (69.0 %). The higher DRSA of 50/50 millet/peanut composite
flour could be due to the higher levels of sulfur-containing amino
acids, which enhance electron donation to the DPPH radical. The
DRSA of wheat flour (4.7 %) was increased from 8.33 to 17.7%
(an increase of 77.2–276.6%) after blending with soybean meal at
10–50%. Similar patterns of increased DRSA were observed when
acha flour was composited with equivalent proportions of soybean
meal additions. The DRSA of millet flour was enhanced on compositing with peanut and this increases in the radical scavenging
activities was directly proportional to the level of peanut meal in
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Table 2. : Amino acid composition (g/100 g) of cereal-legume flour blends*

AA

100%
WT

90WT:
10SO

70WT:
30SO

50WT:
50SO

90ML:
10PN

70ML:
30PN

50ML:
50PN

90AC:
10SO

70AC:
30SO

50AC:
50SO

90MZ:
10CP

70MZ:
30CP

50MZ:
50CP

Asx

5.11

7.69

9.66

10.65

7.36

8.04

8.50

9.46

11.05

11.47

8.09

10.49

11.13

Thr

2.63

3.09

3.29

3.36

3.09

3.24

3.34

3.12

2.83

2.71

3.28

3.61

3.54

Ser

4.40

5.68

5.60

5.45

4.55

4.73

5.01

4.68

5.19

5.09

5.29

5.87

5.70

Glx

30.73

28.23

23.87

21.48

17.45

18.72

19.21

17.05

18.94

19.14

18.82

20.18

19.6

Pro

14.76

9.27

7.29

6.10

15.27

11.76

9.96

15.07

11.18

9.59

14.42

5.76

5.28

Gly

4.05

4.09

3.96

3.87

3.73

4.26

4.52

4.37

5.06

5.23

2.80

3.44

3.58

Ala

3.48

4.02

4.44

4.73

7.18

6.42

6.19

5.72

4.87

4.82

7.45

6.24

5.47

Cys

1.99

1.87

1.30

1.01

1.73

1.82

1.94

1.25

1.18

1.10

1.36

1.13

0.96

Val

3.97

3.88

4.35

4.69

4.45

4.73

4.36

4.78

4.27

4.45

4.41

4.36

4.58

Met

1.63

1.58

1.21

1.08

2.27

2.36

2.48

1.87

1.32

1.15

3.04

2.10

1.58

Ile

3.12

3.09

3.87

4.48

3.27

3.65

3.44

3.74

3.22

3.49

3.52

3.93

4.31

Leu

6.39

6.90

7.20

7.65

8.36

8.11

7.32

7.48

6.71

6.52

8.17

8.45

8.36

Tyr

1.99

2.37

2.90

3.10

3.27

2.57

3.12

2.91

3.09

3.40

2.72

3.18

3.62

Phe

4.83

4.38

4.83

5.23

4.73

4.26

4.20

4.26

4.67

4.91

4.81

5.33

5.43

His

2.55

2.87

3.04

2.92

2.73

2.77

2.85

2.81

2.76

2.75

2.48

3.01

3.00

Lys

2.55

4.17

5.27

5.60

2.91

2.97

2.80

3.43

3.48

3.44

3.36

5.27

5.78

Arg

4.61

5.53

6.91

7.36

6.36

8.45

10.06

7.07

9.14

9.77

4.57

6.67

7.32

Trp

1.21

1.29

1.01

1.23

1.27

1.15

0.70

0.94

1.05

0.96

1.44

0.97

0.77

AAA

8.03

8.04

8.74

9.56

9.27

7.98

8.02

8.11

8.81

9.27

8.97

9.48

9.82

EAA

28.88

31.25

34.07

36.24

33.08

33.24

31.49

32.43

30.31

30.38

34.51

37.03

37.35

BCAA

13.48

13.87

15.42

16.82

16.08

16.49

15.12

16.00

14.20

14.46

16.10

16.74

17.25

HAA

45.43

40.87

41.06

42.16

53.8

49.27

46.29

51.14

45.44

44.52

52.78

43.76

42.98

PCAA

9.710

12.57

15.22

15.88

12.0

14.19

15.71

13.31

15.38

15.96

10.41

14.95

16.10

NCAA

42.87

44.69

42.42

40.94

32.45

34.73

36.06

34.31

38.01

38.41

35.48

40.15

39.97

SCAA

3.62

3.45

2.51

2.09

4.00

4.18

4.42

3.12

2.50

2.25

4.40

3.23

2.54

*Asx, aspartic acid + asparagine; Glx, glutamic acid + glutamine; Combined total of hydrophobic amino acids (HAA), Ala, Val, Ile, leu, Tyr, Phe, Trp, Pro, Gly, and Met; Positively
charged amino acids (PCAA), Arg, His, Lys; Negatively charged amino acids (NCAA), Asx, Glx, Ser, Thr; Aromatic amino acids (AAA), Phe, Trp and Tyr; Branch chain amino acids
(BCAA), Leu, Ile and Val; Essential amino acids (EAA), histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan, and valine; Sulfur containing amino
acids (SCAA), Cys, Met; WT, Wheat flour; SO, Soybean meal; ML, Millet flour; PN, Peanut meal; AC, Acha flour; MZ, Maize flour; CP, Cowpea flour.

the blends. Addition of cowpea to maize flours resulted in greater
DRSA, which was similarly directly proportional to the percentage
of cowpea in the flour blends. Generally, addition of leguminous
seed flours such as the soybeans, cowpea and peanut improved the
radical scavenging activities. Previous works on wheat/chestnut
(Shafi et al., 2017) and wheat/flaxseed (Kaur et al., 2017) flour
blends also reported increased DRSA, which were attributed to the
phenolic compounds present in chestnut and flaxseed. This claim
was supported by Amarowicz and Pegg (2008) that leguminous
seeds are recognized as sources of antiradical agents due to the
presence of phenolic acids and their derivatives, such as the flavanols, flavan-3-ols, anthocyanins/anthocyanidins, condensed tannins/proanthocyanidins and tocopherols. Itagi and Singh (2012)
evaluated the antioxidant activities of multigrain composite mixtures and reported their DRSA to range from ∼76–86%. The authors suggested that the presence of compounds like amino acids in
the mixtures could enhance antioxidant capacity through synergistic interactions with the polyphenols present in the food matrix to
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produce a higher antioxidant capacity. The DRSA of mixed cereal/
legume grains in this study are significantly (p < 0.05) lower than
those reported by (Itagi and Singh, 2012). The DRSA for wheat/
legume composite flours ranged from 5.27–11.3% in comparison
to wheat alone (3.74%), indicating the adding legumes to cereals
for development of baked products or confectioneries is advantageous as this improved the DRSA by 40.9–202.1%. The presence of phytochemicals could also be partly responsible for the increased DRSA of the legume-enriched composite flours observed
in this work. However, the enriched composite flours exhibited
varied DPPH scavenging activities, indicating possible differences
in the content of phytochemicals in the legumes seed flours.
3.3.2. Superoxide radical scavenging activities
Superoxide radicals have been a major concern over the years because they are precursors to many deadly reactive species radicals
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Figure 1. DPPH radical scavenging activity (DRSA) of cereal-legume flour
blends. WT, Wheat flour; SO, Soybean meal; ML, Millet flour; PN, Peanut
meal; AC, Acha flour; MZ, Maize flour; CP, Cowpea flour

such as the hydroxyl and hydrogen peroxides. These toxic reactive
species have affinity for body’s vital cell components such as the
DNA, protein and lipids, hence the need to scavenge the radical
precursor and its by-products to protect human health. As shown in
Figure 2, with the exception of acha/soybean (90:10) flour blends,
all the composite flour exhibited significantly (p < 0.05) higher
SRSA when compared with GSH (37.3%). The cereal/legume
composite flour mixtures in this study had lower SRSA, which
ranged from 35–50.7% when compared to that of 100% wheat
flour (56.7%). Millet/peanut showed greater SRSA at each level
of legume inclusion, followed by maize/cowpea composite flours.
Just like the DRSA, there was an increase in the SRSA as the level
of legume crops increased in the composite flours. The increase in
the SRSA may be attributable to the presence of phenolics in the
legumes as previously suggested and condensed tannins associated
with the reduction of oxidative stress. Zou et al. (2016) showed
through structure-function analysis that Lys, Leu and Pro may en-

Figure 3. Hydroxyl radical scavenging activity (HRSA) of cereal-legume
flour blends. WT, Wheat flour; SO, Soybean meal; ML, Millet flour; PN,
Peanut meal; AC, Acha flour; MZ, Maize flour; CP, Cowpea flour

hance superoxide scavenging activity of peptides by contributing
to the high overall superoxide radical scavenging activities. Addition of legume flours led to increased levels of Lys and Leu (Table 2), which could have contributed to the enhanced SRSA when
compared to the cereal flours alone.
3.3.3. Hydroxyl radical scavenging activity
Figure 3 shows the HRSA of cereal-legume composite flours. It
was observed that unlike the SRSA, there were no significant (p
> 0.05) differences in the HRSA of wheat/soybean flour blends,
irrespective of the variation of soybean in the blends. Also, there
were no significant differences (p > 0.05) in the flour blends that
contained acha flour at 10–30% soybean flours (85.3 and 88.0%)
but the blend that contained 50% soybean (91.3%) exhibited significantly (p < 0.05) higher HRSA than the samples that contained
lower soybean levels. The sample that contained lowest percentage
(10%) in the millet/peanut flour blends exhibited greater HRSA
(87.7%) compared with samples that contained >10% (84.3 and
84.3%) peanut in millet/peanut flour blends. The pattern of the result was also similar for the maize/cowpea flour blends. Among
the maize/cowpea composite flours, the blend that contained 30%
cowpea showed greater HRSA (94.3%) when compared with other
blends that contained 10 and 50% cowpea. Among all the flour
blends, the sample that contained 30% cowpea in the maize/cowpea flour blends exhibited the highest HRSA. The HRSA of all the
flour blends were >50% suggesting that they are good hydroxyl
radical scavengers. Siddeeg et al. (2015) reported the HRSA of
seniat seeds protein hydrolysate fractions at high concentration of
3 mg/mL to be 68.5, 60.1 and 57.3% for glutelin, albumin, and
globulin, respectively, which are lower than reported for most of
the cereal/legume flour blends in the present study.
3.3.4. Ferric reducing antioxidant power

Figure 2. Superoxide radical scavenging activity (SRSA) of cereal-legume
flour blends. WT, Wheat flour; SO, Soybean meal; ML, Millet flour; PN,
Peanut meal; AC, Acha flour; MZ, Maize flour; CP, Cowpea flour

FRAP measures the potential of an antioxidant material to break a
chain reaction through its hydrogen atom donating ability. As indicated in Figure 4, all the composite flours exhibited greater FRAP
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Figure 4. Ferric reducing antioxidant power (FRAP) of cereal-legume
flour blends. WT, Wheat flour; SO, Soybean meal; ML, Millet flour; PN,
Peanut meal; AC, Acha flour; MZ, Maize flour; CP, Cowpea flour

Figure 5. Metal chelation activity of cereal-legume flour blends. WT,
Wheat flour; SO, Soybean meal; ML, Millet flour; PN, Peanut meal; AC,
Acha flour; MZ, Maize flour; CP, Cowpea flour

(0.06–0.45) when compared with the FRAP of GSH (0.04). There
were increases in the FRAP of the composite flours as the content of the legume flours increased in the mixture from 10–50%.
Among the composite flour blends, the maize/cowpea flour mix
exhibited greater range of FRAP (0.16–0.45) activities when compared with other blends, which ranged from 0.06–0.42. Conversely, wheat/soybean (0.06–0.21) flour blends had the least FRAP
activities at all the levels of soybean incorporation. The pattern of
FRAP results agrees with that of the DRSA in this study. Earlier
reports by Shafi et al. (2016) also reported increases in the FRAP
content of composite flours of wheat/chestnut as the content of
chestnut flour increased, which is consistent with the data reported
from this work.

showed significant improvements in the amino acid content and
antioxidant properties of cereal flour upon blending with legumes.
The antioxidant activity of the cereal-legume mixtures depended
on the type of legume and level of incorporation. For instance, the
wheat/soybean mixture blend that contained 50% soybean flour
exhibited highest DRSA and FRAP whereas, the flour with 30%
soybean in the wheat/soybean blend showed stronger potency in
terms of MCA. The 50/50 millet/peanut mixture had the highest
SRSA (56.7%), while the 70/30 wheat/soybean flour blend exhibited the highest (95.0%) HRSA. The results suggest that the cereallegume composite flours have enhanced potentials as nutritional
and bioactive ingredients for the formulation of health-promoting
food products.

