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Report of the ISNFF-ICoFF 2019 joint conference
The joint meeting of the 7th International Conference on Food Factors (ICoFF) and the 12th International Conference and Exhibition on Nutraceuticals and Functional Foods (ISNFF) was held on
December 1–5, 2019 in Kobe Japan. This was preceded by the 9th
International Conference on Polyphenols and Health (ICPH) from
November 28 to December 1, 2019. The meeting attracted some
1,600 participants from 38 countries with numerous oral and poster
presentations. The conference, under the initiative of ISNFF, included for the first time a series of flash talks for posters that provided
concise overviews of research activities. Journal of Food Bioactives
accepts manuscripts from all presenters for publication consideration with applicable fee waiver by referencing the conference and
as invited submission. The bioactive area attracted much attention
in this event and as it related to health promotion and disease risk reduction were a focal point. The Journal of Food Bioactives will consider appropriate manuscripts for inclusion upon acceptance via the
usual process and free of processing charges as invited manuscripts.
The conference included 4 plenary sessions, 58 regular sessions, a pre-conference joint ICPH/ICoFF/ISNFF session, a keynote session, and a special lecture. The topics covered varied and
included, but not limited to, the following topics:
• Nutritional challenges and potential health benefits of functional foods, nutraceuticals, and dietary supplements
• Absorption, bioavailability, and metabolism
• Bioactive amino acids and proteins
• Cardiovascular health
• Marine products
• Functional foods and beverages
• Skin health
• Cancer chemoprevention
• Molecular mechanisms
• Metabolic syndrome and diabetes
• Functional proteins and peptide
• Natural plant pigments
• Nutritional regulation of epigenetics
• Omic technologies
• Molecular targets of food factors
• Antioxidants and redox regulation
• Allergy and immune modulation
• Biomarkers
• Phenolics and antioxidants
• Functional carbohydrates
• Fermented foods
• Taste and olfaction
• Collagen peptides
• Exosome and micro RNA
• Probiotics and prebiotics
• Phytonutrients
• Sports and athletic performance

• Human studies and functional food factors
• Functional assessment of food factors
• Herbs and spices
• Bone health and lifestyle
The conference was complemented by an exhibition that provided
display of products, services and publication outlets. The luncheon
sessions took advantage of the sponsored presentation by companies
who could promote their products and highlight their place in the
global market.
A number of distinguished ISNFF awards were presented at the
gala dinner. Dr. Chi-Tang Ho of Rugters University (New Brunswick, NJ, USA) received the ISNFF Lifetime Achievement Award.
ISNFF Fellow awards were presented to Dr. Cesarettin Alasalvar of
TÜBİTAK MAM (Gebze, Turkey); Dr. Kazuo Miyashita of Hokkaido University (Hokkaido, Japan); Dr. Colin Barrow of Deakin University (Melbourne, Australia); and Dr. Gow-Chin Yen of National
Chung Hsing University (Taichung, Taiwan). Dr. Petras Rimantas
Venskutonis of Kaunas University of Technology (Kaunas, Lithuania) received the society Merit Award. Furthermore, the Fereidoon
Shahidi Fellowship Award was presented to Tharindu Ruchira Lakni
Senadheera of Memorial University (St. John’s, NL, Canada).
The Flash Talk Competition was judged, and first through third
places were awarded at each of the three flash talk sessions. The
First Place winners were Yuqing Wang, China Natl. Res. Inst. of
Food and Fermentation Ind. (China); Rawiwan Wongpoomchai,
Dept. of Biochem., Fac. Med., Chiang Mai Univ. (Thailand); Func.
Food Res. Chen. For Well-Being, Chiang Mai Univ. (Thailand);
and Po-Sheng Chang, Dept. of Nutr., Chung Shan Med. Univ.
(Taiwan). The Second Place winners were: Tomoko Asai, Dept. of
Food Sci. and Nutr., Fac. of Human Life and Environ. Sci., Nara
Women’s Univ. (Japan); Anayt Ulla, Dept. of Nutr. Physiol., Inst.
of Med. Nutr., Tokushima Univ. Grad. Sch. (Japan); and Sachiko
Okue, Dept. of App. Life Sci., Grad. Sch. of Bioresour. Sci., Nihon
Univ. (Japan). The Third Place winners were: Aroonrat Pharapirom, Dept. of Biochem., Fac. of Med., Chiang Mai Univ. (Thailand); Chih-Chung Wu, Dept. of Food and Nutr., Providence Univ.
(Taiwan); Eko Susanto, Dept. of Marine Bioresour. Chem., Grad.
Sch. of Fish. Sci., Hokkaido Univ. (Japan), Dept. Fish. Prod. Tech.,
Fac. Fish. and Marine Sci., Diponegoro Univ. (Indonesia).
The conference was concluded very successfully and the next
ISNFF conference was announced to be held on October 18–21,
2020 in Nanjing, China in Hotel Platinum Hangjue. The 8th ICoFF
also will be held in 2023 in China, possibly again as a joint meeting with ISNFF. We encourage you to attend these future meetings
and engage with the scientific community interested in nutraceuticals and functional foods. Further, please consider joining ISNFF
to stay connected with news and these future events. Information
is available at the society website: www.isnff.org.
Fereidoon Shahidi and Bradley Bolling
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Abstract
Food bioactives are important components found in (functional) foods and are responsible for (perceived) health
benefits to human health, either as such or their metabolites. The Journal of Food Bioactives had its second year
successfully reporting on different aspects of functional food ingredients in 4 volumes and, as such, captured the
attention of those in the field. This report provides a cursory account of selected examples to illustrate this fact.
Keywords: Cannabis; Tea; Food By-products; Date palm; Guarana; Millet; Food Regulation.

1. The Journal of Food Bioactives in completion of its second year
Journal of Food Bioactives (JFB), the official journal of the International Society for Nutraceuticals and Functional Foods (ISNFF), has successfully published four volumes in 2019. However,
this text does not include comments about articles appearing in
volume 8 as the number of downloads was the criterion used in
the selection. ISNFF and JFB are committed to bringing cutting
edge research and development in the area of functional foods and
bioactive ingredients and suggesting future trends to its associates
and readers. Since the year 2020 is just around the corner, it is important and timely to acknowledge the authors that have submitted
their contributions to the JFB.
We are proud of the high quality of all manuscripts published,
and a short retrospective on the readers’ interest is provided here.
However, one should bear in mind that the selection of the papers
mentioned is purely based upon the number of downloads (Table
1), thus not necessarily representing any other opinion of the editorial board. One paper from each section/volume was selected (e.g.
viewpoint/perspective/opinion; review; original paper). We trust
that this summary will shed some light on the topics of interest and
will guide authors in the upcoming year.
The 4th volume was published in December 2018. Therefore, its
output in terms of interest was included in this report. According to
Holbrook and Kani (2018), consumer perception of cannabis was
largely framed by its stigma surrounding drug use. The authors
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also emphasized that the overall concern of rapid expansion of a
massive new market of cannabinoid-containing foods and drinks
is that producers/suppliers have an awareness and education in the
pleiotropic physiological effects of the endocannabinoid system,
are trained in safe product processing/manufacturing practices,
and do not make unsubstantiated claims for health benefits without
clear evidence. The bioaccessibility and bioavailability of phenolic
compounds were addressed by Shahidi and Peng (2018). According to them, several works on bioavailability and physiological
activity of the prevalent natural or synthetic phenolic standards/
mixtures have been carried out, but due to the diversity of phenolics and personal variations, there is still a need for a more clear
and thorough understanding of the specific patterns of phenolic
bioavailability. Finally, more efforts are also in progress. Thus a
number of bioavailability studies covering phenolic digestion, absorption, transport, metabolism, colonic catabolism, excretion, and
physiological effects are still in need of further clarification and
elaboration. The original paper by Liu et al. (2018) brings about
the anti-glycation effects of several natural dietary anthraquinone
derivatives (e.g., aloin, aloe-emodin, chrysophanol, emodin, physcion, and rhein). The glycation of human serum albumin (HSA)
plays a critical role in the development of many disorders. Their
findings suggest that the anti-glycation effects of these anthraquinones may be attributed to their binding capacity and stabilization
of the HSA protein structure.
In the 1st volume of 2019, Li and co-workers have used tea ex-

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
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Table 1. Most downloaded articles from 2019

Section

Title

Keywords

Perspective

A perspective on phenolic compounds, their potential
health benefits, and international regulations: The
revised Brazilian normative on food supplements

Normative Instruction (NI) N° 28; Proanthocyanidins;
Tocopherols; Brazil; Polyphenols

Review

Anticancer and antiproliferative properties of foodderived protein hydrolysates and peptides

Antitumor; Lunasin; Cancer; Apoptosis;
Bioactive peptides; Antiproliferative

Original

Revisiting DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay as a useful tool in antioxidant evaluation: A
new IC100 concept to address its limitations

IC100; DPPH; Radical scavenging ability;
Stoichiometric factor; Antioxidant capacity

Opinion

Guarana as a source of bioactive compounds

Caffeine; Phenolic compounds; Antioxidant properties;
Anti-Inflammatory potential; Antimicrobial activity

Review

Utilization of marine by-products for the
recovery of value-added products

Fish; Shellfish; By-products; By-catch; Discards;
Processing; Added-value; Nutraceutical;
Omega-3 oil; Biopeptide; Chitosan

Original

Bioaccessibility and antioxidant activities
of finger millet food phenolics

Colonic fermentation; Cooking methods;
Dynamic in vitro digestion; Retentate

Viewpoint

Profiled tea extracts exemplifying the importance
of characterizing food bioactives: opinion piece

Characterization; Natural product; Tea biological
activity; Food bioactives; Phytochemical profile

Review

Phenolic compounds in agri-food by-products,
their bioavailability and health effects

By-products; Bioactive compounds; Phenolics;
Nutraceuticals; Health benefits; Bioavailability

Original

Phenolic content, antioxidant and anti-inflammatory activities Date seeds; Leaves; Antioxidant activity; Phenolic profile;
of seeds and leaves of date palm (Phoenix dactylifera L.)
DNA breakdown inhibition; LDL oxidation inhibition

Volume 7

Volume 6

Volume 5

Volume 4
Opinion

Cannabis infused foods and drinks: Food
safety and the endocannabinoid system

Endocannabinoid system; Cannabis edibles; CBD oils

Review

Bioaccessibility and bioavailability of phenolic compounds

Phenolics; Bioavailability; Transporters; In
vivo metabolism; Colonic catabolism

Original

Bioactive anthraquinones found in plant foods
interact with human serum albumin and inhibit the
formation of advanced glycation endproducts

Anthraquinone; Rhein; Advanced glycation endproducts
(AGEs); Human serum albumin (HSA); Circular
dichroism (CD); Isothermal titration calorimetry (ITC)

tracts to exemplify the importance of characterizing food bioactives. According to them, natural products from food and herbs
have been used as functional foods and medicines for centuries,
much earlier than any of the current single molecule or drugs in the
market. Historically, natural products are the dominant resources
of the current global pharmaceutical market. However, the importance of the phytochemical characterization of plant origin and associated extracts containing multiple phytochemicals in research
and product development in this field has been plagued by overwhelmingly focusing on their biological effects. Hence it is vital
to characterize and identify the ingredients in the plant extracts—
food bioactive compounds—that play critical roles in promoting
health or having therapeutic effects. The combination of chemical
identification and biological evaluation is the key to having valid
and consistent results in elucidating health-beneficial properties of
a plant or its extracts and also a key to having a meaningful comparison among similar studies due to the use of the same standard.
Phenolic compounds in plant-based foods may render a myriad
of beneficial health effects, including prevention of cancer, cardiovascular disease, diabetes, immune disorders, neurogenerative

disease, and others. Shahidi et al. (2019a) revised several studies
and summarized the occurrence of phenolic compounds and some
other bioactives in various agri-food by-products from fruits, vegetables, tree nuts, legumes, cereals, oil seeds, beverages, as well as
their bioavailability and health benefits. The authors also briefly
addressed the presence of other bioactive compounds (e.g., carotenoids and betalains). The total phenolic content of date palm
(Phoenix dactylifera L.) seeds and leaves were determined and,
for the first time, their antioxidant activity in a food system investigated by John and Shahidi (2019). A number of phenolic
compounds including proanthocyanidin dimers, catechin, epicatechin, 5-O-caffeoylshikimic acid isomers, ferulic acid, rutin, and
isorhamnetin hexoside, among others, were detected in date palm
seeds and leaves. Due to their inhibition capacity towards cupric
ion-induced human LDL-cholesterol peroxidation and supercoiled
plasmid DNA strand scission inhibition, it is possible to suggest
that phenolic compounds date palm seeds and leaves could potentially prevent cardiovascular diseases and mutagenesis. Finally,
their data also supports the use of date palm seeds or leaves as a
natural source of anti-inflammatory substances.
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3

JFB—Trends in food bioactives

Shahidi et al.

Figure 1. Guarana as a source of bioactive compounds (Silva et al. 2019).

Guarana as a source of bioactive compounds (Silva et al.,
2019), an opinion article, was chosen as the cover of the 6th volume (Figure 1). According to their report, guarana has been listed
in the Brazilian Pharmacopoeia and is also introduced in the U.S.
Pharmacopeia, under monographs for guarana seed, its powder,
and dry extract. The Brazilian Food Supplement Law recently recognized that guarana presents bioactive substances, hence supporting its role as a functional food ingredient. The authors concluded
that the potential health benefits of guarana go beyond the action
of caffeine. Prevention of cardiovascular diseases and benefits on
cognitive performance related to phenolics from guarana have
been reported. Besides that, due to their inhibitory effect towards
α-glucosidase and α-amylase, its promising action as a new antihyperglycemic agent for prevention and/or management of type 2
diabetes has been highlighted. However, to confirm the benefits
of guarana in humans, this evidence must be further addressed in
clinical trials. The world fisheries resources have exceeded 160
million tons in recent years. However, every year a considerable
amount of total catch is discarded as by-catch or as processing
leftovers, and that includes trimmings, fins, frames, heads, skin,
viscera, among others. Accordingly, the utilization of marine byproducts for the recovery of value-added products was addressed
in Shahidi et al. (2019b). The characteristics and utilization of the
main ingredients such as protein, lipid, chitin and its derivatives,
enzymes, carotenoids, and minerals originating from marine byproducts was covered in the mentioned contribution. Supporting
the trend raised by the paper by Shahidi and Peng (2018), the
manuscript entitled “Bioaccessibility and antioxidant activities of
finger millet food phenolics” by Kumari et al. (2019) was the most
accessed original article from the 6th volume. Finger millet flour,
which is widely used in the African continent and the Indian subcontinent, was used to prepare five different foods using steaming,
pressure cooking, dry roasting, and open boiling as representative
preparation methods. The authors concluded that different cooking
methods affect the phenolic contents and antioxidant activities of
finger millet foods. The release of phenolic compounds increased
stepwise from gastric to intestinal phase for all finger millet foods
and their bioaccessibility and potential absorption depended on
different food preparation methods. The released phenolic compounds and their antioxidant activities at each phase of digestion of
finger millet showed the potential ability to protect human gastrointestinal tract from conditions related to oxidative stress. Generally, finger millet thin and thick porridges prepared by open boiling
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showed more absorbable phenolic compounds and high potential
to provide postprandial antioxidant activities compared to other
food preparation methods used.
Food regulation was the main subject of the perspective paper
entitled “A perspective on phenolic compounds, their potential
health benefits, and international regulations: The revised Brazilian normative on food supplements” by de Camargo and Lima
(2019). According to them, Anvisa, Brazil’s national regulatory
body, has recently revised the regulation on food supplements and
only a few phenolic compounds (chlorogenic acid, rutin, proanthocyanidins, and tocopherols) have been mentioned. Despite
several scientific evidences on the bioactivity of phenolics, especially concerning their antioxidant activity, Anvisa does not authorize any claims for supplements containing these compounds,
except for alpha-tocopherol, which was mentioned as “vitamin
E”. In summary, more clinical trials are needed in order to study
aspects related to the bioavailability and bioactivity of different groups of polyphenols, which would help advance the current level of health claims approved in the regulation. Additionally, claims related to the antioxidant action and/or free radical
scavenging activity of monophenols (e.g., tocopherols) should
be extended to compounds such as chlorogenic acid, rutin, and
proanthocyanidins. Finally, Brazilian sources of these compounds
should be included. Cancers of all types are among the four main
non-communicable diseases, a category of diseases responsible
for 38 million yearly deaths worldwide (Nwachukwu and Aluko,
2019). The authors summarized the various methods used for producing anticancer peptides and protein hydrolysates from food
sources, their modes of action, as well as descriptions of their antitumor properties in cellular and animal models. The mechanisms
by which protein hydrolysates and peptides exert their antitumor
and antiproliferative effects have not been entirely elucidated.
However, there is evidence pointing to the important role of their
antioxidative function. Accordingly, the authors concluded that
future studies should focus on the prospect of utilizing antioxidant bioactive peptides in cancer combination therapy. Amongst
the original articles, a paper related to the analytical methods (Yeo
and Shahidi, 2019) was the most accessed one in the 7th volume.
The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay has been widely used in antioxidant evaluation. However, it suffers from certain
limitations that are addressed in their contribution. The modified
DPPH assay proposes a new concept, IC100, that is defined as the
amount of DPPH radical required to oxidize all antioxidants pre-
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sent in the reaction medium. The modified DPPH assay does not
suffer from an underestimation of antioxidant activity found in
the original DPPH procedure due to the decrease in the ratio of
DPPH radicals to antioxidants. Moreover, the modified method
was not influenced by interference from coexisting pigments in
the measurement of radical scavenging potential of extracts. This
was the first attempt to effectively resolve the above-mentioned
limitations of the DPPH assay.
2. Concluding remarks and future trends
Despite the fact that some phenolic and other bioactive compounds
have been regarded as poorly absorbed, recent advances will provide evidence of their absorption as such or their metabolites. The
omics as well as microbiome approach and the effect of gut microbiota will continue to shed light on different aspects of research
and development in this field. The regulations governing functional foods, nutraceuticals, and dietary supplements is also expected
to be further developed and hopefully enforced.
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Abstract
Numerous studies have demonstrated the availability of high-quality bioactive compounds in food along with
their determination and quantification techniques. Many of these identified compounds have been claimed
to possess health benefits such as anti-inflammatory, anti-cancer, antioxidant, anti-allergic, anti-fungal, antimicrobial and cardioprotective spasmolytic properties. However, mere presence of these compounds does not
directly correlate with their potential health effects upon consumption. Since any food consumed does not
reach the blood stream in the original form and as they are broken down to various compounds it is mandatory
to consider their bioavailability and metabolism that takes place upon absorption. Furthermore, the efficacy
of these bioactive compounds depends on various factors including the dosage, food matrix and stability of
the compound during metabolism. Various bioavailability studies indicate that the parent bioactive compound
is broken into various metabolites via oxidation, dehydroxylation, de-esterification, hydrolysis, carboxylation,
α- and β-oxidation processes inside the human body. Therefore, this leads to an interesting conundrum that
whether the proposed health effects are due to the parent bioactive compound or due to the metabolites
formed during absorption. Some details in relation to the metabolism and metabolites of food bioactives are
presented in this contribution.
Keywords: Phenolic compounds; Bioavailability; Absorption; Metabolism; Health effect.