3.3.5. Metal chelation activity
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4. Conclusions
Protein content of the cereal/legume composite flours were enhanced as the level of addition of legumes increased with the highest level achieved in the acha/soybean flour blends. The results
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Abstract
Trypsin is a key protease related to digestion and absorption of proteins, which its inhibition must be studied
when natural compounds, such as flavonoids, are used as part of alternative treatments for obesity and diabetes
mellitus type 2, since trypsin and other pancreatic enzymes work at small intestine. Considering that flavonoids
are good lipase and amylase inhibitors, trypsin-flavonoids interactions were analyzed through UV-Vis, intrinsic
and extrinsic fluorescence spectroscopies, circular dichroism, and molecular docking. The interaction between
porcine pancreas trypsin and five flavonoids: hesperetin (HES), luteolin (LUT), quercetin (QUE), catechin (CAT),
and rutin (RUT) was evaluated. Most of them exhibited a mixed-type inhibition mode. LUT was the best trypsin
inhibitor (e.g., lower IC50, 45.20 ± 1.00 µM). All flavonoids-trypsin complexes showed static quenching, and QUE
and LUT exhibited higher affinity (associative binding constant, Ka values, 0.90 ± 0.10 and 1.60 ± 0.20·10−1 mM−1,
respectively). Hydrophobic interactions between trypsin and flavonoids were predominant.
Keywords: Trypsin; Flavonoids; Inhibition; Structure-activity relationship.

1. Introduction
Noncommunicable diseases and their risk factors, such as diabetes mellitus type 2 and obesity, respectively, are being a target of
alternative treatments for their control (Chang et al., 2020; Pelvan
et al., 2021). In this way, the prevention and treatment of obesity is
important to reduce the prevalence of diabetes mellitus type-2 (Liu
et al., 2020). One of these treatments is related to the inhibition of
catalytic activity of two relevant pancreatic enzymes: lipase and
α-amylase. For example, pancreatic lipase inhibitors can diminish
its catalytic activity, and can control fat levels in blood, since this
enzyme is responsible for the hydrolysis of approximately 70%
of dietary fats (Birari and Bhutani, 2007; Liu et al., 2020). Polyphenols including flavonoids have been analyzed as good inhibitors of these enzymes, in comparison to FDA approved drugs such
as acarbose for pancreatic α-amylase (Martinez-Gonzalez et al.,
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2019).
Polyphenols are secondary metabolites of plants, and they are
involved in their reproduction, development, and defense against
pathogens agents, among others (Huang et al., 2009). Flavonoids
correspond to the biggest polyphenolic family. Most of them are
derivatives of the 2-phenil-benzo-γ-pyran, they possess a common
structure of two aromatic rings (“A” and “B”), and one heterocyclic ring (“C”) (Harborne, 1964; Ribeiro et al., 2015). Flavonoids
can be grouped in several subfamilies, depending on the number
of hydroxyls present in their structure, presence of double bonds
and oxidation level (Gonzales et al., 2015). Among them we have
flavanones such as HES, flavones such as LUT, flavonols such as
QUE, and flavanols such as CAT (Figure 1). Flavonoids can possess glycosylated groups as substituents of hydroxyl groups, such
as RUT with presents a rutinoside group substituent at C3 in QUE
(Figure 1).

Copyright: © 2021 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. Chemical structures of evaluated flavonoids: (a) Hesperetin (HES), (b) luteolin (LUT), (c) quercetin (QUE), (d) catechin (CAT), and (e) rutin (RUT).

Together with lipase and α-amylase, trypsin is produced by
pancreas, and located at small intestine (Unajak et al., 2012).
Trypsin is an enzyme of approximately 24 kDa within 231 aminoacid residues, mainly with β-sheet structures (Ibarz et al., 2009;
Maximova and Trylska, 2015). It is one of the main proteases that
catalyzes the hydrolysis of peptides and ester bonds on L-Lys and
57
102-Ser195) within
L-Arg; it possesses a catalytic triad (His -Asp
189
one subsite (Asp ), located inside of a pocket called S1, to make
possible a salt bridge with the positively charged group from these
amino acids residues (L-Lys and L-Arg); and it contains a Calcium ion (Ca2+) to stabilize the structure (Ibarz et al., 2009; Ma et
al., 2005). Trypsin is synthetized as a zymogen with a molecular
weight of 24.1–24.7 kDa (Kay et al., 1961), and it is stored separately from the rest of the pancreatic products, until it is released
into the pancreatic duct that carries them to the duodenum (Rawn,
1989).
The inhibitory effect of flavonoids on trypsin has not been
completely studied (Li et al., 2014; Maliar et al., 2004). There

are some studies about the interactions between trypsin and polyphenols (Wu et al., 2013; Xiao et al., 2015), and only few once
on the trypsin-flavonoids interactions (Li et al., 2014; Maliar
et al., 2004). Authors mainly calculated inhibition percentages
or IC50, observing that QUE, LUT and apigenin had presented
46%, 33% and 27% inhibition percentages, respectively (Li et
al., 2014). However, the structure-activity relationship (SAR) of
trypsin-flavonoids interactions behind these inhibitions has not
been fully elucidated. Only some structural features were explained, such as flavanones had been pointed out as less effective trypsin inhibitors (Maliar et al., 2004). Trypsin inhibitory
studies by polyphenolics compounds have been carried out together with pancreatic lipase or glucosidase inhibitory studies, in
order to evaluate the possible antinutritional properties of these
compounds (Xiao et al., 2015). Considering that previous studies
have shown that flavonoids are good lipase and α-amylase inhibitors (Martinez-Gonzalez et al., 2019; Martinez-Gonzalez et al.,
2020), in the present study, different flavonoids will be tested as
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trypsin inhibitors, to determine which structural features favors
trypsin inhibition by flavonoid. For this, the effect of flavonoids
on trypsin catalytic activity, intrinsic fluorescence, ANS-trypsin
complex extrinsic fluorescence of trypsin-ANS, circular dichroism and molecular docking will be carried out to evaluate the
SAR of trypsin-flavonoids interactions.

The apparent catalytic parameters, maximal reaction rate (Vmax)
and Michaelis-Menten constant (KM) were calculated by both nonlinear (Michaelis-Menten) and linear (Lineweaver-Burk) analyses
to obtain Ki according to (Martinez-Gonzalez et al., 2019). The
non-linear analysis was performed at GraphPad Prism v. 6.0 using
Equation 1.

v0 =

2. Materials and methods

(1)

The linear analysis was performed with Equation 2 as follows:

2.1. Samples and reagents
Pancreatic porcine trypsin (EC 3.4.21.4), and its chromophore
substrate, Nα-benzoil-DL-arginine p-nitroanilide (BAPNA) were
purchased from Sigma-Aldrich (Merck, Germany). Chloride acid,
sodium hydroxide, bovine serum albumin (BSA), Bradford reagent, p-nitroaniline, sodium acetate, sulfoxide dimethyl (DMSO),
ANS, monobasic sodium phosphate (KH2PO4), dibasic sodium
phosphate (K2HPO4), sodium chloride (NaCl), imidazole, acrylamide, bis-acrylamide, sodium sulphate dodecyl (SDS), ammonium
persulphate (PSA), 2-mercaptoethanol, Coomassie blue G250,
N,N,N′,N′-tetramethylethylendiamine (TEMED), Tris, the flavonoids (HES, LUT, CAT, QUE and RUT) were also from Sigma-Aldrich. Methanol and Ethanol were purchased from J.T. BakerTM
(Thermo Fisher Scientific, Spain). The Broad Range Protein Ladder was purchased from Thermo ScientificTM (Spain). All chemicals were of analytical-reagent grade.

1
1
KM
=
+
v0 Vmax Vmax × [ S ]h

 [I ] 
K M × 1 +

K M′
 Ki 
=
′
Vmax
Vmax

′ =
Vmax

Trypsin purification process was carried on a SuperdexMR 75 size
exclusion column (Sigma-Aldrich, Germany), using phosphate
buffer solution (20 mM, NaCl 150 mM, pH 7.0). Proteolytic activity fractions were concentrated through an Amicon Ultra-0.5 mL
centrifugal filters (Millipore, USA), and purity was calculated to
be 99% (data not shown). All employed solutions (enzymatic, flavonoids, ANS and buffer) were separately filtered through a 0.45
µm DuraporeTM filter before each assay.
2.3. Trypsin activity assay
Trypsin proteolytic activity was assayed through UV-Visible microplate spectroscopy according to (Orona-Tamayo et al., 2013;
Unajak et al., 2012) with some modifications. 0.5 mg/mL trypsin
solution (dissolved in Tris buffer, 50 mM, pH 8.0). The substrate,
BAPNA, was dissolved (0.1–1.0 mM) in DMSO. The p-nitroaniline absorbance produced by trypsin hydrolytic activity on BAPNA was monitored at 410 nm during 2 min at 37 °C in a UV/
Vis microplate spectrophotometer (Bio-Rad xMarkTM, USA). The
trypsin activity assay duration was determined from a stability assay for the enzymatic solution (data not shown).
Control assay contained trypsin solution, distilled water, buffer
solution, and BAPNA solution in a final volume of 250 µL. The
BAPNA solution was added to start the reaction. For inhibition
studies, different concentrations (1–50 µM) of each flavonoid
(HES, LUT, CAT, and RUT) dissolved in methanol, except QUE
which was dissolved in ethanol were added prior to the addition
of BAPNA. Inhibition percentage was calculated from endpoint
absorbance values, and IC50 was calculated from an inhibitor concentration versus inhibition percentage plot (Martinez-Gonzalez et
al., 2019). All samples were assayed by triplicate.

(2)

where h was the Hill coefficient value determined by the non-linear curve fitting of kinetic time course in absence and presence of
flavonoids.
Ki and Ki′ (dissociation constant for free enzyme and enzymesubstrate complex, respectively) values for a mixed-type inhibition
were obtained from for mixed-type inhibition) Equations 3 and 4
(Tipton, 1996).

2.2. Enzymatic solution preparation
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Vmax × [ S ]h
K M + [ S ]h

Vmax
[I ]
1+
K i′

(3)

(4)

2.4. Enzyme-flavonoid interaction measured by intrinsic fluorescence spectroscopy
The quenching effect of the flavonoids (HES, LUT, QUE, CAT
and RUT) on trypsin intrinsic fluorescence intensity was assayed
as previously described with some modifications (Li et al., 2014;
Zeng et al., 2015). The trypsin (0.2 mg/mL) intrinsic fluorescence
(Trp) intensity changes were performed in an ISS-PC1TM spectrofluorometer (Horiba Scientific®, Japan). Phosphate buffer (20
mM, pH 7.0) was employed for enzymatic and flavonoids solution. Flavonoid solutions (0–100 µM) were added, and fluorescence intensity changes were measured after 1-hour incubation
at 37 °C, when the sample was excited at 290 nm, and the fluorescence emission was recorded from 300 to 700 nm, with 10 nm
Entrance/Exit slits (Li et al., 2011). The maximum fluorescence
emission was reached at 340 nm. All samples were assayed by
triplicate. The flavonoids did not exhibit FRET at that excitation
wavelength.
Fluorescence intensity changes were plotted against the flavonoid concentrations and fitted to Equation 5 as follows:

B ×[I ]
∆FI =max
KD + [I ]

(5)

where ΔFI is the change in fluorescence intensity at 340 nm; Bmax
is the maximum ΔFI; and KD corresponds to the dissociation constant.
The fluorescence quenching parameters were calculated from
the linear Stern-Volmer Equation 6 (Lakowicz, 1999) as follows:
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F0
=
1 + kqτ 0 [Q] =
1 + Ksv[Q]
F

(6)

where F0 and F are the fluorescence intensities in the absence and
presence of the quencher (herein refers to flavonoids), respectively. kq, τ0, and Ksv are the bimolecular quenching constant, the
lifetime of the fluorescence in the absence of the quencher, and
the Stern-Volmer quenching constant, respectively. Whereas [Q]
is the concentration of the quencher. τ0 value is equal to 1.90 ns
(Li et al., 2014).
A modification (Equation 7) of Stern-Volmer equation (Equation 6) was used to estimate the apparent values of the associative
binding constant (Ka) of the enzyme-flavonoid complex, and the
number of binding sites per protein (n) (Lakowicz, 1999).

F0 − F
log =
log K a + n log[Q]
F

(7)

2.5. Binding of flavonoids to enzyme by extrinsic fluorescence
of ANS
The fluorescence intensity changes of trypsin-ANS complex
were recorded according to (Sun et al., 2017) with some modifications. The assay was carried on in absence and presence of
flavonoids (HES, LUT, QUE, CAT and RUT). The final concentrations of trypsin and ANS solutions, both dissolved in phosphate buffer (20 mM, pH 7.0), were 0.05 mg/mL and 150 µM,
respectively. Sample were incubated 15 min at 37 °C, in the presence and absence of flavonoids (1–300 µM), and fluorescence
measured at 380 nm excitation wavelength, and the fluorescence
emission was recorded from 400 to 700 nm (monitored at 519
nm). The extrinsic fluorescence measurements were performed
in a Shimadzu RF-5301 spectrofluorometer (USA) into a 1 cm
path-length quartz cuvette. All samples were assayed by triplicate. The flavonoids did not exhibit FRET at that excitation
wavelength. Values of apparent dissociation constant (KD) were
calculated from Equation 5.
2.6. Binding of flavonoids to trypsin by circular dichroism
Circular dichroism spectra (CD) of trypsin in absence and presence of flavonoids (HES, LUT, QUE, CAT and RUT) were recorded according to (Zhang et al., 2013) with some modifications. The
assay was performed on a JASCO® J-815 spectropolarimeter (Japan). Final concentration of enzymatic solution dissolved in phosphate buffer (20 mM, pH 7.0) was 1 µM, while flavonoids final
concentrations were 1–100 µM. Measurements were performed in
the near-UV region (300–450 nm), into a 1 cm path-length quartz
cuvette. Ellipticity was recorded at a speed of 100 nm/min, 0.2
nm resolution, 11 accumulations, and 1.0 nm bandwidth. A control
experiment with solvent at same volume was carried on and subtracted from the raw spectra. All samples were assayed by triplicate. Values of apparent dissociation constant (KD) were calculated
from Equation 5.
2.7. Trypsin-flavonoids interactions by molecular docking
The analyses of possible interactions between trypsin and flavonoids (HES, LUT, QUE, CAT and RUT) were carried on according
to literature with some modifications (Martinez-Gonzalez et al.,

2019; Zeng et al., 2015). The three-dimension structure of trypsin
was obtained from Protein Data Bank (code 1S18) and used as
template. Flavonoid structures were generated and minimized
using PyMOL software v. 1.3 (Schrodinger® USA). Automated
molecular docking studies of the flavonoid and the trypsin were
performed with AutoDock Vina using the interphase installed
in USCF-Chimera v. 4 (Regents of the University of California,
USA) run with the default parameters and a search volume of approximate the same size as enzyme. The three-dimensional structure of the enzyme was considered rigid, and the ligands structures
were considered flexible during the performance. According to
the scores and binding energy value (herein refers to ΔG value),
the best pose for each flavonoid was obtained and analyzed. The
best pose was also chosen by its root mean square deviation value
(RMSD). Non-covalent interactions, such as Hydrogen bonding,
were determined from analysis of the two atoms involved in it,
their spatial positions, and distance between them.
2.8. Statistical analysis
All the experimental assays were run in triplicates. Results are expressed as mean values ± standard deviation. Analysis of variance
and Fisher’s least significant difference analysis were performed
by SPSS v. 20 software (IBM® USA) for the determination of statistically significant differences between treatments with a level of
significance of 0.05.
3.. Results and discussion
3.1. Inhibition of trypsin activity
The inhibitory capacity of flavonoids against trypsin activity are
shown in Table 1. Kinetic parameters were calculated by linear
(data not shown) and non-linear analyzes at three flavonoid concentrations, and inhibition pattern studies. IC50 values were also
calculated, where LUT showed the lowest value (37.60 ± 0.50
µM), followed by QUE, RUT and HES (45.20 ± 1.00, 48.10 ±
1.80 and 60.50 ± 2.40 µM, respectively). The flavone LUT was
observed to have the highest inhibition, while the flavan-3-ol CAT
did not show any trypsin inhibition. When the inhibitory activity
of QUE and RUT where compared, no effect of glycosylation was
observed. The activity of RUT against trypsin has not been previously reported, but the activity of flavonoids such as QUE and
apigenin has been compared (Li et al., 2014). Greater inhibitory
activity was related to a larger number of hydroxyl groups (three)
in the B and C rings of QUE, compared to the number of these
groups in apigenin (one). Hydroxyl groups at the C3′ and C4′ positions of QUE were indicated as essential for trypsin inhibition (Li
et al., 2014).
LUT and QUE showed the highest inhibitory capacity against
trypsin. Apparently, the hydroxylation at the C3 position decreases
the inhibitory activity of QUE with respect to LUT. The presence
of this group in QUE could hinder the planar C ring structure for
inhibition, as observed for α-amylase and lipase activity (Martinez-Gonzalez, et al., 2019, 2020), and a yeast α-glucosidase (Tadera
et al., 2006). The substitution of a hydroxyl for carbohydrate in
C3 for RUT could be related to its higher IC50 value compared to
QUE. This substitution causes an increase in the polarity and molecular size of the flavonoid, and a steric hindrance is generated for
its interaction with the protein (Gonzales et al., 2015).
The apparent catalytic parameters (Vappmax and KappM) are also

Journal of Food Bioactives | www.isnff-jfb.com

105

Martinez-Gonzalez et al.
Table 1. Trypsin apparent catalytic parameters (Vappmax, KappM, Ki and Ki′) and inhibition type for the hydrolysis of BAPNA in the presence of the flavonoids

Flavonoid

Concentration (μM)

Vappmax (10−2 mM/min)

KappM (mM)

Inhibition type

CONTROL

0.00

3.75 ± 0.20a

0.35 ± 0.05fg

None

0.10a

0.01g

HES

LUT

QUE

CAT

RUT

0.35 ±

12.55

3.60 ±

25.10

3.60 ± 0.05a

0.40 ± 0.05fg

50.09

3.40 ± 0.70b

1.00 ± 0.10d

0.50ab

1.00 ± 0.00d

12.70

3.05 ±

25.45

2.10 ± 0.00e

2.40 ± 0.15b

50.20

1.40 ± 0.70f

5.60 ± 0.95a

12.56

3.60 ±

0.15a

0.40 ± 0.00f

25.08

3.40 ± 0.10b

0.80 ± 0.18d

50.32

2.65 ± 0.20d

1.25 ± 0.05c

12.49

3.80 ± 0.25a

0.35 ± 0.00g

25.07

3.70 ±

0.00a

0.35 ±

0.00g

50.91

3.70 ±

0.15a

0.35 ± 0.05g

12.56

3.70 ± 0.05a

0.40 ± 0.10fg

25.00

3.40 ±

0.20a

0.50 ±

0.00e

3.00 ±

0.05c

1.05 ± 0.30cd

50.54

Ki and K′i (mM)
0.00

0.00

Mixed

73.15 ±

1.90a

78.05 ± 2.50a

Mixed

42.05 ± 0.70d

44.50 ± 0.85c

Mixed

58.90 ± 0.10c

61.00 ± 1.30b

None

n.d.

n.d.

Mixed

68.20 ± 2.10b

75.00 ± 8.00a

Data are represented as mean value ± standard deviation of triplicate analysis. Different letters in the same column indicate statistically significant values (Fisher's least significant
difference analysis, p< 0.05) respect to control, or between treatments for free enzyme or enzyme substrate dissociation constants (Ki and Ki′, respectively). Vmax and KM correspond to maximal rate and Michaelis-Menten constant, respectively. n.d. means not determined.

reported in Table 1. All flavonoids, except CAT (which did not
inhibit trypsin) showed mixed inhibition type. Flavanols such as
CAT have been reported as ligands with low inhibitory activity,
probably because they only interact with enzymes in the presence
of substrate, as uncompetitive inhibitors (Tadera et al., 2006).
The mixed inhibition constants values, Ki and Ki′ (Table 1) indicate that all flavonoids, (except CAT), behaves mainly as competitive inhibitors, showing greater preference for the free enzyme than
for the enzyme-substrate (ES) complex. This same mixed inhibition pattern for trypsin, has been observed for phenolic compounds
such as tannic acid (Xiao et al., 2015). More studies are required
on the inhibition pattern of phenolic compounds, since non-competitive inhibitions have also been reported (Wu et al., 2013). Phenolic compounds that inhibit trypsin activity can interact with the
same substrate binding site. This agrees with the lack of significant
changes (p< 0.05) for the Hill coefficient (h) value in the presence
of flavonoids. The lower trypsin inhibitory capacity of HES can be
explained by the lack of the double bond in C2-C3, and the presence of the methoxy group at the C3′ position instead of a hydroxyl
group. Moreover, the effects of QUE and LUT on trypsin are less
than those observed with other enzymes such as α-amylase and lipase (lower Ki values), and this can be attributed to the larger size
(higher molecular weight) of these enzymes, compared to trypsin,
and therefore more interactions could occur (He et al., 2006; Xiao
et al., 2015). More studies are required to clarify whether the differential inhibitory power of flavonoids on digestive enzymes would
be mainly related to the size of the protein.
3.2. Enzyme-flavonoid interaction analysis by intrinsic fluorescence spectroscopy
The intrinsic fluorescence associated with the four Trp residues
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of the enzyme was monitored. The effect of the presence of flavonoids at different concentrations (3–100 µM) is shown in Figure
2a–e. Corrections were made to eliminate internal filter effects. A
quenching effect was observed at the maximum fluorescence emission intensity (FI) recorded for trypsin (329 nm), in the presence
of all flavonoids. The greatest effect was observed for LUT and
QUE, followed by RUT and HES. Trypsin fluorescence quenching
has been reported for QUE and other flavonoids such as apigenin
(Li et al., 2014). HES showed a large bathochromic effect (Figure
2a, from 329 to 350 nm). This bathochromic effect may be due to
a change in the polarity of the environment surrounding the Trp in
the presence of HES, which may leave them exposed, and could
be related to a deployment of the polypeptide chain (Wu et al.,
2013; Wu et al., 2011). The bathochromic shift is also related to an
unfolding of the protein structure that covers the indole group of
Trp (Lakowicz, 1999).
The FI values were adjusted by non-linear (Equation 5) and linear (Equations 6 and 7) analysis to calculate the KD, Ksv, kq, n and
Ka values, and results are shown in Table 2. Only for kq and Ka, the
differences between LUT values, compared to the rest of the flavonoids were remarkable. CAT presented lower trypsin fluorescence
quenching effect, in agreement with its null inhibitory activity. In
the case of KD value (Table 2) LUT and QUE showed the lowest
values (p< 0.05). Both flavonoids have the highest affinity for the
enzyme, which agrees with their highest Ka values, and with their
high enzymatic inhibitory activity. QUE results are in agreement
with those previously published, where authors attributed its high
affinity to the ability of the hydroxyl groups in B ring to interact
with trypsin moieties (Li et al., 2014) similar to those observed for
catechol structures (Gonzales et al., 2015).
LUT had significantly higher Ksv and kq values compare to the
other flavonoids (Table 2). Higher Ksv values correspond to thermodynamically more spontaneous enzyme-ligand interactions,
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Figure 2. Quenching of intrinsic trypsin fluorescence in the presence of different concentrations of flavonoids (3.0–100.0 µM). (a) HES, (b) LUT, (c) QUE,
(d) CAT, and (e) RUT. Fluorescence was recorded after 60 min of incubation with the flavonoid, at an excitation wavelength of 290 nm. Data represent the
average of three experimental replicates.
Table 2. Fluorescence quenching parameters (KappD, Ksv, kq, n and Ka) of trypsin in the presence of flavonoids

Flavonoid

KappD (µM)

Ksv (10−1 mM−1)

kq (10−12 mM−1 s−1)

n

Ka (10−1 mM−1)

HES

38.00 ± 4.02a

0.96 ± 0.05b

0.10 ± 0.01c

0.70 ± 0.15b

0.60 ± 0.00d

LUT

16.10 ± 3.00c

1.87 ± 0.10a

9.86 ± 1.05a

0.90 ± 0.01a

1.60 ± 0.22a

QUE

17.50 ±

1.50c

0.30b

0.40b

CAT

n.d.