1. Introduction
Bioactive compounds are non-nutritive constituents in food with
potential health-promoting benefits when ingested. Plant-based
food including fruits, vegetables and grains, red meat, poultry
and seafood, algae, seaweeds and other forms of aquatic products contain various classes of bioactive compounds (Miyashita
and Hosokawa, 2018; Mirfat et al., 2018). These bioactive compounds vary widely in their chemical structures and fucntion
and are classified accordingly into major groups such as polyphenols, carotenoids, peptides and amino acids, lipids and fatty
acids, polysaccharides, glucosinolates, terpenoids, alkaloids and
furocoumarins. Eventhough these compouds are known to pro-
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vide health effects to humans, their bioavailablity is not always
well known. The mechanism of bioavailablity involves various
metabolic steps right from the start when the food is ingested via
mouth, broken down by the action of grinding, effect of saliva
juice, travel to the stomach, effect of gastric juice and enzymes in
the stomach, the effect of microbiota in the duodenum, jejunum,
ileum and colon. In addition, diffusion across the enterocytes and
colonocytes, effect of hepatic metabolism in liver and systemic
circulation also play an important role in the absorption of these
compounds from food sources. Therefore, the aim of this review
is to demonstrate various metabolic pathways of known polyphenols present in foods, bioavailability, and their effect on health
and disease.
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Table 1. Classification of phenolic and polyphenolic compounds
Class

Subgroup

Example

Phenolic acid

Benzoic acid

Protocatechuic acid
Vanillic acid
Gallic acid

Cinnamic acid

p-Coumaric acid
Caffeic acid
Chlorogenic acid
Sinapic acid

Stilbene

2.1. Phenolic acids

Resveratrol
Pterostilbene

Flavonoid

Flavonol

Quercetin
Kaempferol
Apigenin
Acacetin
Luteolin

Flavanone

Naringenin
Hesperetin

Flavanol

Catechin
Epicatechin
Epigallocatechin
Epigallocatechin gallate

Anthocyanidin

Cyanidin
Malvidin
Petunidin

Isoflavones

Genistein
Daidzin

Lignan

Secoisolariciresinol
Matairesinol
Syringaresinol

Tannin

Hydrolyzable

Gallotannin
Ellagitannin

The hydroxybenzoic acid derivatives have a general structure of
C6-C1. Strictly speaking, these are the only phenolic acid derivatives, since hydroxycinnamic acid that will be discussed below
are phenylpropanoids (Shahidi and Ambigaipalan, 2015). In some
cases, C6-C2 phenylacetic acid derivatives occur occasionally as
minor components in food. Generally, the concentration of HBAs
are low in fruits and vegetables except in red fruits, black raddish,
onion and potato skin (Lafay and Gil-Izquierdo, 2008). The general structure of hydroxybenzoic acid is shown in Figure 1. Some
of the common HBAs include salicylic acid, 4-hydroxybenzoic
acid, protocatechuic acid, gallic acid, vanillic acid, isovanillic acid
and syringic acid. Cinnamon bark contains protocatechuic acid,
salicylic and syringic acids (Muhammad and Dewettinck, 2017).
Gallic acid is found in clove buds along with protocatechuic acid,
p-hydroxybenzoic acid and syringic acid (Tomás-Barberán and
Clifford, 2000a). Canadian wheat flours contain vanillic acid and
syringic acid (Hatcher and Kruger, 1997; Kim et al., 2018; Yu and
Beta, 2015). Similarly, oats, barley, malt, hops contain different
forms of hydroxybenzoic acids. Although hydroxybenzoic acids
can be found as free acids in some fruits or released after processing, they mainly occur as conjugates. Gallic acid and its dimer such
as ellagic acid are esterified with glucose to produce hydrolysable
tannins. Also, p-hydroxybenzoic acid, vanillic acid, syringic acid
and protocatechuic acid are constituents of lignin (Pietta et al.,
2003).
2.1.2. Hydroxycinnamic acid derivatives (HCA)

Tannic acid
Condensed

Phenolic acids are divided into two classes depending on their
structures: (a) derivatives of benzoic acid and (b) derivatives of
cinnamic acid (Shahidi and Yeo, 2016).
2.1.1. Hydroxybenzoic acid derivatives (HBA)

Myricetin
Flavones

Figure 1. Phenolic acids (a) 4-hydroxybenzoic acid and (b) 4-hydroxycinnamic acid.

Proanthocyanidin

2. Phenolic compounds
Phenolic compounds are the largest group of phytochemicals that
are mainly found in plant-based foods. These have one or more
phenolic rings that are classified into different subgroups based on
their origin, biological function and chemical structure. The different classes of phenolic compounds are phenolic acids, flavonoids,
tannins, stilbenes and lignans are shown in Table 1 (Shahidi and
Ambigaipalan, 2015; Bolling et al., 2011; Hardman, 2014; Pietta
et al., 2003; Tsao, 2010; Shahidi and Yeo, 2016).

The hydroxycinnamic acids (Figure 1) are trans-phenyl-3-propenoic acids with different ring substitutions. Derivatives of cinnamic acids are mainly represented by caffeic, ferulic, sinapic and
p-coumaric acids. These compounds are often distributed as conjugates mainly as esters of quinic acid. Among hydroxycinnamic
acids, caffeic acid is the most common and accounts up to 70% of
total hydroxycinnamic acids in fruits (Carrera et al., 2010; Licciardello et al., 2018). Rosemary extract contains HCA, such as caffeic
acid, ferulic acid, and p-coumaric acid (Senanayake, 2018). Ferulic
acids are present in cereal grains. Since hydroxycinnamic acids occur is most fruits and vegetables, they make significantly larger
contribution to total polyphenol intake compared to hydroxybenzoic acids and flavonoids.
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Figure 2. Basic structures of flavonoids.

2.2. Flavonoids
Flavonoids are a group of natural products which are made up of
diphenylpropanes (C6-C3-C6) consisting of two aromatic rings
linked through three carbons that usually form an oxygenated heterocycle (Alvarez-Parrilla et al., 2018). They are mainly found in
fruits, vegetables, grains, bark, roots, stems, and flowers. Basic
skeleton of flavonoids (Figure 2) is made up of polyphenolic structure and it is divided into different subgroups depending on the
carbon of the C ring on which B ring is attached and the degree of
unsaturation and oxidation of the C ring. Flavonoids are composed
of 6 subgroups which include flavones, flavonols, isoflavones,
flavanones, flavanols and proanthocyanidins, and anthocyanidins
and anthocyanins (Panche et al., 2016). Biochemical properties of
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flavonoids are highly related to their chemical structures (Shahidi
and Ambigaipalan, 2015). The nomenclature of all flavonoids with
different ring substitutions is shown in Table 2.
2.2.1. Flavones
Flavones are one of the most important subgroups of flavonoids
due to their biological activities in vitro and in vivo. Flavones
(Figure 2) are mostly found in leaves, flowers and fruits as 7-Oglycosides and can also have acetyl or malonyl moieties (Panche
et al., 2016). Flavone C-glycosides are commonly detected as 6-Cand 8-C-glycosides. The flavone O-glycosides can be easily hydrolyzed with enzyme or acid; however, flavone C-glycosides are
resistant to both process and must be analyzed in their native forms
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Table 2. Different types of flavonoids based on the position of their substituents

Ring position

3

5

7

3′

4′

5′

Kaempferol

OH

OH

OH

H

OH

H

Myricetin

OH

OH

OH

OH

OH

OH

Quercetin

OH

OH

OH

OH

OH

H

Hesperetin

H

OH

OH

OH

O-Me

H

Naringin

H

OH

O-R

H

OH

H

Apigenin

H

OH

OH

H

OH

H

Luteolin

H

OH

OH

OH

OH

H

Cyanidin

OH

OH

OH

OH

OH

H

Malvidin

OH

OH

OH

OCH3

OH

OCH3

Petunidin

OH

OH

OH

OCH3

OH

H

Catechin/Epicatechin

OH

OH

OH

OH

OH

H

Gallocatechin

OH

OH

OH

OH

OH

OH

Epigallocatechin

OH

OH

OH

OH

OH

OH

Epigallocatechin gallate

G

OH

OH

OH

OH

OH

Genistein

–

OH

OH

H

OH

H

Daidzin

–

H

O-Glu

H

OH

H

H

H

OH

H

OH

H

Flavonols1

Flavonones1

Flavones1

Anthocyanidins2

Flavanols3

Isoflavones3

Daidzein
1Narayana

et al., 2001;

2Graf

et al., 2005;

3Shahidi

and Naczk, 2003. -O-Me, Methoxy; -O-Glu, Glucosyl; -O-R, Alkoxy; and G, Gallate.

(Hostetler et al., 2017). Changing the functional R1 and R2 bonds
in the flavone core will yield different types of flavones including
apigenin, acacetin, luteolin, diosmetin, and chrysoeriol.
Apigenin, also known as 4′,5,7-trihydroxyflavone, is present
in grapefruit, plant-derived beverages, parsley, celery, onions, oranges, tea, chamomile, wheat sprouts and in some seasonings. The
most abundant single source of apigenin is chamomile prepared
from dried flowers of Matricaria chamomilla (El Gharras, 2009;
Manach et al., 2004; Shukla and Gupta, 2010). Acacetin is an Omethylated flavone in its natural form is found in various plants
including Agastache rugosa, Scoparia dulcis, Cirsium rhinoceros,
Robinia pseudoacacia and Tamarindus indica (Bhat et al., 2013;
Daniel, 2006; Liu et al., 2011; Yim et al., 2003; Zhao et al., 2008).
Luteolin is found in oregano, celery, orange, broccoli, rosemary,
green pepper, peppermint, parsley, olive oil, thyme, carrot, dandelion, chamomile tea, and perilla (Akhtar and Swamy, 2018).
Diosmin (3′,5,7-trihydroxy-4′-methoxyflavone-7-rutinoside) is
commonly found in most plants and fruits especially citrus fruits
(Russo et al., 2018). Some of the plants from which diosmetin has
been isolated include Acacia farnesiana, Artemisia vulgaris, Chrysanthemum morifolium, Citrus medica, Cyprideis torosa, Daphne
pseudomezereum, Ditylenchus acris, Eclipta prostrata, Galium
verum, Genus Vicia, Inula Britannica, Lespedeza davurica, Lonicera syringantha, Luffa cylindrical, Luffa cylindrical, Mallotus

stenanthus, and Marrubium alysson (Patel et al., 2013). Chrysoeriol is a flavonoid which is found in various plants including peanut hulls, Cynanchum formosanum, Stachys chrysantha, Artemisia
vulgaris and Stachys candida, herbs such as Ludwigia prostrata
and flowers of Lonicera japonica as well as leaves of Epimedium
sagittatum (Mishra et al., 2003). In wheat, tricin (5,7,4-trihydroxy
3,5-dimethoxyflavone) is a main flavone (Shahidi and Ambigaipalan, 2015).
2.2.2. Flavonols
Flavonols (Figure 2) are a subclass of flavonoids with a keto group.
The richest sources of flavonols include onions, apples, cider,
grapes, wine and tea (Shahidi and Ambigaipalan, 2015). They are
derived from the simplest flavonol called 3-hydroxyflavone. The
most common flavonols include quercetin, kaempferol, myricetin, isorhamnetin, tamarixetin, morin, and fisetin. The most studied and most bioavailable flavanol is quercetin. Kaempferol and
myricetin are available in many foods; however, isorhamnetin and
tamarixetin are methylated metabolites of quercetin that also occur
naturally (Perez-Vizcaino and Duarte, 2010). Quercetin is available in most vegetables in the O-glycosidic form at concentrations
below 10 mg/kg. In addition, apigenin, quercetin, kaempferol, and
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myricetin are known to have interactions with soyprotein (Rawel
et al., 2002; Yeo and Shahidi, 2019).
Quercetin in onions is an exception, containing 185–634 mg/
kg of fresh weight (Dávalos et al., 2006). Flavonol content of
25 edible berries was studied, and it was reported that quercetin
was present in all berries and the highest amount was found in
bog whortleberry (158 mg/kg, fresh weight), followed by lingonberry (74–146 mg/kg fresh weight), chokeberry (89 mg/kg fresh
weight), sweet rowan (85 mg/kg fresh weight), cranberry (83–121
mg/kg of fresh weight), rowanberry (63 mg/kg), sea buckthorn
berry (62 mg/kg), and crowberry (53 and 56 mg/kg). The study
also indicated that only 8 out of 25 berries had myricetin and 4 out
of 25 berries had kaempferol present in them. The highest amount
of myricetin was found in cranberry (74–142 mg/kg fresh weight)
followed by crowberry (44–49 mg/kg fresh weight). The highest
amount of kaempferol was found in gooseberry (16–19 mg/kg
fresh weight) (Häkkinen et al., 1999).
2.2.3. Flavanones
Flavanones (Figure 2) occur as two types of glycosides including
rutinosides (6-O-α-L-rhamnosyl-D-glucosides) and neohesperidosides (2-O-α-L-rhamnosyl-D-glucosides) and occur as aglycones.
The aglycone forms are not attached to sugar moieties such as naringenin, hesperetin, isosakuranetin and eriodictyol. The glycoside
forms of flavanones include hesperidin, narirutin, neohesperidin,
neoeriocitrin and naringin. Orange, lemon, grapefruit, lime and
mandarin are rich sources of flavanones (Di Majo et al., 2005;
Tomás-Barberán and Clifford, 2000b).

Ambigaipalan, 2015; Valdez and Bolling, 2019). Stability of anthocyanins is dependent on the type of anthocyanin pigment, copigments, metal ions, light, pH, temperature, oxygen, enzymes and
antioxidants (Castañeda-Ovando et al., 2009; Khoo et al., 2017;
Pietta et al., 2003).

2.2.4. Isoflavones

2.2.6. Tannins

Isoflavones (Figure 2) are naturally present as glycoside in plants
and are polar molecules. They are widely present in various legumes, soy products such as soy oils, soy lecithin, tofu, black beans,
green split peas and clover. The concentration of isoflavones in
soy foods range between 0.1 and 3.0 mg/g (Setchell and Cassidy,
2018). The aglycone forms of isoflavones are daidzein and genistein. The glycosidic form of isoflavones include acetyl and malonyl glucosides and β-glucosides of daidzein and genistein (Pietta
et al., 2003). The germination of soybean was reported to change
its isoflavone profile and resulting in a better antioxidant activity in
the products than in soybean itself (Yoshiara et al., 2018).
2.2.5. Anthocyanidins and anthocyanins
Anthocyanidins (Figure 2) are aglycone derivatives of 3,5,7-trihydroxyflavylium chloride and the most common types of anthocyanidins are cyanidin, delphinidin, pelargonidin, peonidin, petunidin,
and malvidin. Anthocyanidins are found very rarely in fresh plants
due to their instability. Anthocyanins also called glycosylated anthocyanidins are water-soluble pigments present in flowers and
fruits of many plants. Most of the red, purple and blue-colored
flowers contain anthocyanins. Red flowers such as red hibiscus,
red rose, red pineapple sage, red clover and pink blossom contain anthocyanins and are edible. Blue flowers such as cornflower,
blue chicory and blue rosemary and purple flowers such as purple
mint, purple passionflower, purple sage, common violet and lavender are the common edible flowers. Some of the fruits containing
anthocyanins include cherries, plums, strawberries, raspberries,
blackberries, grapes, red currants and black currants (Shahidi and
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Figure 3. Structures of proanthocyanidins.

2.2.6.1. Condensed tannins: flavan-3-ols (or) flavanols or proanthocyanidins
Flavanols (Figure 2) are like 4-oxo flavonoids but are characterized by the lack of double bond between C2 and C3, and no C4
carbonyl in ring C of flavanols. In addition, hydroxylation at C3
allows flavanols to have two chiral centres on C2 and C3, thus having four possible diastereoisomers. Naturally, flavanols are found
as catechin and epicatechin isomers. Catechin is the isomer with
trans configuration and epicatechin is the one with cis configuration. Flavanols are present in apples, apricots, pears, cherries,
peaches and plums (Pietta et al., 2003; Tsao, 2010). Proanthocyanidins (Figure 3) include oligomeric and polymeric forms of
monomeric flavanols (Shahidi et al., 2019). Proanthocyanidins are
also called condensed tannins, and are distinguished according to
the substitution pattern of their linking. The A-type proanthocyanidins are linked through C2-O-C7 or C2-O-C5 bonding, B-type
proanthocyanidins are linked through C4-C6 or C4-C8 bonding as
dimers. There are two types of proanthocyanidins, namely procyanidins and prodelphidins (Tsao, 2010).
2.2.6.2. Hydrolyzable tannins
Hydrolyzable tannins (Figure 4) are compounds that are intermediate- to high-molecular- weight phenolics which can weigh up to
30,000 Da. They are composed of esters of gallic acid (gallotannins) or ellagic acid (ellagitannins) with a glucose core and are
readily hydrolyzed by acids or enzymes into monomeric products
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Figure 4. Structure of hydrolyzable tannins and their monomeric compounds.

(Grasel et al., 2016; Pietta et al., 2003; Shahidi et al., 2019).
2.2.7. Miscellaneous phenolic compounds
The minor dietary components are compounds in which some are
restricted to botanical occurrence whereas others are widespread
among nuts and fruits. The biological significance and metabolism
of some these compounds are relatively unknown. Simple phenols
like arbutin (hydroquinone or quinol β-D-glucoside) are found
in pears, strawberry tree, and breaberry. Meanwhile, sesamolin
(1,2-methylenedioxy-4-hydroxybenzene) is present in sesame
seed and oil. Derivatives of 4-ethylresorcinol such as 5-alkyl resorcinols, isomeric 5-alkenyl resorcinols and 5-alkadienyl resorcinols
found in whole wheat grains, rice and rye are also a part of minor
food metabolites. Urushiol member of Anacardiaceae family is
found in mango skins and Australian cashew. Anacardic acid, also
called as 6-pentadec(en)ylsalicylic acids, is found in cashew nut
and apple. Smoke phenols are compounds that are released during smoking of wood and the precise composition of wood smoke
depends on the type of wood and wood combustion temperature.
The content of simple phenols in smoked foods include phenols,
cresols, xylenols, guaiacol (2-methoxyphenol), eugenol, 4-ethylguaiacol, carvacrol, and syringol (2,6-dimethoxyphenol) (Budowski, 1964; Chakraborty et al., 1998; Funayama et al., 1995; Issenberg et al., 1971; Jeng and Hou, 2005; Kang et al., 1998; Kubo