0.00 ± 0.00d

0.00 ± 0.00d

0.00 ± 0.00d

0.00 ± 0.00e

RUT

31.00 ± 2.67b

0.51 ± 0.00c

6.61 ± 0.15b

0.60 ± 0.03c

0.70 ± 0.01c

1.22 ±

6.43 ±

0.80 ±

0.20ab

0.90 ± 0.14b

Data are the mean value ± standard deviation of triplicate analysis. Different letters in the same column indicate statistically significant values (Fisher's least significant difference
analysis, p< 0.05) respect to control. n.d. means not determined.
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Figure 3. Fluorescence spectra of trypsin-ANS complex in the absence and presence of different concentrations (up to 300 µM) of flavonoids: (a) HES,
(b) LUT, (c) QUE, (d) CAT, and (e) RUT. Insert shows plot of flavonoid concentration (mM) versus corrected fluorescence intensity change DF. Samples were
excited at a wavelength of 290 nm. Yellow arrows indicate the trend of fluorescence change as the concentration of flavonoids increases.

and to higher affinity (Zhang et al., 2013). After LUT, QUE and
HES, showed similar results, followed by RUT. HES presented
Ksv values like those of QUE, but their affinity (Ka and KD) was
smaller. The kq values for all flavonoids indicated a static quenching mechanism, that is, there is a formation of a non-fluorescent
enzyme-flavonoid complex.
The calculated n values (Table 2) for all flavonoids indicate approximately one binding site per trypsin, in agreement with the
calculated Hill coefficient value for catalytic enzyme activity assays. QUE and HES ligands did not show significant differences
between them for the value of n. Greater flexibility of the B ring
in flavonoids, such as HES, is associated with less interaction with
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enzymes (Lo Piparo et al., 2008). HES interacted with the enzyme
in a manner comparable to QUE, but this interaction could be affected by its flexibility. In the case of RUT, the presence of glycosylation prevents interaction with the enzyme (Costamagna et al.,
2016) comparable to that of LUT.
3.3. Enzyme-flavonoid binding by extrinsic fluorescence spectroscopy
The change on fluorescence emission of the ANS-trypsin complex
was analyzed in the presence of flavonoids, after eliminating the

Journal of Food Bioactives | www.isnff-jfb.com

Martinez-Gonzalez et al.

Figure 4. Circular dichroism absorption spectra (CD) of trypsin in the presence of different concentrations (10–100 µM) flavonoids: (a)HES, (b) LUT, (c)
QUE, (d) CAT, and (e) RUT. Absorption wavelength (λ), and degrees of ellipticity, are in nanometers (nm), and in milligrade ellipticity (mdeg), respectively.
Yellow arrows indicate changes in the spectrum (increase or decrease), as the concentration of flavonoids increases.

effects of the internal filter (corrected FI or FIc) (Figure 3). QUE
exhibited the greatest decrease in FI of the ANS-trypsin complex,
followed by RUT and LUT (Figure 3c, e and b, respectively).
These results indicate that flavonoids and ANS compete for the
same binding site in the enzyme. HES and CAT (Figure 3a and d,
respectively) showed an FI increase of the ANS-trypsin complex,
indicating that both flavonoids interact with the enzyme in a different site respect to ANS. These results were similar to those reported for the interactions of the same flavonoids with the ANS-αamylase complex (Martinez-Gonzalez et al., 2019). QUE showed
the greatest effect on the stability of the enzyme-ANS complex,

competing with ANS for the same binding site (Halim et al., 2017).
The calculated KD (Equation 5) values for QUE, RUT, and LUT
were 126.10 ± 10.05, 61.70 ± 3.20, and 30.90 ± 2.80 µM, respectively. The large difference on KD values observed for QUE and
RUT, can be attributed to the glycosylation at C3 (RUT), in agreement with Wu et al. Wu et al., (2013). The extra hydroxyl group
of QUE, compared to LUT, gives it a greater ability to interact
with the enzyme. The low quenching effect of LUT over the ANStrypsin complex, may be explained considering the flat structure
of B ring, which allows it to easily interacts with its binding site,
without obstructing the binding of ANS to the enzyme (Tadera et
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al., 2006; Wu et al., 2013).
3.4. Binding between enzyme and flavonoid by circular dichroism
The absorption spectra (near UV) of trypsin were analyzed in
the presence of the flavonoids, HES, LUT, QUE, CAT and RUT
(Figure 4). Maximum ellipticity values for trypsin are observed
at 270 and 290 nm. HES and RUT (Figure 4a and e, respectively)
showed the greatest effect over the Trp moieties at 290 nm. No
effect of LUT, and CAT over the CD absorption spectra of trypsin
were observed (Figure 4b–d, respectively). The lack of DC activity
of LUT agrees with the little effect observed in the far-UV region
for the interaction between LUT and BSA (Yang et al., 2008), or
in the near-UV for the interaction between type B DNA and LUT
(Bhuiya et al., 2019). More studies are required to explain this lack
of observed interactions between LUT and trypsin.
KD values were calculated for the trypsin-flavonoid complex.
The results were 16.05 ± 1.25, 33.00 ± 4.80, and 23.05 ± 0.70 µM
for HES, QUE, and RUT, respectively. KD values at 290 nm were
not determined for LUT and CAT. The greatest effect of HES and
RUT can be associated with their structures. HES behavior can be
explained considering its greater flexibility, which could interact
with a larger region of trypsin increasing the expose of Trp moieties, which will agree with the observed extrinsic ANS-trypsin
fluorescence results. The larger size (higher molecular weight) of
RUT compared to the rest of the flavonoids could be responsible
for the observed effect in this assay, increasing the affinity for the
enzyme, and exposure of Trp moieties. The RUT lower CD results
can be related to its lower Ksv value compared to the other flavonoids. A lower Ksv value indicates that the polypeptide chain is less
accessible to the quencher, as in this case RUT. This relationship
between the lowest Ksv value and the highest effect on the tertiary
structure has been evaluated for type B DNA structures and flavonoids (Bhuiya et al., 2019).
The effect of flavonoids on trypsin inhibition and interactions,
compared to other enzyme such as α-amylase can be related to
the size of both enzymes (approximately 23.3 and 55.4 kDa, respectively). It has been reported that the interaction of phenolic
compounds shows a larger effect on the secondary structure of
high molecular weight proteases (pepsin, 41 kDa), compared to
lower molecular weight proteases (trypsin and chymotrypsin,
23.3 and 28 kDa, respectively) (Wu et al., 2013). Similar results
have been reported for the inhibition of α-amylase, lipase compared to trypsin, which has lower molecular weight, by flavonoids (Martinez-Gonzalez et al., 2019; Martinez-Gonzalez et al.,
2020). In another study, the effect of tannic acid on the inhibition
of α-glucosidase and trypsin, was evaluated, observing greater inhibitory activity against α-glucosidase, which possess higher molecular weight (Xiao et al., 2015).
3.5. Analysis of enzyme-flavonoids complexes interactions by
molecular docking
The analysis of the possible binding sites for trypsin-flavonoids
complexes was carried out in silico by docking studies (Figure
5, Table 3). Three binding sites were identified (Figure 5a). One
for HES, LUT and QUE, another for RUT, and the third for CAT.
All flavonoids, except CAT, bind near the active site. Due to the
smaller size of trypsin, in contrast with α-amylase or lipase these
binding sites are located in the surface of the enzyme and not in
cavities (Martinez-Gonzalez et al., 2019; Martinez-Gonzalez et al.,
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2020). The site where the CAT is located (Figure 5f) does not allow
any interaction with the catalytic triad of the enzyme. This result
may explain the lack of inhibitory activity of this flavonoid. Even
though, CAT showed the highest spontaneity (ΔG° = −7.5 kJ/mol),
of all flavonoids, indicating that the inhibitory activity of flavonoids will depend not only in its affinity toward the enzyme, but
the region where they bind to the enzyme. Due to its larger size,
RUT, despite of binding farther away from the catalytic triad, it
exhibited a mixed-type inhibition, possibly because it prevents the
coupling of the substrate into the active site, and because it binds
with Ser195 which is part of the catalytic triad (Figure 5g).
π-stacking hydrophobic and Hydrogen bondings were the main
observed interactions for all flavonoids. HES, LUT and QUE
(Figure 5c–e) showed hydrophobic π stacking interactions with
Tyr151, in agreement with those reported for the interaction of
phenolic compounds with trypsin and pepsin (Wu et al., 2013;
Xiao et al., 2015). Trypsin interactions with CAT and RUT were
only through hydrogen bonding, with residues such as Asn34, and
Asn97, respectively. Hydrogen bonding interactions have been reported for CAT and trypsin (Cui et al., 2015).
LUT and QUE, which were the best trypsin inhibitors, bind in
the same enzyme region. There appears to be a relationship between its binding to this site and its ability to inhibit catalytic activity. LUT, due to its hydroxyl group at C7, can bind with Gln192. In
the case of QUE, its A ring binds with Gly193, forming an additional hydrogen bonding, compared to LUT. HES, also binds to this
site, however, the lack of the double bond in ring C, gives a certain
torsion of this ring, while the oxo group in C4 can help stabilize the
HES spatial arrangement on this site. This difference in the spatial
arrangement explains its different inhibitory activity compared to
LUT and QUE. It has been described that the hydroxyl at C5′ of
HES facilitates a better interaction, and greater inhibition, with
larger enzymes such as α-amylase and α-glucosidase, compared to
the interaction of naringenin, which has only one hydroxyl group
at C4′ (Tadera et al., 2006). The participation of other characteristics of HES such as the methoxy group, which could prevent its adjustment in the binding site (avoiding its interaction with Gln192),
and cause changes in the conformation of the enzyme, observed
in the extrinsic fluorescence assays, should be evaluated. In vitro
studies on digestion models, and in vivo studies, both with trypsin
and other pancreatic enzymes must be done to completely elucidated the interaction mechanism of flavonoids to trypsin.
4. Conclusion
LUT showed the largest trypsin inhibitory capacity, followed by
QUE, RUT and HES, while no inhibition was observed with CAT.
π-stacking hydrophobic and Hydrogen binding were the main noncovalent forces involved in the flavonoid-trypsin complex formation. These interactions showed a structure-activity relationship,
such as the double bond between C2 and C3. The flavonoid backbone (two aromatic rings and one heterocyclic) allowed links with
aromatic rings of the protein. In general, flavonoids bind to the
same site in trypsin, which is close to the catalytic site, except for
CAT, which did not present any inhibitory activity. Flavonoids exhibited a mixed inhibition, which depends on their interaction with
the residues at this site.
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Figure 5. Molecular docking of trypsin and potential binding sites for the flavonoids HES, LUT, QUE, CAT, RUT, and the substrate, BAPNA. Surface representation for the full tridimensional structure of trypsin (dark gray), the amino acids of the active site are represented in yellow and the possible binding sites for
the ligands (a). Flavonoids binding sites and the main amino acids residues (sticks) are shown (b), as well as the main for the flavonoids and the main specific
interactions for HES (c), LUT (d), QUE (e), CAT (f), and RUT (g) are noted. The dot lines and distances (Å) with colors correspond to different interactions such
as hydrogen (red), and hydrophobic binding(green).
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Figure 5. (continued)
Table 3. Gibbs free energy (ΔG°, kCal/mol), the trypsin amino acid residues interacting with flavonoids, and the distance (Å) for the possible enzymeflavonoid conformations

Flavonoids

Amino acid residues lining the binding site, distance and binding energy interaction
Hydrophobic

Hydrogen Binding

ΔG°

HES

Tyr151

(3.6; 3.8)

Asp74

LUT

Tyr151

(3.8; 3.7; 3.7; 3.8)

Asp74

QUE

Tyr151 (3.9; 3.7; 4.0; 3.9)

Gly193 (3.1)

Ninguna

Asn34

Ninguna

Asn97

CAT
RUT

(2.8),

Tyr151

(3.2)

−6.7

(3.1),

Gln192

(2.4)

−7.3

(3.1),

(2.9; 3.1),
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Abstract
This study aimed to develop a synbiotic fermented milk with 4% carob powder (CB) as a functional ingredient and
using Lactobacillus brevis as a new isolated probiotics strain. Physicochemical characteristics, probiotic viability,
total phenolic content (TPC) and antioxidant capacity, antibacterial activity as well as the hypoglycemia activity
of carob fermented milk were measured during a cold storage and gastro-intestinal digestion. CB addition to fermented milk improved the growth of Lactobacillus brevis and maintained their viability during the storage period
(8 log CFU/g) and after digestion (7 log CFU/g). Carob fermented milk displayed higher TPC and higher antioxidant
capacity during the storage. The digestion resulted in the release of bioaccessible phenolics where gallic acid
(441%) and (+)-catechin (486%) were the most quantified phenolic compounds; thus, the inhibition of α-amylase
(52%), α-glucosidase (37%) activity and higher antibacterial potential. These results demonstrate the potentials of
carob fermented milk to be an important source of viable probiotics and bioaccessible polyphenols.
Keywords: Synbiotic fermented milk; Carob; Probiotic; Polyphenols; Bioaccessibility.

1. Introduction
Development of functional foods, in which probiotic, and synbiotic dairy products constitute an important class; with health
promoting natural ingredients have been growing constantly
within the last decade (Granato et al., 2018). Fermented milks
are the most frequently used food based vehicle to deliver probiotic bacteria as well as prebiotics worldwide, with high consumer preference (Annunziata and Vecchio, 2013). Probiotics
are living microorganisms that are safe for human consumption
and, when ingested in sufficient amounts, result in beneficial
effects on human health (Hill et al., 2014). Prebiotics, on other
hand, are non-digestible compounds that through metabolization
by microorganisms residing in colon modulate gut microbiome
composition or activity conferring beneficial physiological effects
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on the host (Gibson et al., 2017). There is an evident potential
for a synbiotic effect of probiotics and prebiotics since the latter
promote the growth of the former one. Synbiotics are defined as
“a combination of probiotics and prebiotics that beneficially affects the host by improving the survival and implementation of
live microbial dietary supplements in the gastro-intestinal (GI)
tract” (Mohanty et al., 2018). The combination of prebiotics and
probiotics in a single product give additive benefits compared to
their use individually (de Vrese and Schrezenmeir, 2008). Inulin,
fructo-oligosaccharides and galacto-oligosaccharides are prebiotics with proven ability to increase the growth and the counts of
probiotic strains (Balthazar et al., 2017). There is great economic
interest in finding other prebiotic-rich food matrices. Carob (Ceratonia silique L.) is a natural sweetener and may be used as a nutritious substitute for cocoa powder (Durazzo et al., 2014). It was
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reported that carob pulp consumption could lead to a beneficial
effect on diabetes symptoms prevention, hyperlipidemia control,
diarrheal symptoms reduction, and anti-proliferative and apoptotic activities against cancer cells. Several studies have attributed
these health benefits to the phenolic fraction of carob pulp and its
richness on dietary fibres (Loullis and Pinakoulaki, 2018). Carob
phenolics belong mainly to the groups of phenolic acids, flavonoids and tannins and can be found in free, bound or soluble conjugated forms and they are potent source of antioxidants (Chait
et al., 2020)). Thus, addition of carob polyphenols to fermented
milks may improve the antioxidant activity of this latter. On the
other hand, survival of probiotic bacteria in such supplemented
fermented milk during its shelf life, in addition to their survival
and changes in polyphenols content, in GI tract upon consumption, may be affected.
Thus, the aim of the current study was; 1) to evaluate effects
of carob powder addition on physicochemical characteristics and
viability of probiotic bacteria (Lactobacillus brevis) in fermented
milk during refrigerated storage and simulated gastrointestinal
digestion, and 2) to assess the bioaccessibility of phenolic compounds and 3) to investigate the antioxidant activity (DPPH and
ORAC) and hypoglycemia activity (α-amylase and α-glucosidase
inhibition) during simulated gastro-intestinal digestion of the carob fortified fermented milk.

2.3. Fermented milk

2. Material and methods

Prior fermentation, three batches of SM were prepared and
warmed to 30 °C. The first two batches were fortified separately
with 4% (w/v) of carob powder or inulin (the best concentration
of carob powder to be added to the fermented milks without resulting in syneresis was preliminary determined as 4% [Data not
shown]. The third batch was used as control without any prebiotic supplementation. Then, Lc. lactis strain C15 was added at
1% (v/v) corresponding to 107 CFU/ mL to the three batches.
Each batch was then divided into four equal portions, which were
inoculated with 1% (v/v) corresponding to 105 CFU/mL of each
Lb. brevis probiotic strain (B13 or B38) separately or in mixture
as summarized in Table 1. All fermented milks were incubated at
30 °C for 16 h and then stored at 4 °C for 28 days. The products
were analyzed after fermentation and on the 1st, 7th, 14th, 21st
and 28th day of storage for microbiological and physicochemical
characteristics.

2.1. Chemicals
Human saliva α-amylase (14 µkat /mg proteins), pepsin from
porcine gastric (11 µkat /mg), pancreatin from porcin pancreas
(4xUPS, 0.12 µkat of trypsin/mg), α-amylase from Bacillus licheniformis, α-glucosidase and bile salts were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). Solvents including acetone, methanol, acetic acid and acetonitrile were analytical grade
and purchased from Sigma-Aldrich. Folin-ciocalteau reagent,
sodium carbonate, 2,2-dipheny-1-picryhydrazyl radical (DPPH),
fluorescein, trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid), 2,2-azobis (2-methylpropionamidine) dihydrochloride (AAPH), potassium persulfate, DNS (3,5-dinitrosalicylic
acid), p-nitrophenyl-α-D-glucopyranoside and sodium hydroxide
(NaOH) were obtained from Sigma-Aldrich (Oakville, ON, Canada). The phenolic acid standards (over ≥ 980 g/Kg pure); gallic,
protocatechic, chlorogenic, caffeic, vanillic, syringic, p-coumaric,
ferulic, o-coumaric, trans-cinnamic, the flavanoid standards;
(+)-catechin, rutin, isoquercitrin, myricetin, apigenin and kaempherol were also purchased from Sigma-Aldrich (St. Louis, Missouri, USA). De Man, Rogosa and Sharp (MRS), M17 and lactose
used to growth the bacterial strains were purchased from (Sigma
Aldrich, Canada).
2.2. Carob powder preparation
Carob pods (Ceratonia siliqua L.) used in this study were collected
during July–August 2016 in Bejaia city (Algeria) and were in total
maturity stage (ripe). All carob pods were washed with distilled
water and seeds were removed. The pulps were dried in microwave (Hotpoint Ariston, USA) at 720 W for 15 min, ground to a
fine powder using a commercial food blender and passed through
a 0.149 mm sieve to obtain uniformly sized powder. The powder
was then sterilized under UV irradiation for 30 min.

2.3.1. Milk preparation and bacterial cultures
The skim milk (SM) was prepared by dissolving no-fat powder
milk (great value, Ottawa, Canada) in warm distilled water (37
°C), leading to reconstituted milk with about 13% (w/v) solid content. SM base was thermally sterilized at 90 °C for 10 min in a
water bath and stored at 4 °C for 24 h. Lactococcus (Lc.) lactis
C15 (starter culture), Lactobacillus (Lb.) brevis B13 and B38 (probiotic cultures) strains used in this study were previously isolated
from Algerian artisanal cheeses (Ait Chait et al., 2021). These
strains were selected based on their technological and probiotic
properties, as well as their ability to grow in the presence of carob
powder. All strains were phenotypically and genotypically identified by DNAr 16S sequencing (McGill University and Génome
Québec Innovation Centre). For preparation of inoculums, the
three strains were activated by two successive culture transfers in
de Man, Rogosa and Sharp (MRS) or M17 broth (Sigma Aldrich,
Canada) at 30 °C for 18 h, then in sterilized reconstituted skim
milk (SM) (30 °C for 18 h).
2.3.2. Fermentation process and storage

2.4. Microbiological analysis
Starter and probiotic strains viability were determined in all samples, just after fermentation and during storage using the pour
plate technique. Hence, 1 mL aliquot samples were removed and
subjected to appropriate serial dilutions in 0.1% (w/v) peptone
water. Lc. lactis C15 enumeration was performed in M17 agar
supplemented with 0.1% (w/v) lactose and Lb. brevis B13 and
B38 counts were determined in MRS agar (pH = 5.4). The plates
were then incubated at 30 °C for 48 h under aerobic conditions.
2.5. Physicochemical characterization
The pH of various samples was measured directly with a pH meter (Orion 2 star pH benchtop, Thermo scientific, USA). The titrable acidity (TA) was determined and expressed as g of lactic
acid per 100 g of fermented milk. The viscosity of each sample
was measured using a Brookfield viscosimeter (model DV-E, MA,
USA). According to the microbial and physicochemical analysis
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Table 1. Experimental design for carob powder addition in fermented
milks

Formulation

Prebiotic Sample coding

SM + Lc. lactis C15

0

F

F + Lb. brevis B13

0

FP1

F + Lb. brevis B38

0

FP2

F + Lb. brevis B13 + Lb. brevis B38 0

FP12

SM + Lc. lactis C15

C

FC

F + Lb. brevis B13

C

FCP1

F + Lb. brevis B38

C

FCP2

F + Lb. brevis B13 + Lb. brevis B38 C

FCP12

SM + Lc. lactis C15

I

FI

F + Lb. brevis B13

I

FIP1

F + Lb. brevis B38

I

FIP2

F + Lb. brevis B13 + Lb. brevis B38 I

FIP12

SM: skim milk, F: fermented milk with only yogurt starter cultures, C: carob powder,
I: inulin, FC: fermented milk with carob powder, FI: fermented milk with Inulin, P1:
probiotic 1 (Lb. brevis B13), P2: probiotic 2 (Lb. brevis B38), P12: P1 + P2. First column
represents the recipe of 4 different treatments for each row; control group (top row),
Carob powder added milk (middle row) and inulin added milk (last row). The second
column represents what type of prebiotic addition to the formulations; “0” means
no addition, “C” means carob powder addition, and “I” means inulin addition. The
third column represents the coding for 4 different treatments for each sample group
in 3 rows.

of fermented milks supplemented with carob powder, the formulation showing the best microbial growth of probiotic strains and
best physicochemical parameters was chosen to continue following studies. Total phenolic contents (TPC), HPLC and antioxidant
capacity analysis were performed for the selected formulation before and during the storage process and the in-vitro gastrointestinal
digestion.
2.6. Total phenolic contents (TPC)
TPC of fermented milks was spectrophotometrically determined
using the modified procedure of the folin-ciocalteu adapted to 96well plate assay, as described by Gao et al. (2002). The absorbance was read at 725 nm using a microplate reader (Epoch, Biotek,
USA) and expressed as mg of gallic acid equivalent per g of sample (mg GAE/g).