et al., 2006; Maeda and Fukuda, 1996; Mullin and Emery, 1992;
Wang et al., 2018).
Lignans are plant-derived compounds and are found in whole
grain products, vegetables, fruits, nuts, seeds and beverages such
as tea, coffee and wine. Lignans are dimers of phenylpropane units
(Shahidi et al., 2019). There are two classes of phenylpropanoids
including allyl (methyl-vinyl, R-CH2-CH=CH2) and propenyl
(vinyl-methyl, R-CH=CH-CH3). Some of the known phenylpropanoids are safrole (1-allyl-3,4-methylenedioxybenzene), estragole
(1-allyl-4-methoxybenzene), myristicin (1-allyl-3,4-methylenedioxy-5-methoxybenzene), eugenol (1-allyl-3-methoxy-4-hydroxybenzene) and trans-anaethole (Clifford, 2000; Kumano et al.,
2016).
Coumarins are a class of lactones which are fused by a benzene
ring to α-pyrone ring. They are also called benzopyrones (1,2-benzopyrones or 2H-1-benzopyran-2-ones) and widely distributed in
the nature. Coumarins were first isolated from Tonka beans, found
in more than 1,300 plant species and distributed in more than 40
different families. Coumarins are well distributed in Angiospermae, Monocotyledoneae, Dicotyledoneae, Apiceae, Rutaceae,
Asteraceae, Fabaceae, Oleaceae, Moraceae and Thymelaeaceae
families. Coumarins are subdivided into simple coumarins, furanocoumarins, dihydrofuranocoumarins, pyranocoumarins, phenylcoumarins and bicoumarins. Pyranocoumarins are divided into
two types present in the angular and linear forms (Clifford, 2000;
Matos et al., 2015).
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Quinones are rare components in the diet and are found in plants,
fungi and bacteria. They play a significant role as electron transport chains involved in cellular respiration and photosynthesis.
Quinones in nature are biosynthesized via shikimate or polyketide
pathways, mammals can synthesize quinones primarily through
oxidative metabolism of aromatic precursors such as catecholamines, estrogens and xenobiotics. Quinones can occur in a variety
of forms including monocyclic (ex: benzoquinone), extended (ex:
ethylstilbestrone) or condensed (ex: benzo[α]pyrene-1,6-dione)
(Monks et al., 1992). Complex ranges of monomeric and dimeric
anthraquinones are reported to be produced from rhubarb. Some
of these compounds include chrysophanol, emodin, aloe-emodin
and rhein. Walnut fruit contains 1,4,5-trihydroxynaphthalene-4β-D-glucoside which acts as a raw material to produce juglone
(5-hydroxy-1,4-naphthoqinone) during ripening by hydrolysis and
oxidation. This quinone is responsible for the yellow-brown staining and irritation of the hands that can occur after handling these
nuts (Clifford, 2000).
Some of the other minor phenolic compounds present in the food
include curcuminoids (present in ginger and turmeric), capsaicins
(chillies and gingers) and terpenoid phenols such as thymol (4-isopropylphenol), carnosic acid, carnosol, rosmanol, rosmariquinone
and rosmaridiphenol (present in oregano, rosemary, sage, thyme).
Several marine algae contain various phenols, halogenated phenols (red algae) and pholortannins (brown algae) (Clifford, 2000).
2.3. Bioavailability of phenolic compounds
Flavonoids under natural conditions exist in the form of glycosides, linked to various sugar moieties, and are poorly absorbed in
the gut. The sugar linked to them is usually glucose or rhamnose
but can also be galactose, arabinose, xylose, glucuronic acid and
other sugars. For the flavonoids to diffuse through the small intestinal brush border, removal of the hydrophilic sugar moiety is essential. In order to be more bioavailable, these compounds need to be
hydrolyzed to their aglycone forms by enzymes like α-glucosidase
found in the intestinal flora. Therefore, the enzyme specificity and
distribution play a vital role in flavonoid absorption. In most cases,
it is reported that in brush borders of intestine and absorption in
the liver, flavonoids undergo phase II metabolism to form various glucuronides, sulfates or methylated derivatives (Koutsos et
al., 2015; Russo et al., 2018; Scalbert and Williamson, 2000). The
small intestine directly absorbs low-molecular-weight flavonoids;
however, high-molecular-weight flavonoids reach the colon almost
unchanged, and they are hydrolyzed by intense metabolic activity
before absorption. The microorganisms present in the colon catalyze the breakdown of flavonoids into simpler compounds such as
phenolic acids. The absorption of flavonoids is affected by various factors including molecular size, the degree of polymerization,
solubility, food matrix, interaction with other compounds, gut microbiota composition and passage through the gastrointestinal tract
(Koutsos et al., 2015; Scalbert and Williamson, 2000; Shahidi and
Peng, 2018). The mechanism behind flavonoid metabolism and
absorption is still not fully elucidated due to the complexity of numerous polyphenol compounds and a plethora of gut microorganisms present in the human gut. The knowledge present in the literature is based on polyphenols and fewer gut microbiota. To better
understand, the polyphenol-microbial interaction and metabolism,
new technologies such as metagenomics and metatranscriptomics
can be used extensively in the future (Kemperman et al., 2010).
The process of polyphenol bioavailability, metabolism and absorption is shown in Figure 5.
Phenolic compounds when ingested as a part of food matrix
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undergo various stages of absorption and metabolism processes
before exhibiting bioactivities associated with them. In the first
step, the phenolic compounds are released from the food matrix
by mechanical actions such chewing and grinding in oral activity
along with enzymatic action of various digestive enzymes present
in saliva. The phenolic compounds must endure various pH changes and they are transported to stomach, where they are subjected
to various digestive enzymes such as pepsin, trypsin, esterases,
lipases and amylases and gastric juice. The phenolic compounds
are then subjected to various metabolic activities such as Phase
I, Phase II and Phase III metabolism as part of the default detoxification system. During Phase I metabolism, cytochrome p450
(CYP) superfamily of enzymes hydroxylates incoming phenolic
compounds (De Montellano, 2005; Guengerich, 2007; Shahidi
and Peng, 2018). This step is a functionalization step which makes
phenolic compounds more reactive for subsequent metabolism.
During phase II metabolism, the phenolic compounds undergo
conjugation process in which hydroxyl group is modified by the
addition of sulfate, glucuronic acid or a methyl group (Shahidi and
Peng, 2018). Glucuronidation process is carried out by uridine diphosphate glucuronyl-transferase (UDPGT), methylation of phenolic compounds is performed by catechol O-methyl transferase
(COMT), and sulphation is carried out by sulfotransferase (SULT)
or by phenol sulfotransferase (PST) (Heleno et al., 2015). The conjugated phenolic compounds are transported into interstitial space
and bloodstream by basolateral transporter such as multidrug resistant protein (MRP) 1 and circulated into the liver via the portal vein. The phenolic compounds also undergo extensive phase
II metabolism mainly with the help of COMT. The metabolism
happening inside the liver is also called first pass metabolism because this is where the absorbed phenolic compounds compounds
are first exposed to metabolism before entering blood circulation
(Rio et al., 2010). The metabolism compounds enter circulation
and are absorbed by the tissues and transported into kidneys and
excreted via urine. The number of phenolic compounds excreted
via urine is relatively low, and it indicates that most of the phenolic compounds are transformed in the gut and excreted via feces
(Tulipani et al., 2012). Some unabsorbed phenolic compounds in
the liver are effluxed into the intestinal lumen via luminal (apical)
transporters such as P-glycoprotein (Pgp) and multidrug resistant
protein (MRP) 2 thereby reducing the net absorption in the liver.
This active efflux of polyphenols into the intestinal lumen is called
Phase III metabolism (Xu et al., 2005). In addition, some metabolites from liver are effluxed from liver into bile and transported into
intestinal lumen for subsequent metabolism or excretion via feces
(Xu et al., 2009; Shahidi and Peng, 2018).
In the first step of colonic metabolism, the microbial deconjugation of glucuronides and sulfates into aglycones are carried out by
plethora of microorganisms. Aglycones, monomers to trimers of
phenolic compounds and some intact glycosides such as anthocyanins can be rapidly absorbed by both enterocytes and colonocytes. The aglycones are then converted into various metabolites
and are absorbed in the colonocytes and the rest re-excreted via
feces (Kemperman et al., 2010; Neilson et al., 2017; Viskupičová
et al., 2008).
2.4. Metabolism of phenolic acids
Phenolic acids are considered as secondary metabolites from plants
and fungi. These compounds are produced for protection against
UV light, insects, viruses and bacteria (Naczk and Shahidi, 2006).
Phenolic acids are divided into two major groups: hydroxybenzoic
acid and hydroxycinnamic acids. The two types of phenolic ac-
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Figure 5. Process of bioavailability and metabolism of food polyphenols (Kemperman et al., 2010; Neilson et al., 2017; Viskupičová et al., 2008).
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ids are differentiated by the substitution in the functional groups
such as hydrogen, hydroxyl and methoxy groups determining
their functional property and bioactivity. It is also reported that
phenolic acids are the main bound components in various food
sources such as cereal grains, legumes and other seeds, acting
as building material for the cell wall matrix (Heleno et al., 2015;
Benevides et al., 2018; Shahidi and Yeo, 2016). Phenolic acids
are synthesized via shikimate pathway essentially from phenylalanine or, to a lesser extent, tyrosine. The phenolic acids undergo
various metabolic processes such as deamination, hydroxylation,
oxidation and methylation corresponding derivatives (Shahidi
and Yeo, 2018). Degradation of benzoic acid produces various
metabolites such as p-hydroxybenzoic acid, protocatechuic acid,
vanillic acid, veratric acid, gallic acid, genistic acid and syringic
acid. Degradation of cinnamic acid produces various metabolites
such as p-coumaric acid, caffeic acid, ferulic acid, sinapic acid
and 3,4- or 5-O-caffeoylquinic acid. Lafay and Gil-Izquierdo
(2008) reported when phenolic acids are in the aglycone form,
they are absorbed in the upper part of the gastro-intestinal tract
and stomach is also found to be an active absorption site. Phenolic acids such as gallic, caffeic, ferulic, coumaric and chlorogenic
acids are absorbed in the stomach. Generally, the absorption of
phenolic acids is very rapid between 1–2 h after food intake.
However, esterified forms of phenolic acids are less bioavailable
and only 0.3–0.4% are absorbed from the original food intake.
The lower bioavailability of the phenolic acids is because esterified phenolic acids must be hydrolyzed in the enterocytes before
reaching the blood circulation and the enzymatic capacity of the
intestinal cells is not so efficient to hydrolyze the ester bonds.
These unabsorbed esterified phenolic acids are metabolized by
microflora present in the colon.
2.4.1. Ferulic acid and caffeic acid
Ferulic acid and caffeic acid are the main hydroxycinnamic acid
derivatives. Ferulic acid can be found in grains and vegetables,
whereas caffeic acid is a major phenolic acid in sunflower seeds
(Chen and Ho, 1997). Pereira-Caro et al. (2016) studied the presence of phenolic compounds in the plasma and urine after the
consumption of orange juice. During this study, the HPLC-HRMS results indicated presence of benzoic acid derivatives such as
3,4-dihydroxybenzoic acid, hydroxybenzoic acid-O-glucuronide,
3-hydroxybenzoic acid-4-sulfate, 4-hydroxybenzoic acid-3 sulfate, 3-methoxy-4-hydroxybenzoic acid, 3-hydroxy-4-methoxybenzoic acid, 3-hydroxybenzoic acid, 4-hydroxybenzoic acid,
4′-hydroxycinnamic acid and dihydroferulic acid which could be
derived from ferulic acid.
Rechner et al. (2001) studied the novel biomarkers of the bioavailability and metabolism of hydroxycinnamate derivatives
through the determination of the pharmacokinetics of their urinary
elimination. Coffee was used as the main dietary source of caffeic
acid in this testing. The in vivo experiments were carried out on
five healthy male volunteers with pre-study washout procedure for
24 h and on the study day, 2 cups of coffee were provided with
polyphenol free diet for 24 h. The urine samples collected every
4 h were tested for the presence of metabolites after coffee consumption. The results indicated presence of various metabolites
including ferulic, isoferulic, dihydroferulic acid, (3-(4-hydroxy3-methoxyphenyl)-propionic acid), 3-methoxy-4-hydroxybenzoic
acid, hippuric acid, 3-hydroxyhippuric acid and vanillic acid in
urine in significantly higher levels compared to the pre-supplementation levels.
Crozier et al. (2010) reported that caffeic acid, ferulic acid, and
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p-coumaric acid are hydroxycinnamates linked to quinic acid to
form a range of conjugated structures known as caffeoylquinic acids, feruloylquinic acids and p-coumaroylquinic acids in isomeric
forms. In addition, it is reported that small intestine is most probably the site for the breakdown of caffeoylquinic acids and feruloylquinic acids to release quinic acid, caffeic acid and ferulic acid
as the products. Furthermore, sulfation and glucuronidation of caffeic acid and ferulic acid, methylation of caffeic acid to isoferulic
acid are metabolized in the small intestine. The colonic metabolism
is evident in the conversion of ferulic acid to feruloylglycine and
dihydroferulic acid and metabolism of caffeic acid to dihydrocaffeic acid which is further metabolized to dihydro-isoferulic acid.
2.4.2. Gallic acid and protocatechuic acid
Gallic acid, a hydroxybenzoic acid is available in plants in the free
or esterified form and is distributed in large amount in tea leaves
(Shahrzad et al., 2001). Zong et al. (1999) studied the metabolism
of gallic acid orally administered in rats and found that gallic acid
metabolized to produce 4-O-methyl gallic acid and the maximum
concentration was found in portal vein and inferior vena cava at
15 and 30 min after administration. Also, they observed that the
only 4-O-methylgallic acid was seen in the liver but not gallic acid.
Analysis of blood samples in this study indicated that gallic acid
and 4-O-methylgallic acid were 100 times lower than that found
in urine samples. This indicated that most of the gallic acid was
excreted out in urine without being metabolized. The study also indicated that gallic acid administered orally existed in the blood for
6 h and half of it was metabolized as 4-O-methylgallic acid. The
study concluded that since relatively high concentrations of gallic acid was present in the portal vein and remained longer when
administered orally compared to intravenous or intraperitoneally it
should have significant consideration of being used as an anticancer drug treating liver cancer.
Konishi et al. (2004) studied the intestinal absorption of p-coumaric acid and gallic acids in rats after oral administration. Generally, ferulic acid and p-coumaric acid are absorbed by the monocarboxylic acid transporter, however gallic acid is not absorbed
via that manner. Therefore, the pharmacokinetic profiles and the
absorption of and p-coumaric acid and gallic acid after oral administration was carried out. In this study, the rats were administered
with 100 µmol/kg body weight of p-coumaric acid and gallic acid
then the blood was collected from the portal vein as well as abdominal artery. The results indicated that p-coumaric acid rapidly
absorbed in the gastrointestinal tract in an intact form with the concentrated peak in portal vein at 10 min after dosing. In contrast, the
study revealed that gallic acid was slowly absorbed and intact form
with concentrated peak at portal vein at 60 min. The serum concentration profile was p-coumaric acid and gallic acid in the portal
vein was reported to 2,991.3 and 42.6 µmol min/L, respectively.
The relative bioavailability of p-coumaric acid against gallic acid
was about 70. Konishi et al. (2006) studied the absorption rates of
various phenolic acid in the rat stomach and the results showed
that five min after administration of 2.25 µmol of various phenolic
acids in the rat stomach, the plasma concentration of each phenolic
acid increased in the order of: gallic acid = chlorogenic acid < caffeic acid < p-coumaric acid = ferulic acid.
Konishi et al. (2003) studied the transepithelial transport of pcoumaric acid and gallic acid in Caco-2 cell monolayers. The results exhibited that the transport of coumaric acid was dependent
on pH and in a vectorial manner in the apical-basolateral direction.
However, the results indicated that unlike coumaric acid, the permeation of gallic acids was not polarized and was independent of

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

Shahidi et al.

Bioavailability and metabolism of food bioactives and their health effects: a review

pH and linearity increased with increasing concentration of gallic acid. Furthermore, the transport rate of gallic acid was about
100 times lower than that of coumaric acid suggesting paracellular
pathway.
Serra et al. (2012) studied the colonic metabolism of gallic and
protocatechuic acid using rat microflora. Both phenolic acids were
metabolized by colonic microflora. There was an increase in all
the metabolites throughout the fermentation process from 0–48 h
period. The main metabolites of gallic acid were phenylacetic acid
and p-hydroxyphenylacetic acid at 15 and 16 pM concentrations,
respectively. The results also indicated that gallic acid was also
present throughout the fermentation process from 43 pM at 0 h to
28 pM at 48 h. The main metabolites of protocatechuic acid fermentation were phenylacetic acid and p-hydroxybenzoic acid at 39
and 44 pM concentrations, respectively. The results also showed
that protocatechuic acid was also present throughout the whole fermentation process from 296 pM at 0 h to 254 pM at 48 h. The poor
metabolism was due to the presence of monophenol structures as
metabolic products of these polyhydroxy polyphenol compounds
like flavonoids.
2.5. Metabolites of polyphenols
There are many studies reporting that much of the polyphenol
metabolites are poorly absorbed in the small intestine and liver
(Shahidi and Peng, 2018). However, the metabolic activity of the
gut microflora on unabsorbed polyphenols plays an important role
in the modulation of bioactivities of these compounds and their
health effects. Furthermore, various studies have demonstrated
that these polyphenols are transformed into various phenolic acids
such as phenylvaleric, phenylpropionic, phenylacetic, benzoic and
hippuric acids. However, the type of metabolic products depends
upon the type of compound metabolized (Gonthier et al., 2018).
Therefore, it is essential that we consider all changes that occur
upon digestion and all these must be carefully considered when we
speak about absorption and bioavailability.
Dall’Asta et al. (2012) studied the identification of microbial
metabolites derived from in vitro fecal fermentation of 16 different
food sources: fresh strawberries, blueberries, raspberries, blackberries, Tarocco blood orange, onion, clarified apple juice, pomegranate juice, dark chocolate (90% cocoa), red wine (Merlot),
oat bran, wheat bran, flaxseeds, black and green tea, and ground
coffee. The polyphenols present in the foods were extracted using
various methods and was stored at −80 °C until in vitro fermentation. The fermentation was carried out in a total volume of 22 mL
containing 45.5% growth medium, 45.5% fecal slurry and 9% food
sample matrix. The fecal slurry was obtained from three healthy
volunteers who followed polyphenol-free diet for 2 days before
fecal collection. The fermentation was carried out at 37 °C for 24
h. The samples were collected at 5 h and 24 h time intervals. The
phenolic compounds originally present in food samples and the
fermentation derived phenolic metabolites were analyzed using
LC/MS. The study demonstrated various metabolites from the in
vitro fermentation of all 16 foods in detailed manner are shown in
Table 3.
2.5.1. Metabolism of flavonols
2.5.1.1. Metabolism of quercetin
Quercetin exists in wide variety of vegetables and fruites such

as onions, kale and apples (Formica and Regelson, 1995; Shahidi and Ambigaipalan, 2015). Serra et al. (2012) studied the
metabolic fermentation of quercetin, quercetin-rhamnoside and
quercetin-rutinoside using rat colonic fermentation for 48 h.
The fermentation process was started at a very low starting concentration of 1 pM for quercetin compared to 7.3 and 23 pM of
quercetin-rhamnoside and quercetin-rutinoside, respectively. The
results from this study indicate that there was immediate degradation of quercetin with the formation of various metabolites such as
phenylacetic acid, three different mono hydroxylated forms (p-,m,and o-hydroxyphenylacetic acid) and 3,4-dihydroxyphenylacetic
acid, protocatechuic acid, 3-(3,4-dihydroxyphenyl)propionic
acid, homovanillic acid (2-(4-hydroxy-3-methoxyphenyl)acetic
acid), and p-hydroxybenzoic acid. The highest concentration of
quercetin metabolite was protocatechuic acid reaching a maximum of 63 pM after 24 h incubation, followed by phenylacetic
acid, which reached a concentration of 42 pM after incubation for
48 h. In the same period, the concentration of quercetin fluctuated and reached 0.33 pM after 24 h but was not detectable after
48 h incubation. When quercetin-rhamnoside was fermented with
rat colonic microflora, the main metabolic product was phenylacetic and p-hydroxyphenylacetic acid reaching a concentration
of 41 and 34 pM, respectively. The results also indicate that there
was a much faster degradation of quercetin-rhamnoside reaching
a concentration of 2 pM within 4 h and was almost barely detectable in the system after 24 h of incubation. Quercetin-rutinoside
fermentation using rat microflora resulted in a lower number of
metabolites compared to quercetin and quercetin-rhamnoside.
The main metabolite of quercetin-rutinoside was 3,4-dihydroxyphenylacetic acid reaching a concentration of 51 pM after 48 h of
incubation, however, it was not seen in the medium for the first
47 h. Similar to quercetin-rhamnoside, quercetin-rutinoside also
degraded quickly and was near zero after 24 h of incubation (Serra
et al., 2012).
The in vivo quercetin metabolites identified from body fluids include 2-(3,4-dihydroxyphenyl)acetic acid (human urine), 2-(3-hydroxyphenyl)acetic acid (human serum), 3,4-dihydroxytoluene
and 2-(3-methoxy-4-hydroxyphenyl)acetic acid. Generally, flavonoids undergo various transformations caused by microbiota such
as ring-fission. During the process of ring fission, the C-rings of the
flavonoids is degraded resulting in the formation of hydroxylated
aromatic compounds from the A ring and phenolic acid from the
B ring. The primary metabolite of quercetin is 2-(3,4-dihydroxyphenyl)acetic acid, and myricetin metabolism results in 2-(3,5-dihydroxyphenyl) acetic acid. Further, dihydroxylation caused by
microbiota results in the formation of 2-(3-hydroxyphenyl)acetic
acid from both dehydroxylated derivatives (Aura, 2008).
Mullen et al. (2008) studied the bioavailability of [2-14C]
quercetin-4′-glucoside in rats over 72 h period. Radiolabeled
products in body tissues, plasma, feces, and urine were monitored by HPLC-PDA-RC-MS/MS. The rats were ingested [2-14C]
quercetin-4′-glucoside with 18.4 × 106 disintegrations per minute
(dpm), weighing 1.0 mg. The rats were sacrificed at various time
intervals 1, 6, 12, 24, 48, and 72 h after feeding the radiolabeled
[2-14C] quercetin-4′-glucoside. The distribution of radioactivity in
tissues, plasma, urine, feces, and the cage washings, which consisted of a mixture of urine and feces, was determined. The results
indicated that intact form and several metabolites such as quercetin
glucuronide, quercetin diglucuronide, methylquercetin glucuronide, methylquercetin diglucuronide, methyl sulfate glucuronide
along with 5 phenolic acids were found. The five phenolic acids
included 3,4-dihydroxybenzoic acid, 3,4-dihydroxyphenylacetic
acid, 3-hydroxyphenylacetic acid, hippuric acid, and benzoic
acid. The study revealed that after 1 h ingestion, almost 41% of
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Table 3. Metabolites found in in vitro colonic fermented food matrix

Food sample
Raspberries
Blueberries

Blackberries
Strawberries
Onion
Oat bran
Wheat bran
Flaxseed

Dark chocolate

Orange juice

Apple juice

Pomegranate juice

16

Parent ion [M-H]− (m/z)