2.8. Antioxidant capacity
2.8.1. DPPH scavenging activity
The antiradical ability of the selected fermented milk was measured by DPPH (1,1-diphenyl-2-picrylhydrazyl) assay according
to the method of (Brand-Williams et al., 1995).The results were
expressed as mg gallic acid equivalent per gram of sample (mg
GAE/g) after reading the absorbance at 519 nm after 30 min of
incubation.
2.8.2. Oxygen radical absorbance capacity (ORAC)
The antioxidant capacity of the selected fermented milks was also
performed using an oxygen radical absorbance capacity (ORAC)
assay using a fluorescence plate reader following the procedure
of(Huang et al., 2002). ORAC values of all samples were calculated using the differences of areas under the fluorescence
decay curves between the blank and a sample. The results were
expressed as micromole Trolox equivalents per gram of sample
(µmol TE/g).
2.9. In vitro simulated gastrointestinal digestion
The selected formulation of fermented milk (FCP12) was subjected to an in vitro simulated gastrointestinal digestion to determine
the effect of digestion on its phenolic content and its antioxidant
capacity as well as on the starter and probiotic strains viability.
For this, 10 g of fermented milk was digested following the model
reported by (Minekus et al., 2014), which is based on three sequential steps: salivary, gastric and intestinal digestion. Simulated
fluids (salivary, gastric and intestinal) and enzymes solutions were
prepared at the same molarity as reported in the method. Aliquots
were collected at the end of each phase (oral, gastric and intestinal)
and placed in an ice bath for 10 min to deactivate the enzymes.
Then, samples were freeze-dried and stored at −20 °C until further analysis. Regarding the enumeration of starter and probiotics
strains, aliquots were plated on appropriate media as described in
section 2.3.
2.10. Bioaccessibility index
The Bioaccessibility index of phenolic compounds released from
the fermented milk after digestion was calculated as follows:

2.7. HPLC
Phenolic composition analysis was forms were performed for the
selected fermented milk using a reverse-phase (RP)-HPLC (Waters
Corp., Fisher Scientific, Milford, USA) according to (Gunenc et
al., 2015). Chromatographic separation was carried out by a RP Atlantis R T3 column (150 mm × 4.6 mm, 5 µm particle size; Waters,
Milford, MA) using two solvents system: (A) 0.5% (v/v) formic
acid in milliQ water and (B) 100% acetonitrile, under the following conditions: 0 min, 95% A; 0–35 min, 50% A; 35–40 min, 90%
A and then return to 95% A in 10 min. The chromatograms were
recorded at 280 and 320 nm for phenolic acids and flavonoids,
respectively. The identification of the phenolic compounds was
obtained by comparing the retention times with available external
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standards injected in the same conditions. Their quantification was
carried out through calibration curves of the standards.

Bioaccessibility index (%) = (A / B) × 100
Where: A is the content (µg) of individual phenolic compounds
quantified by HPLC after the in vitro digestion of the fermented
milk and B is the content (µg) of phenolic compounds quantified
in fermented milk before the in vitro digestion.
2.11. Antibacterial activity of fermented milk
Fermented milk (FCP12) samples were centrifuged at 14,000 ×g at
room temperature for 10 min and the supernatant was used to measure the antibacterial activity using Escherichia coli ATCC 25922,
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Table 2. Probiotic Lb. brevis (P1 and P2) viable counts (log CFU/mL) in fermented milks during storage period (4 °C)*

Fermented milks

Day 0

Day 1

Day 7

Day 14

Day 21

Day 28

FP1

6.43 ± 0.11aA

6.42 ± 0.09aA

6.35 ± 0.08abA

6.28 ± 0.09bA

6.17 ± 0.04cA

6.04 ± 0.25dA

FP2

6.39 ± 0.09aA

6.40 ± 0.10aA

6.38 ± 0.12aA

6.21 ± 0.10bA

6.01 ± 0.04cA

5.92 ± 0.05cA

FP12

6.28 ± 0.12aA

6.26 ± 0.08aA

6.11 ± 0.25bA

6.05 ± 0.04bA

5.82 ± 0.13cA

5.74 ± 0.12cA

FCP1

8.68 ± 0.12aB

8.69 ± 0.10aB

8.80 ± 0.13bB

8.79 ± 0.04bB

8.69 ± 0.09bB

8.28 ± 0.09cB

FCP2

8.61 ±

0.18aB

0.09aB

0.08bB

0.11bB

0.09bB

8.26 ± 0.14cB

FCP12

8.66 ± 0.11aB

8.65 ± 0.05aB

8.98 ± 0.08bB

8.93 ± 0.12bB

8.89 ± 0.25bB

8.58 ± 0.21cB

FIP1

7.67 ± 0.05aC

7.65 ± 0.05aC

7.57 ± 0.09aC

7.41 ± 0.05abC

7.30 ± 0.25bC

7.27 ± 0.07bC

FIP2

7.69 ±

0.18aC

0.11aC

0.12aC

0.07cC

6.81 ± 0.14dC

FP12

7.61 ± 0.08aC

6.82 ± 0.15bC

6.43 ± 0.05cC

8.60 ±

7.70 ±

7.60 ± 0.11aC

8.79 ±

7.64 ±

7.53 ± 0.21aC

8.81 ±

7.47 ±

0.12bC

7.46 ± 0.13aC

8.70 ±

7. 26 ±

*Values expressed in log CFU/mL as mean ± standard deviation (n = 3).A,B,C Different capital letters in a column indicates significant differences between fermented milk supplemented with different prebiotics (P < 0.05); a,b,c,d Different lowercase letters in a row for each fermented milk denote significant differences during storage period (P < 0.05).
F: fermented milk without prebiotic addition including P1/P2, FC: fermented milk with carob powder including P1/P2, FI: fermented milk with inulin powder including P1/P2.

Staphylococcus aureus ATCC 25923, Listeria monocytogenes
(ATCC 19115) and Salmonella typhimurium (ATCC 14028) as
indicator strains. The antibacterial activity of milks samples was
measured using the agar-well diffusion method (Hammami et al.,
2009). Briefly, nutrient media containing 7.5 g agar/L was cooled
to 45 °C, seeded with an overnight culture of each indicator strain
at 1% (v/v) and poured into a sterile Petri dish (25 mL). After solidification, 7 mm diameter wells were made using the wide end of
a sterile glass pipette and filed with 80 μL of milk sample supernatants. The plates were kept for 2 h at 4 °C before being incubated
at 37 °C for 24 h. After incubation, the diameter of the clear zones
was measured using a ruler (the minimum resolution was 1 mm)
and the results are expressed in mm.
2.12. α-Amylase inhibition
The α-amylase inhibition assay of the selected fermented milk
was adapted from (Telagari and Hullatti, 2015) with some modifications. Absorbance (Abs) was read at 540 nm in an Epoch microplate reader (Biotek, USA) and percentage of inhibition was
calculated relatively to the negative control having 100% enzyme
activity as follows:
Inhibitory activity (%) = [(Abssample−Abscontrol)/Abscontrol]
× 100.
2.13. α-glucosidase inhibition
The α-glucosidase inhibition assay was conducted according to the
method of (Yao et al., 2010). The α-glucosidase inhibitory activity
was calculated as follows:
% inhibition = [(Abscontrol − Abssample) / Abscontrol] × 100.
2.14. Statistical analyses
All statistical analyses were carried using IBM’s SPSS Statistic
version 24 software. Data were expressed as the mean ± standard
deviation (SD) of triplicate experiments. One way analysis of variance (ANOVA) was applied for each parameter followed up with
Tukey’s post-hoc test for detecting significantly different means
(p < 0.05).

3. Results and discussion
3.1. Viable cell counts of starter and probiotic strains
As the viability of probiotic organisms is considered a key parameter for developing probiotic foods, the viable cell counts of
starter and probiotic strains were evaluated after fermentation and
their stability were monitored over 28-days storage as illustrated
in Table 2. Lc. lactis C15 population remained relatively stable
(values ranged between 9.41 and 9.77 log CFU/g) in all fermented
milk formulations, after fermentation and throughout the storage.
This strain was not affected (p > 0.05) by probiotic co-culture and
the presence of prebiotics (inulin or carob powder) over storage
period (data not shown). After 16 h of fermentation, the milks
enriched with carob powder (FC) showed significantly (p < 0.05)
higher counts of probiotics lactobacilli (B13 and B38) (8 log
CFU/g) than the control (F) and inulin enriched-fermented milk
(FI) as presented in the Table 2. During the cold storage of the fermented milks, carob powder improved and increased the viability
of the lactobacilli strains in the early stage of storage (D7), after
that they remained relatively stable up to D21 (Table 2). In D28,
the count of both strains decreased by about 0.5 log CFU/g in the
individual cultures (FCP1 and FCP2) as well as in their co-cultures (FCP12). In addition, Lb. brevis B13 and B38 demonstrated
better survival (p < 0.05) under refrigeration storage in the presence of each other (co-culture), probably due to synergistic effects
of each probiotic. Even though the decrease in lactobacilli number
at the end of storage, the minimum dose recommended by the scientific community to confer potential health benefits (106 CFU/g
of food) (Vasiljevic and Shah, 2008) was maintained in carob fermented milk through its shelf-life. These findings point out an in
vitro synbiotic effect of carob powder upon the probiotic strains,
which was in accordance with several authors reports, who tested
different prebiotic matrices in fermented milks such as lentil, onion juice and green banana flour (Agil et al., 2013; Batista et al.,
2017; Li et al., 2016). According to the obtained results, it seems
that the constituents of carob powder favored the Lb. brevis B13
and B38 growth. It was already reported that carob pulp contains
high level of dietary fibers (Ortega et al., 2011) which was demonstrated to have a prebiotic effect on lactic acid bacteria (LAB)
viability (Carlson et al., 2018). The carob dietary fibers may protect the probiotic strains and serve as a carbon source for their
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*Values were expressed as mean ± standard deviation (n = 3). A,B,C Different capital letters in a column denote significant differences between fermented milk supplemented with different prebiotics (P < 0.05); a,b,c Different
lowercase letters in a row for each fermented milk denote significant differences during storage period (P < 0.05). Abbreviations are: F: fermented milk without prebiotic addition including P1&P2, FC: fermented milk with carob
powder including P1&P2, FI: fermented milk with inulin powder including P1&P2.

1,324 ± 0.07cC
1,276 ± 0.22bC
1,218 ± 0.14aC
0.89 ± 0.14bC
0.78 ± 0.10bB
0.60 ± 0.12aA
4.50 ± 0.10aA
4.60 ± 0.04aC
FP12

4.39 ± 0.02bAB

1,298 ± 0.08bC
1,268 ± 0.14aC
1,200 ± 0.16aC
0.81 ± 0.05bC
0.75 ± 0.05bB
0.54 ± 0.10aA
4.55 ± 0.12aA
4.61 ± 0.04aC
FIP2

4.43 ± 0.07bA

1,301 ± 0.12bC
1,271 ±
1,203 ±
0.83 ±
0.76 ±
0.56 ±
4.52 ±
4.60 ±

0.05aC
FIP1

0.06aA

4.50 ± 0.03aB
FCP12

4.41 ±

1,423 ± 0.14bB
1,373 ± 0.15aB

0.08aC
0.10aC

1,343 ± 0.12aB
1.10 ± 0.20cB

0.08bC
0.09bB

0.87 ± 0.12bB
0.79 ± 0.06aB

0.10aA
0.08bA

4.41 ± 0.03aB

4.58 ± 0.04aB
FCP2

4.33 ± 0.10bB

1,398 ± 0.13bB
1,360 ± 0.16aB
1,324 ± 0.13aB
0.91 ± 0.13cB
0.79 ± 0.10bB
0.69 ±0.10aB
4.48 ± 0.05aB

4.57 ±
FCP1

4.38 ± 0.03bB

1,408 ± 0.14bB
1,368 ±
1,336 ±
0.96 ±
0.80 ±
0.69 ±
0.07aB
0.03aB
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4.46 ±

4.58 ± 0.11aA
4.69 ± 0.03aA
FP12

4.35 ±

1,224 ± 0.08bA
1,178 ± 0.12aA

0.09aB
0.14aB

1,107 ± 0.12aA
0.69 ± 0.08aA

0.04cB
0.08bB

0.61 ± 0.12aA
0.52 ± 0.04aA

0.08aB
0.03bB

1,170 ± 0.16aA
1,104 ± 0.06aA
0.66 ± 0.13aA
0.57 ± 0.10aA
4.58 ± 0.10bA
4.70 ± 0.04aA
FP2

0.10aA

4.56 ±
4.71 ±

4.42 ± 0.11bA

4.49 ±

0.50 ± 0.08aA

0.59 ±
0.51 ±

0.12aA
0.07bA
0.02abA

4.50 ± 0.04bA

1,102 ±
0.67 ±

0.10bA
0.05abA

Day 1
Day 28
Day 14

Titrable acidity (%)

Day 1
Day 28
Day 14

pH

FP1

Figure 1a shows TPC values of the selected formulation of carob
fermented milk (FCP12) determined after fermentation and at different points over the 28-days storage period. Compared to unsupplemented fermented milks (control), the incorporation of carob
powder enhanced significantly the TPC in fermented milk following the fermentation to 5.48 mg gallic acid equivalent/g. The

Day 1

3.3.1. TPC

Fermented
milks

3.3. Carob fermented milk during cold storage: TPC, polyphenolic profile and antioxidant capacity

Table 3. The changes of physico-chemical properties of different fermented milks during refrigerated storage*

Changes in pH, titrable acidity (TA) and viscosity of different fermented milks during storage period at 4 °C were presented in Table
3. The addition of 4% (w/v) of carob powder promoted (p < 0.05)
acids production of in the milks during fermentation comparatively to both control and milk containing inulin. Thus, the pH values
of the skim milk (SM) (pH = 6.67) were declined significantly (p
< 0.05) to about 4.5 while the TA values were increased to about
0.6%. Also, milks fermented with the combination of Lb. brevis
B13 and B38 were more acidic than those containing the single
strain (p < 0.05). The increase in acidity could be attributed to the
metabolic activity of starter and probiotic cultures, which had the
ability to produce organic acids from the compounds supplied by
the carob powder as polysaccharides and polyphenols. The pH
continued to drop and TA increased throughout the whole period
of cold storage to stabilize during the last week to reach 4.3 and
0.9–1.0% respectively in carob fermented milk. Several previous
studies have shown that the incorporation of prebiotics may reduce
the pH values in fermented food with advanced storage (Boudjou
et al., 2014; Freire et al., 2017; Su et al., 2018). Carob powder supplementation resulted in an increase of the viscosity of the fermented milks during the storage time to reach values between 1,398 and
1,423 cP at the end of the process. Again, the co-culture of the two
probiotic strains led to more viscous milk than those fermented
with the individual cultures. Our findings were in accordance with
previous studies, who reported that addition of dietary fibers in
fermented milk increase the viscosity of the final product (Tavares
Estevam et al., 2018; Güler-Akın et al., 2016). This increase in
viscosity was probably related to pH decrease which promotes
the coagulation of milk and gel formation (Williams and Phillips,
2009). Thanks to the results obtained after the microbiological and
physicochemical analyses, milk fermented with the combination
of Lb. brevis B13-B38 and fortified with 4% (w/v) of carob powder (FCP12) was further characterized as indicated below.

0.08aA

3.2. Physicochemical characterization of fermented milks

1,167 ±

0.15aA
Day 14

Viscosity (cP)

Day 28

survival during storage. Other studies have also reported the presence of substantial amounts of polyphenols (Owen et al., 2003) in
carob pulp that may have a positive effect on probiotics growth
in milk. De Souza et al. (2018) reported that the addition of grape
pomace extracts (rich on polyphenolic compounds) to fermented
skim milk promoted the growth of Lb. acidophilus (de Souza de
Azevedo et al., 2018). Also, the supplementation of cow’s milk
with phenolic compounds extracted from olive vegetable water
increased the growth of LAB by 2.5 log CFU/mL (Servili et al.,
2011). In addition, the carob polyphenols are important antioxidant factors (Chait et al., 2020), which might scavenge hydrogen
peroxide and protect probiotic strains during the fermentation and
storage.

1,217 ± 0.12bA

Chait et al.

1,218 ± 0.16bA

Functional fermented carob milk

Chait et al.

Functional fermented carob milk

Figure 1. Changes in total phenolic content (TPC) of carob fermented milk (FCP12) during refrigerated storage (a) and in vitro digestion (b). Small letters
indicate significant differences (p < 0.05) during storage period and different steps of digestion of the fermented milk. AF: After fermentation (16 h), BD:
Before digestion.

amount of phenolic compounds in control (1.12 mg gallic acid
equivalent/g) is probably due to the presence of other compounds
in milk other than polyphenols such as low molecular weight antioxidants, free amino acids, peptides and proteins (Helal and Tagliazucchi, 2018). The TPC in the fermented milk fortified with carob increased up to D14 and then remained stable in the course of
the storage time. This increase could be due to the ability of LAB
strains to hydrolyze the phytochemicals complex there by releasing soluble conjugated or insoluble bounded phenolic compounds
from plant cell wall (Gan et al., 2017; Kwaw et al., 2018). In addition, proteolysis of milk proteins occurring during the fermentation
process may release amino acids with phenolic side chains such as
tyrosine and tryptophan (Korhonen, 2009). Similarly, (Santos et
al., 2017) reported an increase of TPC amount in fermented goat
milk supplemented with grape pomace extract.

3.3.2. Polyphenolic profile
The polyphenolics compounds in carob powder and carob fermented milks (FCP12) were identified and quantified by HPLC
and the results (Table 4) confirmed gallic and chlorogenic acid as
the most representative phenolic acids in carob powder, whereas
rutin and isoquercitrin were the most abundant flavonoids. Fermentation of the carob enriched-milk by starter and probiotic bacteria revealed interesting traits with regard to metabolization of
polyphenolic compounds. As detected in carob powder, gallic acid
was found at the highest concentration (102.35 µg/g) followed by
chlorogenic acid (33.67 µg/g) in carob fermented milk (FCP12).
Rutin and isoquercitrin were also the most quantified flavonoids.
As expected, no phenolic acids and flavonoids were found in the

Table 4. Phenolic compounds of carob fermented milk (FCP12) during refrigerated storage (4 °C)*

Phenolic compounds

Carob powder

Day 0

Day 1
0.14a

Day 14

100.82 ±

0.17a

Day 28

112.41 ±

0.07a

78.06 ± 0.10b

Gallic acid

162.50 ± 0.12

102.35 ±

Proto-catechuic acid

39.19 ± 0.04

24.71 ± 0.04a

21.20 ± 0.08a

19.64 ± 0.11a

10.27 ± 0.09a

Chlorogenic acid

54.12 ± 0.11

33.67 ±

0.24a

0.20a

0.12a

26.14 ± 0.07a

Caffeic acid

Nd

Nd

34.18 ±
Nd

0.18a

8.10 ±

Nd
0.12a

p-coumaric acid

12.77 ± 0.11

8.11 ±

Ferulic acid

13.44 ± 0.12

7.47 ± 0.14a

7.89 ± 0.08a

11.07 ± 0.04

0.20a

0.11a

o-coumaric acid

6.33 ±

0.11a

Trans- cinnamic acid

42.40 ± 0.15

24.10 ±

Total phenolic acids (TPA)

335.49 ± 0.18

206.74 ± 0.14a

(+)-Catechin

11.02 ± 0.03

8.23 ±

0.10a
0.15a

5.47 ±

24.85 ±

0.22a

202.51 ± 0.17a
8.21 ±

35.21 ±

0.11a

89.06 ±

0.08a

Nd

11.04 ±

0.06a

10.41 ± 0.07a
4.15 ±

0.08a

18.47 ±

0.07a

211.33 ± 0.17a
9.04 ±

0.11a

89.86 ±

0.08a

Nd
3.75 ± 0.14b
Nd
10.63 ± 0.15b
128.85 ± 0.16b
Nd
64.07 ± 0.20b

Rutin

118.36 ± 0.02

88.76 ±

Myricetin

18.17 ± 0.04

10.53 ± 0.11a

10.50 ± 0.14a

8.12 ± 0.15ab

5.17 ± 0.08b

Isoquercitrin

24.47 ± 0.06

15.20 ±

0.14a

0.15a

0.14a

7.57 ± 0.11b

Total flavonoids (TF)

172.02 ± 0.14

122.72 ± 0.16a

122.95 ± 0.18a

122.91 ± 0.17a

76.81 ± 0.11b

Total phenolics (TPA+TF)

507.51 ± 0.23

329.46 ± 0.20a

325.46 ± 0.20a

334.24 ± 0.20a

205.66 ± 0.19b

15.18 ±

15.89 ±

*Values are means of triplicates ± standard deviations (µg/g of fermented milk sample). Means followed by the different letters (a,b) in the same row represent a statistically
significant difference (p < 0.05). Nd: not detected.
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Figure 2. Antioxidant activity (DPPH and ORAC) of carob fermented milk during the refrigerated storage (4 °C) (a, b) and during the in vitro digestion (c,
d). Small letters indicate significant differences (p < 0.05) during storage period and different steps of digestion of the fermented milk. AF: after fermentation
(16 h), BD: before digestion.

unsupplemented fermented milk. On the contrary, proto-catechuic
and ferulic acids as well as catechin behaved differently than the
other phenolics and marked a significant (p < 0.05) decrease in
their concentration. The concentrations of different phenolic compounds remained constant or even slightly increased (p > 0.05)
over time refrigerated storage until D14 where the concentrations
decreased significantly (p < 0.05) to total phenolic compounds of
205.66 µg/g in D28. As discussed above, the changes of individual
phenolics found in carob fermented milk during fermentation and
cold storage are due to their metabolization by the starter and probiotic strains. The study of Curiel et al. (2010) had investigated the
potential of Lb. brevis strains to degrade food phenolic acids and
reported that those strains can metabolize and decarboxylate some
cinnamic acids (p-coumaric, ferulic and caffeic acids) to their corresponding vinyl derivatives (vinyl phenol, vinyl catechol, and
vinyl guaiacol) via a phenolic acid decarboxylase enzyme (Curiel
et al., 2010). According to the same authors, Lb. brevis can also
convert gallic and protocatechuic acids to pyrogallol and catechol,
respectively. Another explanation for the decrease of phenolic acids concentrations is the presence of milk proteins that can bind
and precipitate carob polyphenols. Indeed, the acidic pH caused
by the fermentation, may enhance the binding affinity between
phenolic compounds and milk proteins (Helal and Tagliazucchi,
2018). Same authors found that the addition of 25% milk to a cinnamon beverage resulted in formation of insoluble complexes between cinnamon tannins and milk proteins, which decreased the
total polyphenols content by 28%.
3.3.3. Antioxidant capacity
Since the antioxidant activity of food manifests itself with different
mechanisms, a single chemical method may not determine the total antioxidant capacity. For this, the antioxidant capacity of carob
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fermented milk (FCP12) was evaluated in the present work by two
different methods. The variations in DPPH and ORAC values of
carob fermented milk are shown in Figure 2a and b. The inclusion
of carob powder into milk had a considerable positive effect in
both DPPH and ORAC values with reference to unsupplemented
milk. The mean values of DPPH and ORAC were increased (p <
0.05) from 75.44 mg GAE/g and 355.14 µmol TE/g respectively,
in the sample after the fermentation until the 21th day of cold storage when their level start to decrease during the last week. This
result may be related to the solubilization of reducing substances in the fermented milk. High and significant positive correlation was found in carob fermented milk between TPC and both
DPPH radical scavenging activity and ORAC (R2 = 0.98; data not
shown). This signifies that phenolic compounds are good radical
scavengers. The high content of polyphenols present in carob is
most certainly responsible for the antioxidant capacity exhibited
in carob fermented milk. These results corroborate with the study
of Munian (Muniandy et al., 2016) who reported an increase in
DPPH values of yogurts supplemented with aqueous extracts of
green, black and white tea (Camellia sinensis) stored for 21 days.
Similarly, (Ramos et al., 2017) found that the incorporation of
polyphenol-rich extract containing 87.5% cloves and 12.5% green
mate increase the antioxidant activity in fermented milks.
3.4. Carob fermented milk during the gastrointestinal digestion: TPC, phenolic profile and antioxidant capacity
Gastrointestinal digestion is of major importance to assess the bioaccessibility of polyphenols and their amount released from the
food matrix. Thus, in order to understand the effect of the digestion
process, the fermented milk supplemented with carob (FCP12)
and none supplemented one (control) were submitted to an in vitro
simulation model of human digestion.
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Table 5. Phenolic compounds of carob fermented milk (FCP12) during in vitro digestion*

Phenolic compounds

Carob powder BF

Gallic acid

162.50 ± 0.12

Proto-catechuic acid

39.19 ± 0.04

102.35 ± 0.14a
24.71 ±

0.04a
0.24a

Chlorogenic acid

54.12 ± 0.11

33.67 ±

Caffeic acid

Nd

Nd

p-coumaric acid

12.77 ± 0.11

Oral

Gastric

Intestinal

Bioaccessibility (%)

104.56 ± 1.02a

234.04 ± 1.03b

452.12 ± 0.99c

441.74

24.53 ±

1.02a

36.78 ±

0.05a

Nd

8.11 ±

0.18a
0.14a

78.23 ±

1.02b

0.08a

0.99a

65.49 ±

1.05c

102.76 ±

0.75c

6.45 ± 0.08a

Nd

10.02 ±
8.45 ±

44.76 ±

0.99b

16.06 ±

0.45a

15.17 ±

0.87b

21.12 ±

0.98a

10.23 ±

0.07a

Ferulic acid

13.44 ± 0.12

7.47 ±

o-coumaric acid

11.07 ± 0.04

6.33 ± 0.20a

5.33 ± 0.05a

Nd

Nd

Trans- cinnamic acid

42.40 ± 0.15

24.10 ± 0.11a

26.12 ± 0.08a

56.58 ± 0.99b

67.44 ± 1.05b

Total phenolic acids (TPA)