Metabolites

Fragment ions (m/z)

protocatechuic acid

153

109

benzoic acid

121

77

gallic acid

169

125

coumaric acid

163

119

protocatechuic acid

153

109

quinic acid

191

85

dihydrocaffeic acid

181

59, 137

hydroxybenzoic acid

137

93

protocatechuic acid

153

109

gallic acid

169

125

quinic acid

191

85

(3,4-dihydroxyphenyl)acetic acid

167

123

phloroglucinol

125

51

dihydroferulic acid

195

136

dihydrosinapic acid

225

151

dihydroferulic acid

195

136

dihydrosinapic acid

225

151

protocatechuic acid

153

109

dihydroferulic acid

195

136

homovanillic acid

181

137

enterodiol

301

253

enterolactone

297

253

dihydrocaffeic acid

181

59, 137

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone

207

163

(3,4-dihydroxyphenyl)acetic acid

167

123

protocatechuic acid

153

109

hydroxybenzoic acid

137

93

salicylic acid

137

93

dihydroferulic acid

195

136

sinapic acid

223

149, 208

protocatechuic acid

153

109

quinic acid

191

85

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone

207

163

dihydrocaffeic acid

181

59, 137

protocatechuic acid

153

109

gallic acid

169

125

pyrogallol

125

51, 41

phlorogucinol

125

51

syringic acid

197

153, 182

protocatechuic acid

153

109
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Table 3. Metabolites found in in vitro colonic fermented food matrix - (continued)

Food sample
Black tea

Coffee

Green tea

Red wine

Parent ion [M-H]− (m/z)

Metabolites

Fragment ions (m/z)

phlorogucinol

125

51

pyrogallol

125

51, 41

coumaric acid

163

119

gallic acid

169

125

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone

207

163

5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone

223

179

5-(3′-hydroxyphenyl)-γ-valerolactone

191

147

protocatechuic acid

153

109

dihydrocaffeic acid

181

59, 137

homovanillic acid

181

137

quinic acid

191

85

caffeic acid

179

135

dihydroferulic acid

195

136

quinic acid

191

85

dihydrocaffeic acid

181

59, 137

ferulic acid

193

134

protocatechuic acid

153

109

hydroxybenzoic acid

137

93

phloroglucinol

125

51

pyrogallol

125

51, 41

gallic acid

169

125

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone

207

163

5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone

223

179

protocatechuic acid

153

109

dihydrocaffeic acid

181

59, 137

5-(3′-hydroxyphenyl)-γ-valerolactone

191

147

quinic acid

191

85

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone

207

163

3-(3-hydroxyphenyl) propionic acid

165

121

protocatechuic acid

153

109

gallic acid

169

125

pyrogallol

125

51, 41

phloroglucinol

125

51

coumaric acid

163

119

quinic acid

191

85

Data extracted from Dall’Asta et al. (2012).

the radioactivity remained inside the stomach as un-metabolized
substrate along with quercetin-4′-glucoside, quercetin and quercetin hydrate. The metabolites of quercetin in the rat stomach were
thought to be produced by the action of microorganisms present
in the rat stomach. After 1 h, 25% of the ingested radioactivity

was traveled from the stomach to the duodenum (contained 8% of
the intake) and to jejunum (contained 25% of the intake) and finally to ileum (contained 26% of the intake). The glucuronidation
first occurred in the duodenum containing quercetin-4′-glucoside,
quercetin, quercetin glucuronide, quercetin diglucuronide and

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

17

Bioavailability and metabolism of food bioactives and their health effects: a review

Shahidi et al.

2.5.2. Metabolism of flavanones
2.5.2.1. Metabolism of naringenin

Figure 6. Examples of myricetin metabolites (a, 3,5-dihydroxyphenylacetic acid; b, 3,4,5-trihydroxyphenylacetic acid) (Lin et al., 2012; Vissiennon et al., 2012).

methyl quercetin diglucuronide. The ingested quercetin substrate
travel across the GI tract for 1–6 h, producing various glucuronides, methylated and sulfated derivatives of quercetin, however,
only trace amounts were excreted in the urine. The results indicated that between 6 and 12 h, the [2-14C] quercetin-4′-glucoside
intake showed a decline of the corresponding radioactivity in the
GI tract and an increase in the amount of radioactivity in the feces
(9.4%) and urine (52%). When the substrate reaches the colon,
various glucuronide conjugates formed in the small intestine were
hydrolyzed by the colonic microflora and released in the form of
aglycones.
As reported in various studies, ring fission produced [14C]3,4dihydroxyphenylacetic acid which was further dehydroxylated to
form 3-hydroxyphenylacetic acid and traces of 3,4-dihydroxybenzoic acid. The 3-hydroxyphenylacetic acid produced further
underwent α-oxidation and dehydroxylation and was converted
to hippuric acid and finally to benzoic acid. The study revealed
presence of various phenolic acids, namely 3-hydroxyphenylacetic
acid, hippuric acid, and benzoic acid in urine and feces except for
benzoic acid. This study indicated that identification of phenolic
acid in the feeding studies using unlabelled substrates with subjectto-subject variations in the colonic microflora and various routes
independent of dietary flavonoid intake to produce phenolic acids
was very difficult. Hippuric acid, for instance, could be derived
from benzoic acid, quinic acid, tryptophan, tyrosine, and phenylalanine. The authors noted that this was the first time hippuric acid
was demonstrated as being a degradation product of quercetin due
to the use of radiolabeled material.
2.5.1.2. Metabolism of kaempferol and myricetin
Flavonols such as kaempferol, quercetin and myricetin differ only
slightly in their structures with the number of hydroxyl groups at
the B ring. These compounds share identical degradation pathways
and after cleavage of the C-ring are converted to p-hydroxyphenylacetic acid (p-HPAA), 3,4-dihydroxyphenylacetic acid (DOPAC)
with subsequent degradation to m-hydroxyphenylacetic acid (mHPAA) and 3,4,5-trihydroxyphenylacetic acid with subsequent
degradation to 3,5-dihydroxyphenylacetic acid, respectively (Vissiennon et al., 2012). Serra et al. (2012) studied kaempferol metabolism by rat colonic microflora and reported that the primary
metabolite were phenylacetic acid and p-hydroxybenzoic acid at
15 and 4.2 pM concentrations, respectively, after 48 h of incubation. The results also revealed that kaempferol-rutinoside substrate
was completely metabolized after 24 h of incubation. Similar results were obtained during fermentation of myricetin; phenylacetic
acid was obtained as the primary metabolite at 78 pM concentration after 48 h of incubation. However, the overall metabolism of
myricetin was poor in colonic fermentation. Examples of myricetin metabolites are shown in Figure 6 (Smith and Griffiths, 1970;
Vissiennon et al., 2012).
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Naringenin, which can be found in grapefruit, consists of flavanone structure with three hydroxyl groups (5,7,4′-OH) (Felgines et al., 2000). Orrego-Lagarón et al. (2015) studied the permeability of naringenin in stomach, small intestine and colon as
well as the metabolism, microbiota absorption and deposition of
naringenin. The results indicated that the stomach and small intestine metabolites were dominated by the formation of naringeninglucuronide (NAR-GLU) and naringenin sulfate (NAR-SULF).
The colonic metabolites consisted of naringenin sulfate (NARSULF), 4-hydroxyhippuric acid, hippuric acid, and naringeninglucuronide (NAR-GLU). The phase II metabolites in the bile and
plasma from colon perfusion experiments revealed the presence
of naringenin-glucuronide (NAR-GLU), 3-(4-hydroxyphenyl)
propionic acid, 4-hydroxyhippuric acid, hippuric acid, 3-phenylpropionic acid, and (4-hydroxyphenyl)acetic acid in the control
samples except naringenin sulfate (NAR-SULF) which was undetectable. The results were expressed in the areas under the lumen
concentration curve (AUC) and the total conjugates excreted were
as: small intestine > colon > stomach. The study concluded that
naringenin was a highly permeable compound and was absorbed
mainly in the small intestine by passive diffusive mechanism.
However, low oral bioavailability of naringenin was attributed
to high intestinal first-pass effect and minor hepatic metabolism.
The high intestinal first pass metabolism of naringenin led to a
high level of phase II metabolites, mainly naringenin-O-sulfate in
the intestinal lumen. The health effects of naringenin were more
related to the high level of bioactive metabolites formed than to
its bioavailability.
Serra et al. (2012) studied naringenin metabolism by rat colonic microflora. The results indicated intense metabolism of
naringenin and its complete degradation by colonic microflora at
48 h. During metabolism of naringenin, metabolites such as phenylacetic acid and p-hydroxyphenyl acetic acid were present in
the system from 0 to 48 h. The compound 3-(4-hydroxyphenyl)
propionic acid was produced in the last phase of metabolism at 24
and 48 h. The results from this study were different from others
reported in the literature (Orrego-Lagarón et al., 2016; Rechner
et al., 2004).
2.5.2.2. Hesperetin
Hesperetin has only one hydroxyl group in its B ring and is frequently found in citrus fruits (Shahidi and Ambigaipalan, 2015).
In a different study, plasma and urinary metabolites and catabolites derived from orange juice polyphenols were identified. The
main components were hesperetin-7-O-rutinoside (hesperidin),
naringenin-7-O-rutinoside (narirutin), apigenin-6,8-C-diglucoside (vicenin-2), ferulic acid-4′-O-glucoside coumaric acid-4′-Oglucoside and 4′-O-methylnaringenin-7-O-rutinoside (didymin).
Small quantities of other flavanones, such as hesperetin-7-Orutinoside-3′-O-glucoside and eriodictyol-7-O-rutinoside (eriocitrin) were also present along with a sinapic acid-O-hexoside
(Pereira-Caro et al., 2016).
The hesperetin derivatives in orange juice dominated with 63%
of the total polyphenol content, followed by 19% naringenin derivatives and 1% other polyphenols. The human intervention trial
after orange consumption was conducted on 12 men who were on a
polyphenol-free diet for two days prior to the start of the trails. The

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

Shahidi et al.

Bioavailability and metabolism of food bioactives and their health effects: a review

urine and plasma samples obtained from volunteers were analyzed
for their polyphenol contents and catabolites. The results quantified 10 hesperetin, 7 naringenin, and 2 eriodictyol metabolites in
urine after consumption of orange juice, while 8 hesperetin and 3
naringenin metabolites were detected in plasma. In the literature, it
was suggested that not all flavanone aglycones released in the distal GI tract were absorbed. Some of these metabolites undergo microbial mediated metabolism with ring fission and yield a family of
low molecular weight phenolic catabolites that are absorbed in the
liver and kidney before entering systemic circulation. The result
from this study also emphasized their involvement in the overall
bioavailability of orange juice polyphenols as well as subsequent
hepatic conversions that led to hippuric acid and its hydroxylated
analogues (Pereira-Caro et al., 2016).
2.5.3. Metabolism of flavone
2.5.3.1. Luteolin
Luteolin (3′,4′,5,7-tetrahydroxyflavone) exists in vegetables
such as celery, parsley, broccoli, and cabbages (Lin et al., 2008).
Braune et al. (2001) studied the degradation of flavonol quercetin and flavone luteolin by an anaerobic bacteria Eubacterium
ramulus. The degradation experiments were carried out in resting cell suspensions. Individual cell samples were centrifuged,
and the pellets were lyophilized and dissolved in methanol. The
metabolites were detected using HPLC. The results indicated the
formation of eriodictyol as an intermediate in the resting-cell fermentation. The study proposed a pathway in which the degradation starts with the reduction of double bond in the 2,3-position
prior to C-ring fission leading to the formation of eriodictyol. The
eriodictyol was then reduced into two intermediate chalcones.
The final product of luteolin degradation was 3-(3,4-dihydroxyphenyl)propionic acid.
Shimoi et al. (2002) studied the intestinal absorption of luteolin and luteolin 7-O-β-glucoside in rats by HPLC. The absorption
study of rat indicated that luteolin was converted to glucuronides
during their passage through intestinal mucosa and luteolin 7-O-βglucoside was poorly absorbed by itself and luteolin glucuronides
were detected after intestinal absorption. Also, the authors reported
that plasma of the rats contained free luteolin, glucuronide or sulfate-conjugates of unchanged luteolin and o-methyl-luteolin. This
result suggests that luteolin can escape intestinal conjugation and
the hepatic sulfation or methylation.
Serra et al. (2012) studied colonic metabolism of luteolin using
rat microflora with a starting concentration of 32 pM. The results
indicated that luteolin was poorly metabolized and almost 5 pM
of luteolin was detected in the fermentation after 48 h incubation.
The only metabolic product achieved was 3-(2,4-dihydroxyphenyl)propionic acid at very low concentration of 0.64 pM.
2.5.4. Metabolism of flavanols
2.5.4.1. Catechin and epicatechin
Catechin and epicatechin belong to flavan-3-ol, found in cocoa, tea
extract, and lentils (Kwik-Uribe and Bektash, 2008; Zhong et al.,
2012; Yeo and Shahidi, 2017).
The absorption and metabolic study of catechin and epicatechin indicated that it was rapidly absorbed in the upper portion of
small intestine. After absorption, these monomers undergo phase

II metabolism in the intestine and liver to form glucuronidated,
sulfated, and/or methylated conjugates and these metabolites are
transported into blood via portal vein and absorbed in tissues.
Major conjugates of epicatechin in human plasma, bile, and urine
were (-)-epicatechin 3′-O-sulfonate and (-)-epicatechin 3′-O-βglucuronide (Spencer et al., 2001).
Various studies suggest that in vivo metabolism of catechin
and epicatechin produced 3-(3-hydroxyphenyl)propionic acid in
human urine and feces. In addition, in vivo metabolism of catechin and epicatechin also produced 5-δ-(3,4-dihydroxyphenyl)γ-valerolactone, 5-δ-(3-hydroxyphenyl)-γ-valerolactone, 3-(3-hydroxyphenyl)propionic acid, 3-hydroxyhippuric acid in rat urine.
In vitro metabolism studies of catechin and epicatechin reported
production of 3-(3,4-hihydroxyphenyl)propionic acid, 3-(3-hydroxyphenyl)propionic acid, 5-(3,4-dihydroxyphenyl)valeric acid,
and 3-phenylpropionic acid in human fecel microbiota (Aura et al.,
2008; Das, 1971).
The metabolic pathways of various flavanols such as catechin
and epicatechin were studied by an in vitro colonic fermenation
model using rat colonic microflora for 48 h (Serra et al., 2011).
The results showed that there were significant differences in the
quantity of metabolites formed when two stereoisomers catechin
and epicatechin were fermented. The main metabolite formed during the catechin fermenation was phenylacetic acid at 24 pM after
48 h incubation, however, epicatechin fermentation produced 58
pM after 48 h incubation. The main metabolic product of epicatechin was 5-(hydroxyphenyl)-γ-valerolactone at 142 pM after 48
h incubation, whereas the same metabolite was produced during
catechin fermentation at 18 pM after 48 h. During the whole fermentation process both the isomers were metabolized however,
catechin catabolism was not complete and quantified at 1.2 pM
after 48 h incubation. Whereas, there was complete catabolism of
epicatechin at 48 h of incubation. In the same manner, different
position isomers of hydroxyphenylacetic acid was also obtained
during the fermentation of catechin and epicatechin. Catechin fermentation produced 2 and 4-hydroxyphenylacetic acid, however,
epicatechin fermentation produced 3-hydroxyphenylacetic acid.
These hydroxyphenylacetic acids were suggested be dehydroxylated to phenylacetic acid, in both the catechin and epicatechin
fermentation mediums. The examples of catechin metabolites are
shown in Figure 7.
Roowi et al. (2010) studied the colonic degradation of green tea
flavanols and urinary excretion of catabolites by humans. The results
indicated that after incubation of epicatechin in fecal slurries, the
predominant degradation products (-)-5-(3′,4′-dihydroxyphenyl)γ-valerolactone, 5-(3,4-dihydroxyphenyl)-γ-valeric acid, and
3-(3-hydroxyphenyl)propionic acid. In the urinary excretion,
3-(3-hydroxyphenyl)- 3-hydroxypropionic acid was detected.
The result was slightly different from the study carried out by
Serra et al. (2011), in which different catabolites were identified. It is evident from this study, that most of the metabolism of
epicatechin is carried out by colonic fermentation where they are
degraded into various phenolic acid catabolites after being absorbed and passing through the circulatory system, are excreted
in urine in quantities corresponding to approximately 40% of flavanol intake. The proposed metabolic pathway of epicatechin is
shown in Figure 8.
2.5.4.2. Epigallocatechin gallate (EGCG) and epicatehcin gallate
(ECG)
EGCG and ECG are another example of flavan-3-ol family and
these have ester bond at 3-OH with gallic acid. Among tea cat-
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Figure 7. Examples of catechin metabolites (Serra et al., 2011).

echin, epigallocatechin gallate is most abundent (Zhong et al.,
2012).
The fermentation of epigallocatechin gallate (EGCG) and epicatechin gallate (ECG) was carried out with an initial concentration of 8.5 and 3.7 pM at 0 h, respectively. The p-hydroxybenzoic,
protocatechuic, phenylacetic, 2-hydroxyphenylacetic and 4-hydroxyphenylacetic acids were the common metabolites obtained
from the metabolism of epigallocatechin gallate (EGCG) and epicatechin gallate (ECG). The presence of epicatechin was found
throughout the incubation of EGCG for 48 h, however, the epicatechin reached its maximum of 8.2 pM during ECG fermenation at
4 h and then was not detected after 24 h incubation. The major metabolites of EGCG fermentation were phenylacetic acid and 4-hydroxyphenylacetic acid at 35 and 39 pM at 48 h, respectively.The
major metabolites during ECG fermentation were phenylacetic
acid and 4-hydroxyphenylacetic acid at 25 and 19 pM at 48 h, respectively. Similar to the metabolism of catechin and epicatechin,
5-(3,4-dihydroxyphenyl)-γ-valerolactone and 5-(hydroxyphenyl)γ-valerolactone were quantified during colonic ferementation of
EGCG and EGC respectively, but at a lower concentration (Serra
et al., 2011).
The microbial metabolism of ECG usually starts by rapid cleavage of the gallic acid ester moiety by microbial esterases giving two
products gallic acid and epicatechin. The gallic acid produced is further decarboxylated into pyrogallol. The c-ring of the epicatechin
is subsequently opened producing 1-(3′,4′-dihydroxyphenyl)-3(2″,4″,6″-trihydroxyphenyl)-propan-2-ol, which is later converted into 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone. However, in
the case of epigallocatechin gallate, 5-(3′,4′,5′-trihydroxyphenyl)γ-valerolactone is produced as a product. The valerolactone substrates are later converted into 5-(3′,4′-dihydroxyphenyl) valeric
acid and/or 4-hydroxy-5-(3′,4′- dihydroxyphenyl) valeric acid.
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Subsequent metabolic activities such as α and β-oxidation, methylation and dehydroxylation reaction leads to the formation of
various hydroxyphenyl propionic and hydroxybenzoic acids.
2.5.5. Metabolism of isoflavones
Isoflavones are a group of phenolic compounds which are mainly
present in the legumes and soy-based food. Isoflavones are the most
potent phytoestrogens found in plants as they bind to the estrogen
receptor and affect the conformational dynamics in ways distinct
from the endogenous ligand estrogen. Therefore, isoflavones are
classified as selective estrogen receptor ligand (Boué et al., 2003).
The metabolism of isoflavones such as daidzein and genistein undergo bioactivation to the isoflavandiol equol. The biosynthetic
pathway of equol production starts with the achiral substrate daidzein and all subsequent reaction steps proceed stereo specifically
with chiral intermediates. The aglycone of daidzein is metabolized
in liver and transformed into more water-soluble metabolites via
glucuronidation and sulfation. The intestinal sequential reduction
or hydrogenation reaction results in the formation of the following
metabolites dihydrodaidzein (DHD, 4′,7-dihydroxyisoflavone),
tetrahydrodaidzein (THD, 4′,7- dihydroxyisoflavan-4-ol) and
equol (4′,7-dihydroxyisoflavan). An alternative metabolic route
produces O-desmethylangolensin (O-DMA) via aromatic C-ring
cleavage. It is also reported that O-desmethylangolensin can further partially metabolized into resorcinol and 2-(4-hydroxyphenyl)
propionic acid. The metabolic cycle of daidzein is shown in Figure
9 (Braune and Blaut, 2011, 2016; Frankenfeld, 2012; Lee et al.,
2017; Stevens and Maier, 2016).
Lee et al. (2017) demonstrated the biosynthesis of (-)-5-hydroxyequol and 5-hydroxydehydroequol from soy isoflavone called
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(DDRC) to biosynthesize genistein into 5-hydroxy-equol. The
study produced a novel isoflavone called 5-hydroxy-dehydroequol
as a by-product after DHDR reaction with an unknown dehydration mechanism.
2.5.6. Metabolism of proanthocyanidins/condensed tannins

Figure 8. Proposed metabolic pathway of epicatechin (adopted from
Roowi et al., 2010).

genistein using microbial whole cell bioconversion. This study
indicated that like reduction of daidzein to (S)-equol there was no
direct evidence that reduction of genistein would yield 5-hydroxyequol. The three reductase enzymes namely daidzein reductase
(DZNR), dihydrodaidzein reductase (DHDR), and tetrahydrodaidzein reductase (THDR) did not convert genistein to 5-hydroxyequol. Only the first reaction step of conversion of genistein to dihydrogenistein using DZNR and other steps were reported to be
unclear in the literature. Therefore, the researchers from this study
used recombinant E. coli cells expressing three reductases DZNR,
DHDR, and THDR as well as another dihydrodaidzein racemase

Proanthocyanidins are polymeric phenolic compounds that 2 or
more flavan-3-ols are linked together (Chandrasekara and Shahidi,
2010). Proanthocyanidins such as dimers A (C2→O7) and dimers
B (linked by C4→C8 and/or C4→C6 bonds) the bioavailability is
influenced by their degree of polymerization. The degree of polymerization of proanthocyanidins range in the form of oligomers (2–4
monomers), polymers (>4 monomers) and high-molecular-weight
polymers (>10 monomers). The absorption rate of proanthocyanidin dimers is about 5–10% of that of epicatechin. The timer and
tetramer proanthocyanidin have lower absorption rate than dimers
and absorbed fraction of trimers and tetramers undergo only limited phase II metabolism in the intestine and liver compared to
epicatechin. Most of the proanthocyanidins with higher degree of
polymerization are not absorbed in the intestine and directly reach
colon in the intact form. The colon microflora break proanthocyanidins into various phenylvalerolactones and phenolic acids (Gu et
al., 2003; Ou and Gu, 2014).
The metabolic pathways of various proanthocyanindin dimer
B2 (epicatechin-(4β→8)-epicatechin) was studied by an in vitro
fermenation model using rat colonic microflora for 48 h (Serra
et al., 2011). Colonic fermentation of proanthocyanidin dimer
(epicatechin-(4β→8)-epicatechin) using rat colonic microflora revealed that the dimers were rapidly hydrolyzed into epicatechin
monomers. The study started with 0.03 pM at 0 h and the dimer
was completely hydrolyzed reaching 0.01 pM at 4 h and 0 pM at
24 h in the fermentation medium. Immediately after the incubation, epicatechin monomers were seen in the fermentation medium
at 0.14 pM after 0 h and increased to 1.07 pM after 2 h of incubation, however, epicatechin monomers disappeared after 4 h in
the fermenation medium. Phenylacetic acid and 4-hydroxyphenylacetic acid were the main metabolite at 29 and 27 pM after 48 h
incubation, respectively. No valerolactone and its precursors were
seen in the fermentation medium of dimer B2, in contrast to epicatechin fermentation. This result can be attributed to two reasons, the
first being a lower fermenation of dimer form of epicatechin than
epicatechin monomer and the precursor to 5-(hydroxyphenyl)-γvalerolactone, the diaryl-propan-2-ol was not formed within 48 h
of fermentation. The second reason being limited metabolism of
procyanidin dimer focused mainly on the upper epicatechin unit
of dimer.
Sánchez-Patán et al. (2011) studied the biological relevance of
a metabolite 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone usually
formed during the catabolism of dietary flavanols such as dimeric
proanthocyanidins by fecal fermentation collected from three
healthy volunteers. The results from this study indicated large individual variations in the formation of 5-(3′,4′,5′-trihydroxyphenyl)γ-valerolactone between volunterrs with concentrations ranging
between 3.31 and 77.54 µM at 10 h of fermentation.
The metabolic degradation of proanthocyanidins by gut microflora is a complicated process involving various reactions such as
hydrolysis, hydrogenation, α- and β-oxidation, dehydroxylation,
demethoxylation, and decarboxylation resulting in the formation
of various phenolic and aromatic catabolites. The catabolism of
monomeric flavanols and dimeric proanthocyanidins are speculated by many researchers and different metbolic pathways are
reported in the literature. The first step of microbial degradation

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

21

Bioavailability and metabolism of food bioactives and their health effects: a review

Shahidi et al.

Figure 9. Metabolic pathway of diadzein (Braune and Blaut, 2011, 2016; Frankenfeld, 2012; Lee et al., 2017; Stevens and Maier, 2016).

of dimeric procyanidin involves reductive cleavage of the heterocyclic C ring, resulting in the formation of diphenylpropan2-ols. This step is followed by the breakdown of the A ring and
further lactonization process to afford various phenylvalerolactones derivatives. The 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone
is a metabolized product of epicatechin, whereas trihydroxylated
derivative, 5-(3′,4′,5′-trihydroxyphenyl)-γ-valerolactone is a metabolized product of epigallocatechins which is then further metabolized into 3′,4′ or 3′,5′-dihydroxylated forms. The metabolism
of these flavanols also includes the production of phenylvalerolactones derivatives exclusively from the catabolism of the top
unit of the procyanidin molecule. The metabolic pathway also
has different pathways for the same molecule and interconversion
of 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone with an open form
4-hydroxy-5-(3,4-dihydroxyphenyl)-varic acid is also reported.
The valeric acid derviatives such as 5-(3′,4′-dihydroxyphenyl)valeric acid and 4-hydroxy-5-(3′-hydroxyphenyl)-valeric acid
undergo dehydroxylation to yield mono- and dihydroxylpropionic
acid derviatives. This propionic acid derivatives are further metabolized via α and β-oxidation to produce mono- and diacetic and
benzoic acid derviatives (Appeldoorn et al., 2009; Monagas et al.,
2010; Sánchez-Patán et al., 2011; Stoupi et al., 2010).
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2.5.7. Metabolism of hydrolyzable tannins
The major dietary source of ellagitannins in the western diet
originates from red fruits such as strawberries, raspberries and
blackberries. There are no definitive studies on the absorption
and metabolism of ellagitannins in humans (Clifford and Scalbert
2000). González-Barrio et al. (2010) studied the bioavailability
of ellagitannins following consumption of raspberries (300 g) by
healthy humans and subjects with an ileostomy. Post consumption,
the plasma and urine samples were collected and analyzed using
HPLC-MDA-MS/MS for up to 48 h. The results from this study
indicated that ellagic acid (19 µmol) and sanguiin H-6 (23 µmol)
was recovered over the 48 h period. The amount of ellagic acid
and sanguiin H-6 present in the ileal fluid was 241 and 23%, respectively, of the 7.9 μmol intake. Ellagic acid-O-pentoside, lambertianin C and sanguiin H-10 were not detected in the ileal fluid.
The recovery of ellagic acid and metabolites from urine collected
from volunteers with an intact colon and subjects with an ileostomy was also analyzed. Volunteers with an intact colon had 7.9 and
5.2 nmol ellagic acid and ellagic acid-O-glucuronide, respectively,
in their urine samples compared to 26 and 7.8 nmol, respectively,
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in the urine samples of ileostomy volunteers. The study also indicated that consumption of ellagitannins food resulted in the formation of urolithin metabolites produced in the colon by microflora
mediated degradation in varying concentrations. There were large
subjective variations reported in this study and the spectrum of
urolithins also varied.
Bioavailability of ellagic acid in human plasma after consumption of ellagitannins from pomegranate juice (180 mL) containing
ellagic acid (25 mg) and ellagitannins (318 mg, as punicalagins)
was studied and the results indicated the presence of ellagic acid
in the range of 16.2–31.9 ng/mL concentrations between 0 and 6
h time intervals. The study also revealed that no ellagitannin was
found in the intact form in the plasma (Seeram et al., 2004). However, various ellagic acid derived metabolites such as urolithin
A, hydroxyurolithin A, urolithin A-glucuronide, urolithin A and
dimethyl ellagic acid-glucuronide were found after pomegranate
juice consumption by volunteers (Mertens-Talcott et al., 2006).
Piwowarski et al. (2016) studied the differences in metabolism
of ellagitannins by human gut microbiota in ex vivo cultures. In
this study fifteen monomeric and dimeric ellagitannins such as (1)
ellagic acid, (2) 1-O-galloyl-4,6-(S)-HHDP-β-D-glucose, (3) pedunculagin, (4) potentillin, (5) casuarictin, (6) coriariin B, (7) vescalagin, (8) castalagin, (9) stachyurin, (10) casuarinin, (11) stenophyllinin A, (12) stenophyllanin A, (13) salicarinin A, (14) gemin
A, (15) agrimoniin, and (16) oenothein B were studied. The results
indicated that differences existed in amounts of produced urolithins which indicated that the individual microbiota composition
and type of ingested ellagitannins determine the rate of urolithin
production. The results from this study also suggested that hexahydroxydiphenoyl (HHDP) present in the ellagitannin molecules
provided HHDP groups as substrates for microbiota metabolism
but also depending on their structure and microbiota metabolite
types, influenced the growth and/or metabolism among the microbiota ecosystems in the urolithin metabolic pathway.
Espín et al. (2007) used Iberian pig as a model to study the
metabolism of ellagitannin in humans. The pigs were fed on either
a cereal fodder or acrons which are a rich source of ellagitannins.
The plasma, urine, bile, lumen and intestinal tissues (jejunum and
colon), feces, liver, kidney, heart, brain, lung, muscle, and subcutaneous fat tissue were analyzed after necropsy. The results from
this analysis indicated that acron ellagitannins release ellagic acid
(EA) in the jejunum which is then subjected to metabolism by intestinal microflora to sequentially yield tetrahydroxy-(urolithin D),
trihydroxy-(urolithin C), dihydroxy-(urolithin A), and monohydroxy-(urolithin B) dibenzopyran-6-one metabolites, which were
absorbed preferentially when their lipophilicity increased. Also, 31
ellagitannin derived metabolites were detected including 25 urolithins and 6 ellagic acid derivatives. The analysis of bile revealed
that 26 extensively conjugated metabolites such as glucuronides
and methyl glucuronides of ellagic acid and particularly urolithin
A, C, and D derivatives were found in bile samples, confirming a
very active enterohepatic circulation. In addition, only urolithin A
and B as well as dimethylellagic acid-glucuronide was detected in
the peripheral plasma. This study also demonstrated that ellagic
acid derivatives were found in bile and in urine and it was absent in the intestinal tissues indicating complete absorption in the
stomach. Furthermore, only urolithin A was found in the feces and
together with its glucuronide was the most abundant metabolite
in urine.
Tomás-Barberán et al. (2014) studied the metabolism of ellagic
acid by human gut microbiota via intervention studies. During this
study, the volunteers did not take antibiotics 4 weeks before the
trails and avoided ellagitannin containing food products. Three
different intervention studies were carried out and urine and fae-

cal samples were obtained and processed. In the first intervention
study, volunteers consumed 30 g of walnuts, in the second group
volunteers consumed 4 pomegranate extract capsules and in the
third group volunteers consumed 2 pomegranate extract capsules.
The volunteers from the intervention study produced urolithin
A, isourolithin A and/or urolithin B. However, the production of
urolithin may be dependent on the age, gender, body mass index
(BMI) and of the amount or type of ellagitannin food source ingested.
2.5.8. Metabolism of tyrosol and oleuropein
Tyrosol and oleuropein, which are known for their various health
benefits such as antiviral, antioxidant, and anti-inflammatory effects, are found in olive, olive tree and olive oil (Sun et al., 2017;
Sun et al., 2018). Faecal microbial metabolism of olive oil phenolic compounds was studied by an in vitro model using human
faecal microbiota (Mosele et al., 2014). To determine the metabolism of olive oil four phenolic standards tyrosol, hydroxytyrosol,
hydroxytyrosol acetate and oleuropein were selected in this study.
The phenolic compounds were subjected to in vitro colonic fermentation for 48 h. The results so obtained indicated that tyrosol metabolism produced only 2-(4′-hydroxyphenyl)acetic acid
while hydroxytyrosol produced various metabolites including
phenylacetic acid, 2-(4′-hydroxyphenyl)acetic acid and 2-(3′,4′-dihydroxyphenyl)acetic acid. The colonic fermentation of hydroxytyrosol acetate produced hydroxytyrosol, phenylacetic acid,
2-(4′-hydroxyphenyl)acetic acid, 2-(3′,4′-dihydroxyphenyl)acetic
acid and 3(4′-hydroxyphenyl)propionic acid. Meanwhile, the colonic fermentation of oleuropein produced hydroxytyrosol, hydroxytyrosolacetate, elenolic acid and oleuropein aglycone. Based
on these results, metabolic pathways of the proposed routes for
the colonic metabolism of tyrosol, hydroxytyrosol and hydroxytyrosol acetate and oleuropein aglycone is shown in Figures 10
and 11. The metabolism of tyrosol, hydroxytyrosol and hydroxytyrosol acetate undergoes various processes including oxidation
of primary molecules into hydroxylated phenylacetic acids in the
presence of alcohol dehydrogenase and aldehyde dehydrogenase,
dehydroxylation, de-esterification, hydrolysis of acetate molecule,
carboxylation and α-oxidation. The final metabolites of tyrosol,
hydroxytyrosol and hydroxytyrosol acetate including 4-hydroxybenzoic acid and 1,2-dihydroxybenzene were not detected in the
fermentation medium after 48 h, thus suggesting that dehydroxylation is the preferential catabolic route of microorganisms present
in human faeces. The oleuropein glucoside undergoes rapid deglycosylation to produce oleuropein aglycone followed by various
hydrolysis processes by microbial esterase activity to elenolic acid,
3-(3′,4′-dihydroxyphenyl)propionic acid, hydroxytyrosol acetate
and hydroxytyrosol. These compounds undergo similar metabolic
processes to various phenolic acids (Mosele et al., 2014).
Mateos et al. (2005) studied the metabolism of olive oil phenols
such as hydroxytyrosol, tyrosol, and hydroxytyrosyl acetate by human hepatoma HepG2 cells for 2 and 18 h incubation. The incubated samples were hydrolyzed using β-glucuronidase and sulfatase
and analyzed by LC-MS. Standard solutions of olive oil phenols
were enzymatically conjugated in vitro using pure enzymes such
as UDP-glucuronosyltransferase (UGT) from rat liver for glucuronidation, cytosolic sulfotransferases from rat liver for sulfation
and catechol-O-methyltransferase (COMT) and S-adenosyl-L-methionine (SAM) for methylation. The main metabolites during this
study were glucuronides, methyl glucuronides, methyl conjugates
and homovanillic acid. However, no sulfated conjugates were reported in this study. It has also been reported that glucuronidation
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Figure 10. Colonic metabolic fermentation of tyrosol, hydroxytyrosol and hydroxytyrosol acetate (adopted from Mosele et al., 2014).
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Figure 11. Colonic metabolic fermentation of oleuropein (adopted from Mosele et al., 2014).
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dominates metabolic reactions over methylation after 18 h incubation. Hydroxytyrosol undergoes both glucuronidation and methylation, whereas lacking an ortho-diphenolic structure could not be
methylated by COMT and the only metabolite formed from tyrosol
was glucuronides.
Corona et al. (2006) studied the absorption, metabolism and microflora-dependent transformation of olive oil polyphenols at different sites in the gastrointestinal tract. The results from this study
indicated rapid increase in the presence of hydroxytyrosol and tyrosol in the small intestine, jejunum or ileum and demonstrated
regular phase I/II metabolism pathways. The main metabolites
identified in this study also indicated O-methylated derivatives of
hydroxytyrosol, O-glucuronides of hydroxytyrosol and tyrosol,
and a glutathionylated conjugate of hydroxytyrosol. Oleuropein
was not metabolized in the small intestine and it was rapidly degraded by the colonic microflora resulting in the formation of hydroxytyrosol.
2.5.9. Metabolism of stilbenes
2.5.9.1. Resveratrol
Resveratrol (trans-3,5,4′-trihydroxystilbene) is a member of the
stilbene family and a secondary metabolite produced by plants in
response to biotic and abiotic stress. It is found in grapes, wine,
peanuts and cranberries (Mei et al., 2015). Resveratrol is known
to have antioxidant, anti-inflammatory, anti-cardiovascular, and
anticancer activities (Oh and Shahidi, 2017; Oh et al., 2019; Wan
et al. 2018). Bode et al. (2013) studied the in vivo and in vitro metabolism of trans-resveratrol by human gut microbiota. One part of
the study was performed with feces samples from 7 healthy volunteers, and metabolite formation after fermentation was measured
by liquid chromatography-ultraviolet/visible (UV/Vis)-mass spectrometry (MS)/MS detection. The second part of this study was
carried out using controlled human intervention with 12 healthy
volunteers. For this part, resveratrol was administered in the form
of a colloid formulation and the dosage was standardized based on
the trans-resveratrol content and was calculated as 0.5 mg transresveratrol/kg body weight. The results from the in vitro fermentation revealed that after 48 h of incubation, three metabolites were
identified by LC-UV/Vis. One of the compounds initially identified
as dihydroresveratrol was one of the major metabolic compounds
found in 6 out 7 fecal samples as was as lunularin. In addition, a
minor metabolite 3,4′-dihydroxy-trans-stilbene was identified in 1
out of 7 fecal samples. The in vivo metabolism of trans-resveratrol
from the same study indicated that 19.6–41.1% of the trans-resveratrol was absorbed and recovered in the urine samples within 24
h. This indicates that a significant amount of trans-resveratrol was
absorbed before transformation by intestinal bacteria. In addition,
all 3 microbial metabolites found in the in vitro model were also
detected in the urine samples with the 2 major metabolites being
dihydroresveratrol and lunularin.
Resveratrol metabolites in various in vitro and in vivo studies on human, rat and mouse have been reported. These studies
indicate that phase II metabolic enzymes and the gut microbiota
paly a critical role in their transformation via glucuronidation
and sulphation. The glucuronidation metabolites include transresveratrol-4′-O-glucuronide, rans-resveratrol-3-O-glucuronide,
trans-resveratrol-diglucuronide and dihydroresveratrol-glucuronide. The sulfated metabolites included trans-resveratrol-3-O-sulfate,
trans-resveratrol-4′-O-sulfate, cis-resveratrol-3-O-sulfate, transresveratrol-3,4′-disulfate, trans-resveratrol-glucuronide-sulfate,
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dihydroresveratrol-sulfate and dihydroresveratrol-glucuronide-sulfate (Andres-Lacueva et al., 2012; Herath et al., 2013; Mei et al.,
2015; Springer and Moco, 2019; Yu et al., 2002).
2.5.10. Metabolism of lignans
Lignans are found in numerous foods such as oilseeds, whole
grains, vegetables and fruits. It has been reported that secoisolariciresinol diglycoside and matairesinol are converted by intestinal
bacteria after ingestion to mammalian lignans such as enterodiol
and enterolactone (Niemeyer et al., 2003; Shahidi et al., 2019).
Côrtes et al. (2008) studied the in vitro metabolism of flax lignans
(hull and seed) by ruminal and faecal microbiota of dairy cows
over 96 h with ruminal or faecal inoculum. The plant lignans present in flaxseeds and hulls were present at 9.2 and 32 nmol/mg,
respectively. The results from this study indicated that there was no
difference in the net production of enterodiol between the hull and
seed within the first 24 h of incubation. Also, the net production of
enterolactone was significantly higher for flax products incubated
with ruminl microorganisms, however, flax hulls produced more
enterolactone than flaxseeds. The metabolism using faecal microbiota leads to the production of enterodiol.
Various studies have shown that intestinal bacteria are crucial
for the metabolism of plant lignans and to produce enterolignans.
During the process of enterolignan production, bacteria catalyze
four sequential reactions, namely O-deglycosylation, O-demethylation, dehydrogenation and dehydroxylation and additional reduction steps for certain lignans. The reduction step in the lignan metabolism is carried out by Eggerthella lenta, Enterococcus faecalis
and Eggerthella lenta intestinal microbiota. The deglycosylation
step is due to the action of Bacteroides distasonis, Bacteroides
fragilis, Bacteroides ovalus, Clostridium coclealum, Clostridium
ramosum and Clostridium saccharogumia. The demethylation of
lignans is carried out by Eubacterium limosum, Ruminococcus
productus, Butyribacterium methylotrophicum and Eubacterium
callanderi. The known intestinal bacteria responsible for dehydrogenation is Lactonifactor longoviformis. The dehydroxylation
process is carried out using Clostridium scindens and Eggerthella
lenta. There are several other unknown intestinal bacteria involved
in the reduction and dehydroxylation processes during lignan metabolism as shown in Figure 12 (Clavel et al., 2006).
Gaya et al. (2016) studied the metabolism of various phytoestrogens of three different groups of isoflavones, lignans and ellagitannins by gut microorganisms and inter-individual differences
were reported. The study demonstrated that both isoflavones and
lignans are mostly found in the form of glycosides in food and after microbial deglycosylation, the phytoestrogens are metabolized
by intestinal bacteria. The results from faecal fermentation studies
indicated that out of 14 volunteers only one produced equol and
others produced O-DMA. In addition, everyone produced urolithins and enterolactone from ellagitannin and lignans metabolism,
respectively.
Mukker et al. (2014) studied the permeability and conjugative
metabolism of flaxseed lignans by Caco-2 human intestinal cells.
The study reported that secoisolariciresinol diglucoside present in
the flaxseed undergoes metabolism to secoisolariciresinol, enterodiol and enterolactone in human GI tract. The lignans are present
in the system as phase II enzyme conjugates. To further understand
the oral absorption characteristics, an in-depth evaluation of two
important processes of intestinal permeation and conjugation metabolism potential of lignans was deemed necessary. The results
indicated that the permeability coefficients for secoisolariciresinol,
enterodiol and enterolactone were 8.0 ± 0.4, 7.7 ± 0.2, and 13.7 ±
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0.2 (×10−6) cm/s, respectively, whereas efflux ratios were 0.8–1.2,
consistent with passive diffusion. This study also found that permeation of secoisolariciresinol diglucoside did not occur as it was
not found in the analysis. The conjugation studies also revealed
that the extent of conjugation of lignans corresponded to the order
of their increasing lipophilicity (secoisolariciresinol diglucoside <
secoisolariciresinol < enterodiol < enterolactone). After 48 h, the
extent of conjugation for secoisolariciresinol diglucoside, secoisolariciresinol, enterodiol and enterolactone was <3, ∼95, ∼90 and
>99%, respectively.
2.6. Health effects of polyphenols
2.6.1. Gallic acid