335.46 ± 0.21

206.74 ±

0.15a

0.10a

215.79 ±
7.49 ±

0.17a

0.08a

(+)-Catechin

11.02 ± 0.03

8.23 ±

Rutin

118.36 ± 0.02

88.76 ± 0.15a

90.02 ± 0.10a

10.53 ±

0.11a

12.37 ±

0.08a

0.14a

16.75 ±

0.66a

Myricetin

18.17 ± 0.04

444.84 ±
26.19 ±

0.21b

0.08b

128.73 ± 0.88b
28.21 ±
8.12 ±

0.09b

0.06b

Isoquercitrin

24.47 ± 0.06

15.20 ±

Total flavonoids (TF)

172.02 ± 0.14

122.72 ± 0.10a

126.63 ± 0.11a

191.25 ± 0.16b

510.88 ± 0.23

0.17a

0.16a

0.20b

Total phenolics (TPA+TF)

329.46 ±

342.42 ±

636.09 ±

305.19
Nd
260.41
136.94
Nd

725.61 ±
40.02 ±

0.24c

1.05c

264.14 ± 1.10c
35.12 ±
5.36 ±

265.03

1.00b

0.09b

344.64 ± 0.14c
1,070.25 ±

0.25c

279.83
Nd
486.26
297.58
333.52
35.26
Nd
Nd

*Results are expressed as μg of individual compound in 1 g of carob fermented milk. Means followed by the different letters (a,b) in the same row represent a statistically significant difference (p < 0.05). BF: Before digestion. Nd: not detected/determined?

3.4.1. TPC
Changes in TPC of carob fermented milk at different digestion
stages are set out in Figure 1b. The total phenolic content presented
no significant (P > 0.05) changes in carob fermented milk during
the salivary phase compared to the initial content (before digestion).
After the gastric digestion, a slight increase (p > 0.05) in TPC was
observed. A further, the intestinal step had more effect and increased
significantly (P < 0.05) the total content to 7.04 mg GAE/g of fermented milk leading to a bioaccessibility of 128.47%. The same
trend has been previously described in stirred cinnamon-fortified
yogurt in which the TPC content reached 86.7% after gastrointestinal digestion (Helal and Tagliazucchi, 2018). The increment of TPC
during simulated digestion could be the result of digestive enzymes
action and pH changes on polyphenols (conjugated and bounds) facilitating their hydrolysis and their gradual release into the digestive
juice (Zhang et al., 2017). (Helal and Tagliazucchi, 2018) explained
also this increase by the protective effect of the milk matrix, which
bind the phenolic compounds and make them no longer available
for the interaction with pepsin; and it’s only when the digestion proceeds, milk proteins are hydrolysed and polyphenols can be released
from milk proteins resulting in an increased of bioaccessibility.
3.4.2. Polyphenolics profile
Table 5 shows the evolution and the bioaccessibility of individual
phenolic compounds of carob fermented milk during the in vitro
digestion. At the end of the digestion process, the amount of phenolic acids and flavonoids were significantly increased (P < 0.05)
by 3-fold compared to that before digestion. As can be observed, all
the individual phenolic compounds identified in carob fermented
milk were bioaccessible but showed different behavior during the
digestion. The greatest bioaccessibility was marked by gallic acid
(441.74%) followed by chlorogenic acid (305.19%). However,

ferulic acid showed the highest loss with a bioaccessibility index of
136.94% after the three steps of digestion. Concerning the flavonoids content, the higher bioaccessibility was observed in (+)-catechin and myricetin with 486.26% and 333.52%, respectively. Isoquercitrin was the lowest bioaccessible flavonoid (35.26%). During
the digestion, free phenolic compounds were released from the food
matrix resulting in increasing their bioaccessibility index. Previous
studies reported that the presence of dairy matrices significantly
improved the amounts and the stability of polyphenols during the
digestion, as the interaction between polyphenols and milk proteins
exhibited a protective effect (Green et al., 2007).
3.4.3. Antioxidant capacity
Changes in the antioxidant capacity were also investigated in carob
fermented milk during the digestion, and the data are depicted in
Figure 2c and d. Considering the changes found in TPC described
above, a similar trend was observed in the antioxidant effect of
carob fermented milk submitted to in vitro digestion. During the
passage throughout the simulated digestion system, the DPPH and
ORAC values of fortified carob fermented milk increased progressively to 98.23 mg GAE/g and 475.61 µmol TE/g respectively being 130% and 134% higher than the initial values. These results
are in accordance with the data reported by (Oliveira and Pintado,
2015) for the in vitro digestion of strawberry and peach yoghurt.
3.5. Cell viability of probiotics in carob fermented milk under
the in vitro gastrointestinal simulation
The ability to survive the digestive stresses and reach the intestine
in large numbers is one of the fundamental properties of probiotics
that can be successfully incorporated into food. Figure 3 illustrates
the changes in cell viability of the probiotic strains in carob fer-
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Figure 3. Survival of both probiotic strain (Lb. brevis B13 and B38) in carob fermented milk (FCP12) during the simulated gastrointestinal digestion. Small
letters indicate a statistically significant difference between before the in vitro digestion counts and counts at each digestion step.

mented milk and MRS broth (control) during the gastrointestinal
simulation. The gastric conditions reduced significantly (p < 0.05)
the population of the probiotic lactobacilli by ∼1 log. The effect
of intestinal step was more accentuated and slowly decreased (p >
0.05) the number of lactobacilli to 7.22 log CFU/mL. This reduction in probiotic number in the fermented milk under gastrointestinal conditions was also reported by previous works (Casarotti
and Penna, 2015; Moreno-Montoro et al., 2018). As expected, the
lactobacilli (Lb. brevis B13 and B38) strains survived better when
incorporated in carob fermented milk compared to the MRS broth.
Overall, the viability of the used bacteria was maintained at an acceptable concentration and exceeded the minimum required to confer health benefits (6 log CFU/mL). The carob powder improved
the lactobacilli viability and tolerance to the harsh conditions of
gastrointestinal tract. In addition, the food matrix and its components may create an environment that confers protective effects to
probiotic strains during the passage throughout the gastrointestinal
tract. Moreover, food components could bind to bile acids, reducing their toxic effect on probiotic cells (Begley et al., 2005).
3.6. Antibacterial activity
The antagonist potential of probiotics could be an important prop-

erty to be used as preservatives in foods, and it play a role in the
regulation of the intestinal microbiota (Gharbi et al., 2018).
Results of inhibition zones presented in Table 6 Showed that
control and fermented samples inhibited the growth of all pathogenic bacteria with significant differences (p < 0.05) between the
two groups. The addition of carob powder at 4% could effectively
improve the antibacterial activity of Lb. brevis (B13, B38) strains
as well as lactis C15 strain in the fermented milk. Indeed, compared with the control group, the diameter of the inhibition zone
for E. coli, S. aureus, L. monocytogenes and S. typhimurium of
carob fermented milk increased. In particular, the fermented milk
with carob powder was more effective on S. aureus, indicating that
the addition of carob powder presumably enhanced the antagonistic activity toward cocci. These results are in alignment with those
of (Abdel-Hamid et al., 2020; Lei et al., 2021) who found that the
addition of Siraitia grosvenorii and Dendrobium candidum extracts significantly enhanced the antibacterial ability of fermented
milk against strains of E. coli, S. aureus and S. typhimurium.
The antagonist activity toward pathogenic bacteria could be
related to the action of organic acids, bacteriocins, or other specific substances. Organic acids have a strong ability to inhibit
pathogenic bacteria and are considered the important antibacterial
compounds responsible for antibacterial activity of probiotics (Lei,
2011).

Table 6. Antibacterial activity in the fermented milk supplemented with 4% carob powder*

Inhibitory zone diameter
L. monocytogenes
0.2a

Control

11 ±

Fermented milk (FCP12)

12 ± 0.4b

S. aureus
9±

0.3a

14 ± 0.2b

S. typhimurium

E. coli

0.2a

10 ± 0.3a

11 ± 0.1b

13 ± 0.2b

10 ±

*Values are represented as mean ± SD (n=3). Means followed by the different letters (a,b) in the same row indicate a statistically significant difference (p < 0.05).
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Figure 4. α-amylase (a) and α-glucosidase (b) inhibition (%) of carob fermented milk (FCP12) and its digested fractions. Small letters indicate significant
differences before and during digestion steps for each tested concentration (0.3, 0.4, 0.5, 0.8 and 1 mg/mL).

3.7. α-Amylase and α-glucosidase inhibition

4. Conclusion

In vitro simulated digestion of carob fermented milk made a significant improvement on α-amylase and α-glucosidase inhibitory activity Figure 4a and b. It could be seen that the inhibitory
effect of α-amylase and α-glucosidase in digested fractions was
more effective than before the digestion and increased progressively (P < 0.05) up to 3.4 and 1.6-fold respectively. As mentioned above, the intestinal fractions exhibited high total phenolics content suggesting that the inhibition of both enzymes is
dependent on polyphenolic compounds amounts. In addition, the
inhibition of the α-amylase and α-glucosidase enzymes could be
attributed also to bioactive peptides generated by the proteolytic
activity of the probiotic strains (Gomes da Cruz et al., 2009).
The inhibition of α-amylase and α-glucosidase activities can be
considered as an effective approach to controlling diabetes by
reducing carbohydrate metabolism (Donkor et al., 2012). The
findings from this study show that the fermented milk enriched
with carob powder had the potential to manage post-prandial
hyperglycemia.

The results of the present work confirm that the addition of carob
powder into fermented milk improve the probiotic (Lb. brevis B13
and B38) growth during the fermentation process and maintained
their viability during the entire storage period (28 days). The carob
stimulates also the acidifying activity of the used culture and increases the viscosity of fermented milk. The data showed an increment of the total phenolic content and the antioxidant capacity
during storage in carob fermented milk. Carob powder has proven
to be an alternative ingredient in fermented milk formulation, contributing to the development of a functional food and a synbiotic
product, with high bioaccessibility polyphenols after the simulated
gastrointestinal digestion, enhanced antioxidant properties, large
viable numbers of probiotics and significant hypoglycemia activity. The supplementation with carob powder could be a promising
type of protection agent against pathogens. Further studies need to
be performed to examine the consumer sensory evaluation of the
fermented milk to elucidate the most important sensory descriptors
and the flavor compounds.
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Table 2. Monosaccharide, amino acid, and mineral compositions of BTPS

Monosaccharides

mol ratio (%)

Amino acids

D-mannose

2.38 ± 0.02

Aspartic acid

mg/100 g
446 ± 86

Minerals
Calcium

mg/100 g
41.2 ± 1.7

D-ribose

2.72 ± 0.02

Alanine

114 ± 11

Chromium

0.78 ± 0.0
1.37 ± 0.0

L-rhamnose

2.86 ± 0.03

Arginine

89.5 ± 12

Copper

D-glucuronic

2.46 ± 1.01

Glutamic acid

822 ± 11

Iron

9.8 ± 0.2

D-galacturonic

2.89 ± 1.02

Glycine

337 ± 60

Magnesium

815 ± 27

D-glucose

7.00 ± 0.07

Histidine

59.50 ± 7.80

Manganese

423 ± 4

D-galactose

47.5 ± 0.5

Isoleucine

Phosphorus

1,970 ± 50

D-xylose

1.89 ± 0.02

Leucine

54.5 ± 3.5

Potassium

9,155 ± 47

D-arabinose

28.5 ± 0.3

Lysine

182 ± 12

Sodium

15.3 ± 0.8

L-fucose

1.45 ± 0.08

Zinc

6.22 ± 0.20

Methionine

nd

nd

Proline

85.0 ± 9.9

Phenylalanine

20.0 ± 4.2

Serine

144 ± 12

Threonine

67.0 ± 0.0

Tyrosine

40.0 ± 14.1

Valine
Total

37.5 ± 3.5
2,498 ± 1

Data are expressed as the mean ± SD (n = 3). Abbreviation: nd, not detected.
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