neoplastic prostate epithelial cells. The study also indicated that
treatment of DU145 cell with gallic acid at 50 and 75 µM gallic
acid resulted in 73 and 84% apoptotic death and with 22Rv1 cells
with gallic acid at 50 and 75 µM resulted in 52 and 73% apoptotic
death after 24 h, respectively. The results from in vivo efficacy of
gallic acid in prostate tumor (DU145 and 22Rv1) mouse xenograft
model demonstrated that daily oral administration of gallic acid
in drinking water at 0.3 and 1% (w/v) dose levels for six weeks
caused inhibition in the growth of both DU145 and 22Rv1 tumor
xenografts. The immunohistochemical analysis from this study revealed significant inhibition of tumor cell proliferation, induction
of apoptosis, and reduction of microvessel density in tumor xenografts from gallic acid-fed mice as compared to the control mice.
2.6.2. Apigenin

Gallic acid is known to exhibit antioxidant, anti-inflammatory
and cytoprotective effects. Sameermahmood et al. (2010) studied
the antiapoptotic effects of gallic acid in RINm5F β cells. In this
study, the RINm5F β cells were exposed to a high concentration of
glucose (25 mM) or with palmitate (500 µm) or by using a combination of both for 24 h. The experiment was carried out in the
presence and absence of gallic acid. The results from DNA damage
study using comet assay revealed that cells treated with gallic acid
resisted DNA damage and the RINm5F cells under glucolipotoxicity conditions which was decreased considerably by gallic acid.
The presence of gallic acid in the system also resulted in increased
insulin secretion in RINm5F cells in a dose dependent manner
(0.3–10 µM concentration) by counteracting glucolipotoxic effect
of lower insulin secretion. In addition, the results from this study
indicated that gallic acid prevented apoptosis by upregulating Bcl2 and downregulating caspase-3 signals and decreased NF-κB,
caspase and UCP-2 signals.
Lu et al. (2006b) studied the antioxidant ability and neuroprotective effects of gallic acid derivatives in human SH-SY5Y
cells. The free radical scavenging effects of gallic acid in liposome
and anti-apoptotic activities in human SH-SY5Y cells induced by
6-hydrodopamine autooxidation were examined in this study. The
results so obtained indicated that hydrophobicity of polyphenols
play an important role in the antioxidant activity within the cell
systems. The neuroprotective effect of a polyphenol compound
on a cell against oxidative stress damage depends on two major
factors: (a) the capacity to scavenging free radicals and (b) its hydrophobic property that allows it to cross cell membranes to reach
its targets. The study after analysis of cell apoptosis, intracellular
GSH levels, production of ROS and the influx of Ca2+ concluded
that protective effects of gallic acid derivatives in cell systems under oxidative stress depend on both their antioxidant capacities and
hydrophobicity. In addition, the neuroprotective effects of gallic
acid derivatives seem to depend more on their molecular polarities
rather than antioxidant activities in the human SH-SY5Y cell line.
Kaur et al. (2009) studied the anti-proliferative, pro-apoptotic
and anti-tumorigenic effects of gallic acid against androgen-independent DU145 and androgen-dependent-22Rv1 human prostate
cancer (PCa) cells in nude mice. For this study, athymic male mice
(4 weeks old) were used and the mice were subcutaneously injected with 22Rv1 or DU145 cells into their right flank. The next
day the mice were fed with 0.3 and 1% (w/v) gallic acid in drinking
water. The treatment of DU145 and 22Rv1 cells with gallic acid at
the concentrations ranging from 10 to 100 μM for 12–48 h resulted
in a concentration- and time-dependent decrease in the viability
of cells. The results from MTT assay revealed that gallic acid is
selectively toxic to prostate carcinoma cells as compared to non-
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Apigenin is classified as a class II drug of Biopharmaceutical Classification System due to its low solubility and high permeability.
Apigenin is poorly soluble in water (solubility = 15.60 µg/ml at
ambient temperature) and aqueous buffer (Zhang et al., 2012). Recent oral bioavailability studies in rats were very low at around
7.06%. To improve the solubility and bioavailability of apigenin,
various drug delivery techniques such as solid dispersions, microemulsions, liposomes, ethosomes, phytosomes, tranderosomes,
nanocrystals, nanocapsule, polymeric micelles, nanoparticles,
cyclodextrin complexation, spray dried micropartrticles, dendrimers and self micro emulsifying drug delivery systems have
been reported (Alshehri et al., 2019). Apigenin has demonstrated
a broad-spectrum of anti-cancer activities including colon-rectal
cancer, breast cancer, liver cancer, lung cancer, melanoma, prostate cancer and osteosarcoma. Various strategies are implemented
to treat cancer cells by triggering cell apoptosis, inhibit cancer cell
proliferation by induction of cell cycle arrest, regulation of cell
cycle, inhibition of cell cycle migration and invasion, stimulation of the immune response of patients. Various literature studies
have reported apigenin with antitumor activities both in vivo and
in vitro (Yan et al., 2017). Apigenin was subjected to treat human
lung cancer (H460) cells for a different time to study morphological changes, induction of apoptosis, protein levels associated
with apoptosis, dose-dependent apoptosis. The results from the
study indicated that apigenin-induced ROS and Ca2+ production
in H460 cells (Lu et al., 2011). In a different study, apigenin inhibited A549 lung cancer cell proliferation and vascular endothelial
growth factor (VEGR) transcriptional activation through hypoxiainducible factor 1 (HIF-1) binding site and specifically decreased
HIF-1α in a dose-dependent manner (Liu et al., 2005). Human
cancer cells are normally two types: benign and malignant tumors. The benign tumors form in the primary site of a tumor and
can be surgically removed. However, the malignant tumors are
unstable and can metastasize and invade other tissues. The malignant tumors are very resistant to traditional chemotherapy and
radiotherapy. Various studies have indicated that apigenin is also
able to work in a combination therapeutic strategy with chemotherapy drugs such as cisplatin and paclitaxel to treat cancer cells
(Xu et al., 2011; Yan et al., 2017). Apigenin was able to suppress
the proliferation of melanoma cells (A375 and C8161 cell lines)
in vitro and to inhibit cell migration and invasion, lengthen the
dendrites, and induce G2/M phase arrest and apoptosis (Zhao
et al., 2017). Apigenin was used to treat DU145 prostate cancer
cells, and the results indicated that apigenin was able to induce
cell death and inhibited the migration and invasion of DU145 cancer cells in a dose-dependent manner. Apigenin also led to a reversal of epithelial-mesenchymal transition (EMT) and G2/M phase

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

Shahidi et al.

Bioavailability and metabolism of food bioactives and their health effects: a review

arrest (Zhu et al., 2015). It is reported that apigenin extracted in
the form of apigenin 7-O-β-D-glucopyranoside and apigenin 7-Oβ-D-(4′caffeoyl) glucuronide from two medicinal herbs Kummerowia striata and Chrysanthemum morifolium, respectively, have
shown anti-HIV activity (Ali et al., 2017; Lee et al., 2003; Tang et
al., 1994). Apigenin is also reported to have various other health
effects such as antioxidant, anti-inflammatory, blood pressure
regulation, antibacterial, and plethora of pharmacological activities against auto-immune disorders, rheumatoid arthritis, multiple
sclerosis, Parkinson’s disease and Alzheimer’s disease (Ali et al.,
2017; Yan et al., 2017).
2.6.3. Acacetin
Acacetin has been reported in various studies to exhibit anticancer
effect by inhibiting cell proliferation and cell cycle progression in
human cancer cells, suppressing invasion and migration of cancer cells. The effect of acacetin was studied against two ovarian
cancer cells (OVCAR-3 and A2780) and the results indicated that
acacetin decreased the steady level of VEGF mRNA and inhibited
VEGF transcriptional activation. Acacetin also inhibited HIF-1α
expression and AKT (protein kinase B) activation in a dose dependant manner (Liu et al., 2011). Angiogenesis plays a major role
in tumor growth and converts a dormant tumor into a metastatic
progression; therefore it is a potential target in cancer prevention
and control. Acacetin has angiopreventive efficacy and shown to
inhibit the growth of cancer cells, in in vitro, ex vivo and in vivo
models. Some of the major attributes of acacetin in preventing
angiogenesis includes strongly suppressing human umbilical vein
endothelial cell (HUVEC) proliferation and survival and induction
of cell death in regular growth conditions and in hypoxia. Acacetin
also strongly inhibited vascular endothelial growth factor (VEGF)induced HUVEC proliferation and survival. The results from the
study inferred that acacetin has the potential to suppress angiogenesis in response to angiogenic stimuli (Bhat et al., 2013). Hsu
et al. (2004) studied the anti-proliferative activity of acacetin and
its effect on cell cycle distribution and apoptosis in human lung
cancer cell lines (A549). The cell was treated at various doses of
0–20 µM for 12–72 h. The normal p53 gene is reported to play a
crucial role in inducing cell apoptosis and cell cycle checkpoints
in human and murine cells. The absence of the p53 gene leads to
an enhanced risk of carcinogenesis. The A549 cells treated with
acacetin resulted in the induction of p53 regulation, cell cycle arrest and triggered apoptosis. FaS/APO-1 protein expressed in the
FAS gene is responsible for apoptosis in normal human cells. However, the FaS expression is severely affected in cancerous cells. In
this study the acacetin treated A549 cells resulted in increased FaS
expression restoring apoptotic sensitivity for natural immune system or chemotherapy. Acacetin efficacy was studied and compared
against two other flavonoid compounds, namely linarin and linarin acetate against human prostate cancer cells. The results from
that study indicated that acacetin was very efficient and produced
excellent growth inhibitory effect through G1 and G2-M cell cycle arrest compared to the other two flavonoids. The efficiency of
acacetin decreased when its flavone was modified by disaccharide
rhamnose substitution at C7 for linarin or acetylation of this substituted group for linarin acetate. This study also demonstrated the
importance of structural determinants in anticancer efficacy and
mechanisms (Singh et al., 2005). It is also reported that acacetin
was able to inhibit the invasion and migration of human non-small
cell lung cancer A549 cells by suppressing the p38α MAPK (p37
mitogen-activated protein kinase) signalling pathway (Chien et al.,
2011).

2.6.4. Luteolin and diosmetin
Among the flavones, luteolin is a potent anti-inflammatory, antioxidant and anti-allergic flavonoid. There are also several reports
on its anti-carcinogenic effects and mechanisms. The mechanisms
related to anti-inflammatory effects of luteolin includes: (a) inhibition of inducible nitric oxygen synthase (iNOS) expression and NO
production, (b) scavenging of ROS, inhibition of ROS production
and antioxidant enzymes activation, (c) inhibition of leukotriene
production and release, (d) pro-inflammatory cytokine expression
suppression, (e) NFκB, Akt, MAPK pathway inhibition, (f) inhibition of adhesion molecule membrane binding,(g) inhibition of
hyaluronidase and elastase activity, (h) stabilization of mast cells,
and (i) reduction of vascular permeability and modulation of cell
membrane fluidity (Seelinger et al., 2008a). Antioxidant efficiency
of various phenolics extracted from Olea europaea L. was studied,
and luteolin’s efficiency was compared against them. The results
indicated that luteolin was a potent antioxidant; however, its antioxidant capacity is less than rutin and catechin. The sequence of
relative radical scavenging abilities reported in the study is: rutin
> catechin luteolin > OL ≅ hydroxytyrosol > diosmetin > caffeic
acid > verbascoside > oleuropein > luteolin-7-glucoside ≅ vanillic
acid ≅ diosmetin-7-glucoside > apigenin-7-glucoside > tyrosol >
vanillin (Benavente-García et al., 2000). Several anti-carcinogenic
activities of luteolin is reported to include: inhibition of proliferating action of various tumor cell lines, induction of cell cycle arrest,
inhibition of bFGF and VEGF induced angiogenesis, inhibition
of growth tumors, inhibition of N-acetyltransferase in cancer cell
line, downregulation of androgen receptor, induction of apoptosisinducing factor and several other activities and mechanism similar
to other flavones (Seelinger et al., 2008b).
Pharmacological properties of diosmetin include anti-cancer,
anti-microbial, antioxidant, oestrogenic and anti-inflammatory
activities. Diosmin is enzymatically hydrolyzed into its aglycone
diosmetin and its sugar moiety immediately after oral administration for internal absorption into the body. Anti-cancer activities
on carcinoma U251 cell lines, MCF7 breast carcinoma cell lines,
T-47D estrogen-receptor-positive breast cancer cell lines, reduction of M-CSF induced proliferation, inhibition of nuclear factor
(NF)-kappa-B pathway have been reported (Androutsopoulos et
al., 2009; Patel et al., 2013). Diosmin extracted from Rosmarinus
officinalis expressed higher antioxidant activities in DPPH assays
and produced moderate antibacterial activities against Escherichia
coli, Yersinia pestis, Streptococcus pneumoniae, Bacillus anthracis and Bacillus subtilis (Akroum et al., 2017).
2.6.5. Chrysoeriol
Like other flavones, chrysoeriol (luteolin 3′-methyl ether) is
known to exhibit antioxidant, anti-inflammatory, anti-tumor, antimicrobial, anti-viral activities. Khan and Gilani (2006) studied the
effect of chrysoeriol from rooibos tea in in vivo blood pressure experiments on rabbit jejunum, rabbit aorta and guinea-pig trachea.
The results indicated that chrysoeriol was able to demonstrate the
KATP opening effect in the rabbit jejunum. However, chrysoeriol
was 25 times more effective in pig trachea and 40 times more effective in rabbit aorta in a dose-dependent manner. In a different
study, chrysoeriol and its glycoside (chrysoeriol-6-O-acetyl-4′-βD-glucoside) were extracted from Coronopus didymus and its ability to inhibit lipid peroxidation induced by γ-radiation, Fe (III) and
Fe (II). The result showed a better lipid oxidation protecting effect
for chrysoeriol than its glycoside (Mishra et al., 2003). Protective
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effects of chrysoeriol extracted from Eurya cilliata was studied
on murine osteoblastic MC3T3-E1 cells. The in vitro studies indicated that chrysoeriol increased osteoblastic differentiation and
protected against H2O2 induced oxidative stress and induced toxicity. The results also indicated that chyroesiol may help promote
bone recovery from inflammatory bone diseases (Kim et al., 2010).
Chyrsoeriol extracted from the leaves of Digitalis purpurea was
studied to know its ability to inhibit nitric oxide synthase in Raw
264.7 macrophage cell line. The results indicated that chrysoeriol
pre-treatment of the cells inhibited the release of nitric oxide (NO)
in the cells treated with lipopolysaccharide (LPS) and it also inhibited LPS-induced inductions of the iNOS gene. The mechanism
behind these induction capabilities of chrysoeriol is that it selectively suppressed AP-1 activation (Choi et al., 2005).
2.6.6. Quercetin and kaempferol
Quercetin contains various physiological properties including
anti-inflammatory, antioxidant, psychostimulant, cardioprotectant,
ant-cancer, anti-viral and neuroprotective effects. Oh et al. (2019)
reported that quercetin and its ester showed antioxidant acitivy in
DPPH and ABTS radical scavenging assays. Anti-hypertensive
effects of quercetin with an oral daily dose of 10 mg/kg in spontaneous hypertensive (SHR) rats and normotensive Wistar Kyoto
rats (WKY) were analyzed. The results indicated that quercetin
reduced the elevated blood pressure, cardiac and renal hypertrophy and functional vascular changes in SHR rats without any
change in WKY rats. These effects validate the antioxidant properties of quercetin (Duarte et al., 2001). The anti-inflammatory,
effects of quercetin on cardiovascular risk markers including human C-reactive protein (CRP) and anti-atherosclerosis effect using transgenic humanized models of cardiovascular disease was
also studied. The results from this study indicated that quercetin
reduces the expression of human CRP and cardiovascular risk factors (SAA, fibrinogen) in mice in vivo. It was also suggested that
local anti-proliferative and anti-inflammatory effects in the aorta
may contribute to the attenuation of atherosclerosis (Kleemann et
al., 2011). Quercetin’s role in protecting H9c2 cells against oxidative stress was studied and it was reported that quercetin was able
to reduce intercellular ROS production and H2O2 cell damage. In
addition, quercetin was able to modulate pro-survival signalling
through ERK1/2 and PI3K/Akt pathways (Angeloni et al., 2007).
Kaempferol is a flavonol, which exhibits anti-inflammatory,
anti-cancer, anti-allergic, anti-fungal and spasmolytic properties.
In addition, it stabilizes the structure of connective tissue and
strengthen the walls of blood vessels. It is reported to reduce the
level of glucose in blood and inhibit the activity of aldose reductase by preventing neuropathy and retinopathy (Palacz-Wróbel,
2018). Human gut (HuTu-80 and Caco-2) and breast cancer cells
(PMC42) were used to show the synergistic effect of quercetin and
kaempferol in reducing cell proliferation. The results indicated
that a single dose of combined quercetin and kaempferol at 10 µM
showed greatest reduction in cell proliferation in Caco-3 cells. Furthermore, 4-days and 14-days exposure to quercetin and kaempferol was also effective in reducing proliferation of Caco-2, HuTu-80
and PMC42 cells. The combination effect of quercetin/kaempferol
was better than individual action of cancer cells (Ackland et al.,
2005). Kaempferol modulated several key factors in signal transduction pathways linked to apoptosis, angiogenesis, inflammation and metastasis. Various studies have revealed that there is an
inverse relationship between kaempferol intake and cancer cells.
Furthermore, kaempferol not only induces cancer cell apoptosis
but also preserves cell viability by exhibiting cell protective effects
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(Chen and Chen, 2013). Like other flavonols, myricetin, isorhamnetin, tamarixetin, morin and fisetin have been reported to exhibit
distinctive antioxidant and anti-inflammatory effects, as well as
cytotoxic effects on various human cancer cells, anti-inflammatory
and cardioprotective effects (Erlejman et al., 2004; Jaramillo et al.,
2010; Morales and Haza, 2012; Subash and Subramanian, 2009;
Wang et al., 2006; Zieliñska et al., 2001).
2.6.7 Diadzein and genistein
Diadzein as an isoflavone phytoestrogen is metabolised to equol
and O-desmethylangolensin. Genistein is metabolised to (-)-5-hydroxyequol and 5-hydroxydehydroequol. Several studies have
suggested that both equol and O-desmethylangolensin have more
extensive biological properties than the parent compound itself.
Mathey et al. (2007) studied the bioavailability of genistein, diadzein and equol in rats which were ovariectomised and the effect of bone health was studied based on feeding studies. In this
study, the rats were fed with a control diet that was supplemented
with genistein, diadzein or equol at 10 µg/g body weight/day for
3 months. In addition, some rats were also fed with short chain
fructooligosaccharides or with live microbial Lactobacillus casei
together with diadzein as precursor. In this study, genistein, daidzein or equol exhibited a bone sparing effect and the total femoral bone mineral density (BMD) was significantly enhanced when
compared to that of rats fed with control diet, as was the metaphyseal compartment. The results suggested that bone strength was
improved by consuming equol alone in the diet, but it was not the
case when consuming genistein or diadzein alone. The effect of
addition of short chain fructooligosaccharides to the diet significantly enhanced the protective efficiency of diadzein on femoral
bone mineral density and mechanical properties. Therefore, long
term equol consumption like genistein and daidzein, in the ovariectomized rat, provides bone sparing effects and addition of short
chain fructooligosaccharides or live microbial Lactobacillus casei
together with diadzein improved the protective effects of daidzein
on the skeleton.
It is reported that equol is more bioavailable than diadzein or
genistein. Setchell et al. (2009) studied the pharmacokinetics of
natural S-(-) equol after administration single-bolus oral doses of
10 and 30 mg in the form of SE5-OH tablet to healthy postmenopausal women. S-(-) equol concentrations was measured in plasma
and urine collected at timed intervals over a 48-h period post-dosing using tandem MS. The results indicated that equol was rapidly
absorbed and attained high plasma concentrations and showed a
linear dose response in its pharmacokinetics with a plasma elimination half-life of 8 h. The systemic bioavailability of equol was
very high and the fraction of dose excreted in urine (%fe,u) was
82%, which is greater than published data for daidzein and genistein. Lund et al. (2011) studied the effect of equol for improved
prostate health via in vitro and in vivo studies. The study evaluated the effects of 5α-DHT or equol alone and in combination on
prostate specific antigen (PSA) by LNCap human prostate cancer
cells. The result from the in vitro study indicated that equol binds
specifically 5α-DHT and prevents increases in PSA from LNCap
cells. The in vivo studies indicated that equol decreases rat prostate
size, decreases serum 5α-DHT levels and androgen hormone action. The study concluded that equol can play an important role in
maintaining prostate health in men without altering other circulating sex steroids or LH levels. In addition, it is also reported that
equol has antioxidant, anti-proliferative, vasorelaxant and antiinflammatory properties (Blay et al., 2010; Hedlund et al., 2003;
Jackman et al., 2007; Rimbach et al., 2003; Shor et al., 2012).
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2.6.8. Hesperetin

as p27, p21, cyclin D1, Mcl-1, and survivin in mesothelioma cells.

Hesperetin, one of the most abundant flavonoids found in citrus
fruits is reported to demonstrate a wide spectrum of pharmacological effects such as anti-inflammatory, anti-carcinogenic, anti-hypertensive, anti-atherogenic and antioxidant properties (Banjerdpongchai et al., 2016; Choi, 2008; Haidari et al., 2009; Hajialyani
et al., 2019; Ikemura et al., 2012; Lee et al., 2012; Milenkovic et
al., 2011; Parhiz et al., 2015; Pari and Shagirtha, 2012; Wilmsen
et al., 2005; Yamamoto et al., 2013). Ikemura et al. (2012) studied
the effect of hesperidin, glucosyl hesperidin and naringin on hypertension and cerebral thrombosis in stroke prone hypertensive
rats. Hesperidin, glucosyl hesperidin and naringin was mixed with
the powder diet at various concentrations and the control diet was
unmodified and the rats were fed for 4 weeks. The results indicated
that there was no effect on the body weight, however, the supplemented diet significantly suppressed the age related increase in
blood pressure. The thrombotic tendency was determined by HeNe laser technique in the cerebral blood vessels, in which the number of laser pulses required to generate an occlusive thrombus was
used as an index. The results indicated that thrombotic tendency of
the hypertensive rats was decreased signifcantly comparted to the
control diet fed rats. The effect of hesperidin, glucosyl hesperidin
and naringin on oxidative stress was determined by the concentration of 8- hydroxy-2′-deoxyguanosine (8-OHdG) that demonstrated the supplements had strong antioxidant activity. Furthermore,
these supplements significantly increased the production of nitric
oxide (NO) metabolites in urine measured with Griess reagent.
Yamamoto et al. (2013) studied the effects of continuous ingestion
of hesperidin and glucosyl hesperidin on vascular gene expression
in spontaneously hypertensive rats. The results from this study indicated that continous ingestion of hesperidin and glucosyl hesperidin for 8 weeks significantly decreased the hypertension and
suppressed the mRNA expression of NADPH oxidase subunits and
thromboxane. The continous ingestion alters the gene expression
of vascular regulatory molecules in the aorta and support the notion that fruit flavonoids have beneficial effects on vasculature.
Banjerdpongchai et al. (2016) studied various flavanones in citrus seed extracts for their cytotoxic effect, mode of cell death, and
signaling pathway in human hepatocellular cancer HepG2 cells.
Neohesperidin, hesperidin, and naringin, active flavanone glycosides were identified in citrus seed extract. The cytotoxic effect
of all three compounds were studied in a dose depedent manner
at IC0, IC10, IC20, and IC50 for 24 h and the cells were visualized
after annexin V-fluorescein isothiocyanate and propidium iodide
staining using flow cytometry. The results indicated that hesperidin did not induce reactive oxygen species and caspase-9, -8 and
-3 activities were activated and increased in the hesperidin treated
HepG2 cells. The results also indicated that expression of proapoptotic Bax, Bak, and tBid proteins was higher whereas the Bcl-xL
and proform of Bid protein levels were downregulated. The study
concluded that hesperidin induced human HepG2 cell apoptosis
via mitochondrial pathway and death receptor pathway. Lee et al.
(2012) studied the effect of hesperidin to induce apoptosis in human malignant pleural mesothelioma (MSTO-211H) cells. In this
study, the MSTO-211H cells were treated with hesperidin at various concentrations (40, 80, and 160 µM) and control samples were
untreated for 24 and 48 h. The results indicated that the IC50 value
of hesperidin was 152.3 µM in MSTO-211H cells for 48 h and hesperidin decreased cell viability, and induced apoptotic cell death.
The study also demonstrated that hesperidin significantly suppressed the mRNA/protein level of specificity protein 1 (Sp1) and
modulated the expression level of the Sp1 regulatory protein such

2.6.9. Naringenin
Naringin and its aglycone naringenin are reported to exhibit various bioactivities such as anti-inflammatory, neuroprotection, antifibrogenic, antioxidant and antioxidant activities. Heo et al. (2004)
studied the effect of antioxidant naringenin from Citrus junos on
the neuroprotection. It is believed that generation of ROS and oxidative damage are involved in the pathogenesis of neurogenerative disorders. Furthermore, amyloid β protein (Aβ) induced free
radical-mediated neurotoxicity is one of the leading causes of Alzheimer’s disease. In this study, the protective effect of naringenin
from Citrus junos against Aβ-induced neurotoxicity was studied
using pheochromocytoma cells (PC12 cells). The cells pretreated
with naringenin (25–100 µM) and vitamin C (100 µM) resulted
in the prevention of generation of Aβ-induced reactive oxygen
species. In addition, naringenin treatment led to a decrease in Aβ
toxicity in a dose-dependent manner which was assessed by the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. To test the effect of naringenin, scopolamine-induced in vivo
method with a passive avoidance test was carried out using ICR
mice, administered with 4.5 mg/kg body weight of naringenin and
scopolamine at 1 mg/kg body weight was used. The results from
this test showed significant anti-amnesic effects in mice, thereby
demonstrating neuronal cell protection by naringenin.
Naringenin has beneficial effects against liver diseases via several molecular mechanisms. The main protective of naringenin in
liver diseases include (a) inhibition of oxidative stress, (b) transforming growth factor (TGF-β) pathway, (c) inhibition of vascular
endothelial growth factor (VEGF), (d) the prevention of the trans
differentiation of hepatic stellate cells (HSC), leading to decreased
collagen synthesis, (e) inhibition of the mitogen activated protein
kinase (MAPK), toll-like receptor (TLR) and TGF-β non-canonical pathways, and (f) regulation of lipid metabolism by modulating
the synthesis and oxidation of lipids and cholesterol (HernándezAquino and Muriel, 2018).
La et al. (2009) studied the effect of naringenin on human osteoclastogenesis osteoclastic bone resorption. The study was carried
out using primary osteoclast precursor cells activated by receptor
activator of nuclear factor-kB ligand (RANKL) and macrophage
colony-stimulating factor (M-CSF) for 6 days. The cells were
treated with 10, 25 or 50 µg/mL of naringenin and the control samples were run without naringenin. The osteoclast formation was
determined by the number of tartrate-resistant acid phosphatase
(TRAP)-stained multinuclear cells. The cytokine secretion from
osteoclast precursor cells incubated with RANKL and M-CSF in
the absence or presence of naringenin (10 µg/mL) for 6 days to
determine the concentrations of interleukin (IL)-1α, IL-1β, IL-6,
IL-8, IL-17, IL-23, monocyte chemoattractant protein-1 (MCP-1),
osteoprotegerin (OPG) and TNF-α, using sandwich enzyme-linked
immunosorbent assays. The results from this study indicated that
50 µg/ml of naringenin inhibited osteoclastogenesis by 96%. In
addition, naringenin also significantly inhibited the secretion of
interleukin (IL)-1α (by 59%), IL-23 (by 87%) and monocyte chemoattractant protein-1 (by 58%). This results from this study demonstrated that naringenin can inhibit human osteoclastogenesis and
osteoclastic bone resorption and has the potential to be used as a
therapeutic or preventive agent for bone-related diseases such as
periodontitis.
Wang et al. (2012) investigated the role of naringenin against
lead-induced oxidative stress in liver and kidney of rats. For this
study, the researchers orally administered lead acetate (500 mg
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Pb/L) to adult male Sprague-Dawley rats for 8 weeks to induce
hepatoxicity and nephrotoxicity. During this study, the results
indicated increases in the levels of alanine aminotransferase, aspartate aminotransferase, urea, uric acid, and creatinine after lead
administration in rats. In addition, there were significant decreases
in various antioxidant enzymes such as GSH glutathione, SOD
superoxide dismutase, CAT catalase, GPx glutathione peroxidases
in the lead treated rats. These enzymes are important in defense
against superoxide radicals and H2O2. The rats which are affected
by lead and treated by naringenin exhibited increased activities of
OD, CAT, and GPx in the liver and kidney due to the ability of
naringenin to reduce the accumulation of free radicals generated
during lead-induced lipid peroxidation.
2.6.10. Catechins
Catechins are major flavan-3-ol found in various cocoa extracts
and tea extracts, with demonstrated bioactivities for human such
as cardiovascular health benefits, antioxidant activity, anti-inflammatory effect, improved skeletal muscle structure and endothelial
function (Zhong et al., 2012; Chiu et al., 2018; Perera et al., 2018;
Li et al., 2019; Ambigaipalan et al., 2020). Spadafranca et al.
(2010) studied the effect of dark chocolate on plasma epicatechin
levels, DNA resistance to oxidative stress and total antioxidant activity in healthy subjects. The dietary intervention study was conducted with 20 healthy individuals (ten men and ten women) for 4
weeks. Of the twenty volunteers, five men and five women volunteered to consume dark chocolate and the remainder chose to eat
white chocolate. Volunteers were advised to consume chocolate as
a snack with 40 g white bread. The blood samples were collected
at the beginning of the experiment at various time intervals during
the 24 h period. The results from this study indicated that dark
chocolate as a snack along with balance diet can improve DNA
resistance to oxidative stress in healthy subjects. However, there
was no beneficial effect found in consuming dark chocolate regularly compared to a single occasional intake. These results suggest
that DNA protection offered by consuming dark chocolate against
chronic degenerative disease is still with an unknown mechanism.
Gutierrez-Salmean et al. (2014) studied the effects of epicatechin
on molecular modulators of skeletal muscle growth and differentiation. In this study, the effects of aging on protein levels of
recognized modulators of skeletal muscle (SkM) growth (myostatin, follistatin), senescence-associated β-galactosidase (SA-β-Gal)
and myogenic differentiation (myogenin, MyoD, MEF2A, Myf5)
in young and old mice were investigated. During the study, mice
were fed with 1 mg/kg BID. The human subjects in this work were
treated for 7 days with 25 mg pure epicatechin in the capsule form
at 1 mg/kg/day concentration. The muscle strength was assessed
by handgrip dynamometry. The blood samples were collected
before and after treatment. The results from this mice study indicated that the markers important for ageing such as myostatin and
senescence-associated β-galactosidase levels which were downregulated, while the markers associated with the muscle strength
such as follistatin and Myf5 were increased after consumption of
epicatechin. In human study, treatment with epicatechin increased
the handgrip strength and the ratio of plasma follistatin/myostatin.
Engler et al. (2004) studied the effect of dark chocolate intake
on endothelial function. The study was randomized, double-blind,
placebo-controlled design conducted over a 2-week period in 21
healthy adult subjects. The subjects were randomly assigned to
daily intake of high-flavonoid (213 mg procyanidins, 46 mg epicatechin) or low-flavonoid dark chocolate bars (46 g, 1.6 oz). The
flow-mediated dilation of the brachial artery was compared be-
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tween the low flavonoid chocolate and high-flavonoid chocolate
group. The dilation of branchial artery is an endothelial dependent
function associated with the release of nitric oxide and endothelium-derived prostanoids. The results indicated elevated plasma
epicatechin concentrations in the high-flavonoid group increased
endothelium-derived vasodilators and improved endothelial function. The results also suggested that there was no change in oxidative stress measures, lipid profiles, blood pressure, body weight or
BMI between two groups. Schroeter et al. (2006) indicated that ingestion of flavanol rich cocoa resulted in a significant elevation of
circulating NO species, enhanced flow-mediated dilation response
in conduit arteries and augmented microcirculation. In addition,
oral administration of pure epicatechin to humans closely emulated acute vascular effects of flavanol-rich cocoa. The data from this
study indicated that epicatechin is linked to the reported vascular
effects observed after the consumption of flavanol-rich cocoa.
Cremonini et al. (2016) evaluated the effects of a high fat diet
(HFD) and epicatechin (EC) consumption on the activation of the
insulin cascade and its negative modulators were evaluated. The
results revealed that consumption of a high fat diet for 15 weeks
caused obesity and insulin resistance in C57BL/6J mice as demonstrated by high fasted and fed plasma glucose and insulin levels,
and impaired insulin tolerance tests (ITT) and glucose tolerance
tests (GTT). This mechanism was attributed to the alterations in
the activation of components of the insulin-triggered signaling cascade (insulin receptor, IRS1, ERK1/2, Akt) in adipose and liver
tissues. These high fat fed mice were treated with an epicatechin
rich diet and the results indicated that epicatechin supplementation showed downregulation of c-Jun N-terminal kinase (JNK),
IκB kinase (IKK), protein kinase δ (PKCδ) and protein tyrosine
phosphatase 1B (PTP1B), leading to improved insulin sensitivity.
Therefore, it was concluded that consumption of EC-rich foods
could constitute a dietary strategy to mitigate obesity-associated
insulin resistance.
Shin et al. (2009) studied the effect of major green tea polyphenols on the adipocyte differentiation in human bone marrow mesenchymal stem cells (hBM-MSCs) and compared it to the effect
of representative antidiabetic drugs. In this study, the human bone
marrow mesenchymal stem cells grown in Dulbecco Modified
Eagle’s Medium (DMEM) with low glucose (1 g/L) containing
10% fetal bovine serum (FBS) and supplemented with antibiotics
and glutamax. In order to induce adipose differentiation, the concentration of glucose was increased to 4.5 g/L and supplemented
with 10% fetal bovine serum (FBS), 10 µg/mL insulin, 1 mM
dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX).
The samples were treated with nine different polyphenols such as
(-)-catechin, (+)-catechin, (-)-epigallocatechin-3-gallate (EGCG),
(-)-epicatechin (EC), (-)-epigallocatechin (EGC); (-)-epicatechin
gallate (ECG), (-)-gallocatechin-3-gallate (GCG), (-)-catechin3-gallate (CG), and (-)-gallocatechin (GC) separately every 2 days,
for 6 or 12 days and the results were compared against cells treated
with troglitazone, or glibenclamide. The results from the study indicated that (-)-catechin was the most potent of the eight green
tea polyphenols evaluated in promoting adipocyte differentiation
in human bone marrow mesenchymal stem cells in a dose dependant manner. The cells treated with (-)-catechin had increased the
mRNA levels of adipogenic markers, such as adiponectin, peroxisome proliferator-activated receptor gamma (PPARγ), FABP4,
and LPL. In addition, (-)-catechin upregulated the secretion of adiponectin in hBM-MSCs culture. In conclusion, the study suggested
that (-)-catechin promoted adipocyte differentiation and increased
sensitivity to insulin in part by direct activation of PPARγ, which
demonstrated the pharmacological benefits of green tea intake in
reducing the risk of type 2 diabetes.
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Nagao et al. (2005) investigated the effects of catechins on the
blood variables and oxidized-LDL and the association between
body fat variables and oxidized-LDL. The body mass index (BMI)
correlates with the amount of malondialdehyde and thiobarbituric acid-reactive substances in the blood. In this study, 12-week
double-blind study was performed in which the 17 subjects drank
1 bottle oolong tea/day containing 690 mg catechins and a control
group containing 18 subjects drank 1 bottle oolong tea/day containing 22 mg catechins. Both the beverages used in this study contained several isomers of this compound catechin, catechin gallate
(CG), gallocatechin (GC), gallocatechin gallate (GCG), epicatechin, epicatechin gallate (ECG), epigallocatechin, and epigallocatechin gallate (EGCG) in various concentrations. The results indicated that body weight, BMI, waist circumference, body fat mass,
and subcutaneous fat area were significantly lower in the green tea
extract group than in the control group. The study concluded that
long-term consumption of beverages containing catechins inhibits
the formation of oxidized lipids such as malondialdehyde-modified LDL thereby reducing the risk for developing arteriosclerosis.
The results from this study also suggest that catechins contribute
to the prevention of and improvement in various lifestyle-related
diseases, particularly obesity.
Apcmin/+ mice are recognized as a genetically relevant animal
model mimicking human intestinal carcinogenesis and it is used in
a study by Ju et al. (2005) to investigate the inhibition of intestinal
tumorigenesis by ECG present in green tea. The mice used in this
study carry a dominant heterozygous nonsense mutation at codon
850 of the mouse homologue of the human adenomatous polyposis
coli (APC) gene. The APC gene is a tumor suppressor gene and
its mutation is implicated in both sporadic and inherited human
colorectal carcinogenesis. During this study, the mice treated with
0.08 and 0.16% (0.16 or 0.08 g ECG dissolved in 100 mL distilled water containing 0.5 g citric acid) significantly decreased the
small intestinal tumor formation by 37 and 47%, respectively. In
the same study, ECG was administered in a dose dependent manner at 0, 0.02, 0.04, 0.08, 0.16, or 0.32% concentration in drinking fluid for 6 weeks until the study was terminated at 11 weeks
of age. This study resulted in the increased levels of E-cadherin
and decreased levels of nuclear B-catenin, c-Myc, phospho-Akt,
and phospho-extracellular signal-regulated kinase 1/2 (ERK1/2) in
small intestinal tumors. Based on these results, ECG was used at
12.5 or 20 µmol/L concentration to treat HT29 human colon cancer
cells which resulted in increased E-cadherin protein levels from
27 to 58%, induced the translocation of B-catenin from nucleus to
cytoplasm and plasma membrane, and decreased c-Myc and cyclin
D1 (Ju et al., 2005).
Lu et al. (2006a) investigated the inhibitory effect of polyphenon E (a standardized green tea polyphenol preparation containing
65% EGCG and caffeine on 4-(methylnitrosamino)-1-(3-pyridyl)1-butanone (NNK)-induced lung tumor progression from adenoma
to adenocarcinoma. For this study, the A/J mice were treated with
a single dose of NNK at a concentration of 103 mg/kg bodyweight
and kept for 20 weeks for the progression of lung adenomas. Then
after 20 weeks, the mice were treated with 0.5% Polyphenon E
or 0.044% caffeine as the sole source of drinking fluid until 52nd
week. Histopathological analysis of the mice indicated that Polyphenon E administration significantly reduced the incidence by
52% and multiplicity by 63% of lung adenocarcinoma. The treatment with caffeine also reduced the incidence by 48% and multiplicity by 49%. The results also indicated that Polyphenon E and
caffeine administration inhibited cell proliferation by 57 and 50%,
respectively in adenocarcinomas. In addition, the Polyphenon E
and caffeine administration enhanced apoptosis by 2.6- and 4-fold
in adenocarcinomas, respectively and adenomas (both by 2.5-

fold), and lowered levels of c-Jun and extracellular signal-regulated kinase (Erk) 1/2 phosphorylation. The study concluded that
epigallocatechin-3-gallate was able to suppress the progression of
NNK-induced lung adenoma to adenocarcinoma supported with
decreased cell proliferation, enhanced apoptosis, and lowered levels of c-Jun and Erk1/2 phosphorylation.
Gupta et al. (2001) studied the inhibition of prostate carcinogenesis using autochthonous transgenic adenocarcinoma of the
mouse prostate (TRAMP) model, which spontaneously develops
metastatic CaP. This model was chosen by the researchers as it
mimics progressive forms of human disease. The polyphenolic
dose was isolated from green tea at a human achievable dose
equivalent to 6 cups of green tea per day. In the control samples,
the mice were fed only with water and after 32 weeks all the 20
mice had palpable tumors and they had various stages of metastases to lymph nodes, lungs, liver and bone. In the test subjects,
the mice were treated with 0.1% polyphenols (w/v) from 8 to 32
weeks. The results indicated that the polyphenol treated samples had significant delay in primary tumor incidence and tumor
burden as assessed sequentially by MRI. In addition, there was
significant decrease in prostate (64%) and genitourinary (GU)
(72%) weight. The was significant inhibition in serum insulin-like
growth factor-I and restoration of insulin-like growth factor binding protein-3 levels and marked reduction in the protein expression of proliferating cell nuclear antigen (PCNA) in the prostate
compared with water-fed TRAMP mice. The study concluded that
green tea polyphenol consumption caused significant inhibition of
prostate cancer development, progression, and metastasis of CaP
to distant organ sites.
2.6.11. Proanthocyanidins
Proanthocyanidins also known as condensed tannins are a group
of monomers and polymers of flavanols with no sugar groups attached to them (Chandrasekara and Shahidi, 2010). They occur
mainly as dimers and polymers that are bound together by links
between C4 and C8 or C4 and C6 positions. Proanthocyanidins
upon depolymerization yield epicatechin under acidic conditions
with mean degree of polymerization between 4 and 11. Proanthocyanidins have reported to various health effects greater than flavanols particularly in treating colon cancer (Rossi et al., 2010).
Gossé et al. (2005) studied the anti-proliferative mechanisms on
human metastatic colon carcinoma (SW620 cells) of apple polyphenol fractions and evaluated the anti-carcinogenic properties
in vivo. The study was carried out with two types of polyphenol
classes extracted from apples, (a) the non-proanthocyanidin fraction containing 73% phenolic monomers and (b) the procyanidin
fraction containing 78% procyanidins. The results from the study
indicated that only the procyanidin fraction was able to inhibit the
SW260 cell growth with an IC50 value of 45 µg/mL. Also, after 24
h exposure to procyanidin fraction, protein kinase C activity was
inhibited by 70% and a significant increase in extracellular signalregulated kinases 1 and 2 and c-jun N-terminal kinases expression
was observed together with the downregulation of polyamine biosynthesis and the activation of caspase-3. The in vivo studies were
carried using male Wistar rats and the carcinogenesis was induced
by intraperitoneal injections of azoxymethane, once a week for 2
weeks. The rats were treated with 0.01% procyanidin fraction dissolved in drinking water after 7 days and the treatment was continued for 6 weeks. The results after 6-week treatment indicated
that colon of rats showed significant reduction of the number of
preneoplastic lesions when compared with controls receiving water. The study concluded that apple procyanidins alter intracellular
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signaling pathways, polyamine biosynthesis and trigger apoptosis
in tumor cells.
Prasad et al. (2012) studied the effect of bioactive proanthocyanidins extracted from grapeseed using in vitro and in vivo models. In this study, the in vitro analysis was carried out on human
pancreatic cancer cells (Miapaca-2, PANC-1 and AsPC-1). The
cells viability and cell death assays were carried out by treating
the cancer cells with 50 µL of proanthocyanidins (5 mg/mL) for
24 and 48 h. Miapaca-2 and PANC-1 cells were treated with different concentration of grapeseed proanthocyanidins (GSPs) (0,
20, 40 and 60 mg/mL) in complete medium for 48 h. The result
indicated that GSPs reduced cell viability increased G2/M phase
arrest of the cell cycle leading to induction of apoptosis in a doseand time-dependent manner. In addition, the results indicated that
GSPs induced apoptosis of pancreatic cancer cells were associated
with a decrease in the levels of Bcl-2 and Bcl-xl and an increase in
the levels of Bax and activated caspase-3. Furthermore, the treatment of Miapaca-2 and PANC-1 cells with GSPs also decreased
the levels of phosphatidylinositol-3-kinase (PI3K) and phosphorylation of Akt at ser473. The in vivo study was carried out by
subcutaneously injecting Miapaca-2 cells (5 x 106 in 100 µL PBS)
in the right flank of each mouse. The mice were administered with
0.5% GSPs-supplemented AIN76A control diet in pellet form
throughout the experiment period after one day of injection. The
results after GSP treatment demonstrated inhibition of cell proliferation, induction of apoptosis of tumor cells, increased expression
of Bax, reduced expression of anti-apoptotic proteins and activation of caspase-3-positive cells and decreased expression of PI3K
and p-Akt in tumor xenograft tissues. Overall, the study concluded
that GSPs could potentially be used as chemotherapeutic effect on
pancreatic cancer cell growth.
Akhtar et al. (2009) studied the effect of GSPs on human nonsmall cell lung cancer (NSCLC) cells in vitro and in vivo using a
tumor xenograft model. During the study, the NSCLC cells were
treated with various concentrations 0, 20, 40, 60, and 80 µg/mL of
GSPs for 24 h. The study indicated inhibition of proliferation of
cells (5–17%); however, significant greater inhibitory effect was
observed at 48 h after GSPs treatment (10–68%). The study also
indicated that GSPs did not inhibit cell proliferation of normal human bronchial epithelial cells. The in vivo treatment with GSPs
against human NSCLC tumor xenograft growth after subcutaneous
injection in mice was studied at different concentrations (0.1, 0.2
and 0.5% w/w). The results demonstrated inhibition of the growth
of lung tumor xenografts in nude mice by dietary GSPs is associated with the inhibition of tumor cell proliferation, angiogenesis,
and up-regulation of IGFBP-3.
2.6.12. Resveratrol
Resveratrol (trans-3,5,4′-trihydroxystilbene) is a naturally occurring polyphenol with various health effects. Oh and Shahidi (2018)
reported that resveratrol and its esters inhibited oxidation of DNA
and LDL cholesterol effectively. Oh et al. (2019) reported that
resveratrol and its derivatives reduced reactive nitrogen species
generation in murine microphages and decreased cell viability of
liver cancer (HepG2), colon cancer (HT-29, A431), breast cancer
(MCF7), and gastric cancer (AGS) cell lines. Asensi et al. (2002)
studied the inhibition activity of resveratrol against B16 melanoma
(B16M) cells in mice, rats and rabbits. As a part of this study, the
researchers carried out pharmacokinetic investigations in which 20
mg of trans-resveratrol (t-RES) were administered orally (via an
intragastric tube) to rabbits, rats, and mice or intravenously to rabbits (via the ear vein). The results from this pharmacokinetic study
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revealed that highest concentration of resveratrol in plasma, either
after i.v. or oral administration was reached within the first 5 min
in all animals. The amount of resveratrol in extravascular levels
(brain, lung, liver, and kidney) were always < 1 nmol/g fresh tissue. The resveratrol measured in plasma or tissues was in the trans
form. In addition, the results indicated that hepatocytes metabolized trans-resveratrol in a dose-dependent fashion and resveratrol
was removed from circulation by liver very rapidly. The in vitro
testing of resveratrol against B16 melanoma (B16M) cells resulted
in inhibition of cell proliferation and reactive oxygen species in a
concentration-dependent fashion. The results from in vivo studies
on all three animals injected with B16 melanoma (B16M) cells in
the footpad revealed that oral administration of resveratrol did not
inhibit growth of B16M inoculated into the footpad, however, it
decreased hepatic metastatic invasion of B16M cells inoculated
intrasplenically. The study concluded that antimetastatic mechanism of resveratrol was due to the resveratrol induced inhibition of
vascular adhesion molecule 1 (VCAM-1) expression in the hepatic
sinusoidal endothelium (HSE), which consequently decreased in
vitro B16M cell adhesion to the endothelium via very late activation antigen 4 (VLA-4).
Sale et al. (2004) studied the growth inhibitory properties of
putative cancer chemopreventive agent resveratrol against humanderived colon cancer cells HCA-7 and HT-29 cells. As a part of
this study, pharmacokinetic properties of 3,4,5,4′-tetramethoxystilbene (DMU 212) were compared with those of resveratrol in the
plasma, liver, kidney, lung, heart, brain and small intestinal and
colonic mucosa of mice. Both compounds were administered intragastrically at 240 mg/kg concentration. The results were compared
based on the ratios of the area of plasma or tissue concentration vs
time curves of resveratrol over DMU 212 (AUCres/AUCDMU212).
The results indicated that the ratio of AUCres/AUCDMU212 for the
plasma, liver, small intestinal and colonic mucosa were 3.5, 5,
0.1 and 0.15, respectively, thus indicating that resveratrol exhibited significantly higher levels of availability than DMU 212 in
the plasma and liver, while DMU 212 exhibited superior availability compared to resveratrol in the small intestine and colon. In
addition, the results indicated that resveratrol was metabolised to
its sulfate or glucuronate conjugates, while DMU 212 underwent
metabolic hydroxylation or single and double O-demethylation.
The results from in vitro studies on the human-derived colon cancer cells HCA-7 and HT-29 cells revealed that DMU 212 and resveratrol inhibited the growth of human-derived colon cancer cells
with IC50 values of 6 and 26 µM, thereby indicating that DMU
212 could potentially be used as a chemotherapeutic agent against
colon cancer.
Majumdar et al. (2009) studied the potential of using curcumin
in synergy with resveratrol to inhibit human colon cancer HCT-116
[p53+/+ or HCT-116 (wt) and HT-29] cells. The results from this
study indicated that combination of curcumin with resveratrol was
very effective in inhibiting the growth of p53-positive (wt) and
p53-negative colon cancer HCT-116 cells in vitro and in vivo in
SCID xenografts of colon cancer HCT-116 (wt) cells than either
curcumin or resveratrol used alone. The study concluded that the
inhibition of tumors in response to curcumin and/or resveratrol
was associated with the reduction in proliferation and stimulation of apoptosis supplemented by attenuation of NF-κB activity.
Therefore, combinationed use of curcumin and resveratrol provide
a potential preventive/therapeutic strategy for colon cancer.
2.6.13. Lignans
Epidemiological studies suggest that there is a plausible link be-
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tween phytoestrogen exposure and a reduced risk of colorectal
cancer. Qu et al. (2005) studied the effect of wheat bran from 4
different cultivars in colon cancer SW480 cells. The wheat brans
Madison, Ernie and Betty contained 82.9, 52.3 and 42.7 µg/g secoisolariciresinol diglucoside, respectively. In this study, human
colon cancer cells SE480 were treated with enterolactone and enterodiol, alone or in combination at 0–40 µmol/L for 24–72 h. It
was indicated that treatment of SW480 cells with enterolactone
and enterodiol resulted in dose and time-dependent decreases in
cell numbers compared to the control samples. The results also
indicated that combined effect of enterodiol and enterolactone at
20 and 40 µmol/L had a more severe effect on the cancer cells
compared to the individual use of lignan metabolites. The study
concluded that cancer cell growth by lignan metabolites seems to
be mediated through cytostatic and apoptotic mechanisms.
Felmlee et al. (2009) studied the effect of the flaxseed lignans
secoisolariciresinol diglucoside and its aglycones on hyperlipidaemic rats. The results indicated that the lignan component of
flaxseed was responsible for the hypochloresterolaemic effects
after consumption. Secoisolariciresinol diglucoside and secoisolariciresinol caused dose-dependent reductions in serum and hepatic
cholesterol profiles in high cholesterol diet-fed rats.
Feng et al. (2008) studied the effect of metabolites of the lignans enterolactone and enterodiol on osteoblastic differentiation
of MG-63 cells. Osteoblasts play a crucial role in the bone formation through proliferation and differentiation. Differentiation of osteoblasts are very important for bone function and confer marked
rigidity and strength for bone while maintaining some degree of
elasticity. Therefore, it is reported that stimulation of osteoblast
differentiation to be an important therapeutic approach for the prevention of bone disease, ie osteoporosis. In this study, osteoblast
MG-63 cells were deployed in an in vitro assay system and the
evaluated the effects of enterolactone and enterodiol measured by
various markers such as mRNA for collagen (col I), ALP, osteocalcin (OC), osteopontin (OP), and osteonectin (ON). The results
indicated that both enterolactone and enterodiol have a biphasic
effect on the differentiation of osteoblast cells. In addition, both
lignan metabolites increased cell viability, alkaline phosphatase
(ALP) activity and the transcriptional level of ALP, osteopontin,
and osteocalcin in a dose-dependent manner.
3. Conclusions
Phenolic compounds undergo various stages of absorption and
metabolism, after ingesting them as a part of a food. As a result
of various metabolic steps, these metabolites may appear in the
plasma as sulfated, glucuronidated or methyl derivatives of the
parent phenolic compounds or in some cases, remain unchanged in
the plasma or converted to other products. It is important to understand the metabolism of phenolic compounds in the small intestine
and fermentation in the colon, because these processes can alter
the effects of phenolic compounds on mechanisms of action including free radical scavenging, activation of signaling pathways,
and modulation of inflammation response. In this regard, there is
a renewed interest to study phenolic compounds and their biological activities, absorption, metabolism and health effects, thus this
review will be of interest to the readers in this area. However, due
to the diversity of phenolic compounds and colonic microflora, the
exact microorganism and the enzymes involved in the catabolism
to produce the final catabolite are still largely unknown. Therefore,
more thorough research is still needed to fill the existing gaps in
this area.
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Abstract
Rhubarb is a Chinese traditional medicine. Ninety-four compounds belonging to five different classes of compounds (anthraquinone, anthrones, stilbenes, flavonoids and acylglucosides) have so far been identified in rhubarb. These constituents are effective in purgative, clearing heat-fire, removing toxic materials from the body,
cooling blood and promoting blood circulation. Recent studies have shown that the appropriate processing methods may directly impact on its remedial activities and chemical compositions. Here, we provide a comprehensive
review of the chemical compositions, pharmacological activities and processing methods of rhubarb.
Keywords: Rhubarb; Chemical composition; Pharmacological activities; Processing method.

1. Introduction
As a widely used Chinese herb, rhubarb is officially documented in
Chinese Pharmacopoeia as the dried root and rhizome of Rheum palmatum L., Rheum tanguticum Maxim. ex Balf. or Rheum officinale
Baill. (Polygonaceae) (China, 2015). In traditional Chinese medicine, Rhubarb is effective, short-lived and painless for the treatment
of purging accumulation (Qing-yu in Chinese), cooling blood (Liangxue in Chinese), and draining damp-heat (Qu-nei-re in Chinese).
The components isolated from rhubarb have been classified into
five primary categories, namely, anthraquinone, anthrones, stilbenes,
flavonoids and acylglucosides (Nonaka et al., 1977; Nonaka et al.,
1981; Kashiwada et al., 1984; Kashiwada et al., 1986; Komatsu et
al., 2006; Xing-Sheng et al., 2011). Drying, a crucial step in the postharvest processes, can limit enzymatic degradation and microbial
growth while preserving the beneficial properties of the plant material. Generally, during the drying process, the chemical compositions, content and pharmacological activities of the active principles

42

may change, thus affecting the quality of Chinese herbal preparations. (Zhu et al., 2014). Consequently, this contribution summarizes
the progress made in the chemical composition, pharmacological activities and processing methods of rhubarb in recent years.
2. Chemistry
Up to date, a variety of constituents have been isolated from
Rheum species with their structures being elucidated. As an important traditional Chinese herb, the components of rhubarb have been
classified into five primary categories, namely, anthraquinone, anthrones, stilbenes, flavonoids and acylglucosides.
2.1. Anthraquinones and anthrones
As an important type of components in rhubarb (compounds 1-30),
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the free anthraquinones, such as aloe-emodin, rhein, emodin, chrysophanol and physcion, are present in nearly all Rheum species. In
addition, the anthraquinone glycosides, such as aloe-emodin-8O-β-D-glucoside, rhein-8-O-β-D-glucoside, chrysophanol-8-Oβ-D-glucoside, emodin-8-O-β-D-glucoside and physcion-8-Oβ-D-glucoside, are isolated from different species of rhubarb. In
addition to those anthraquinones, the conjugated anthraquinone
derivatives are responsible for their cathartic effects (Table 1), isolated from several rhubarbs.
Anthrones are less oxygenated than anthraquinones (compounds 31-56). Twenty-six anthrones were isolated from different
species of rhubarb (Table 1). Among them, sennosides have been
identified from Rheum palmatum L and include a number of anthraquinone derivatives and functioned as laxatives.
2.2. Stilbenes
Stilbenes, important components in chemotaxonomy (compounds
57-76), have been reported to show inhibit nitric oxide production,
anti-bacterial, anti-fungal, anti-oxidant, anti-inflammatory, anticancer, and anti-malarial activities. Twenty stilbenes isolated from
different species of rhubarb (Table 2) have reported in studies.
2.3. Flavonoids and acylglucosides
Being a large class of compounds that exist ubiquitously in different species of rhubarb, flavonoids contain several phenolic hydroxyl groups attached to ring structures, conferring antioxidant
activity (compounds 77-82). There are four main flavonoids isolated from rhubarbs (Table 3).
Acylglucosides are considered to be important bioactive components in rhubarb (compounds 83-94). Twelve acyglucosides
have been isolated from rhubarbs (Table 3) with most of them exhibiting excellent pharmacological activities.
3. Pharmacological activities
Rhubarb, the rhizome part of Rheum species including Rheum
palmatum, Rheum tanguticum, Rheum undulatum, and Rheum
officinale, is one of the oldest traditional medicines and is most
commonly used as a purgative (Siegers et al., 1993). In addition,
rhubarb has many other bioactive effects such as antibacterial, analgesic, and anti-inflammatory activities (Darias, 1987; Jong-Chol
et al., 1987; Matsuda et al., 2001). Rhubarb possesses anticoagulant and anti-platelet activities have been reported and confirmed
to be primarily associated with stilbene derivatives such as resveratrol, rhaponticin, and piceatannol (Aburjai, 2000; Park et al.,
2002).
3.1. Purgative activities
Previous studies have suggested that diarrhea is associated with
decreased Na+/K+-ATPase activity (Ejderhamn et al., 1989). Inhibition of this intestinal enzyme may be critical to the regulation
and absorption of Na+ and K+ in the intestine, leading to intestinal
fluid accumulation and contributing to diarrhea (Yakubu and Salimon, 2015). It showed that the purgative activities of the crude
rhubarb could be determined approximately by analysis of sennoside content, whereas the correlation between purgative activity
and sennoside content is not very strong, suggesting that other fac-

tors might be involved (HARIMA et al., 1994). Recent studies on
the relationship between the chemical structure and functionality
indicated that “Watery Diarrhea” effect induced by rhubarb was
concerned with the location alteration or the expression change of
Aquaporins (Li et al., 2008).
3.2. Anticancer activities
As have been demonstrated in a number of studies, as the main
anthraquinones of rhubarb, emodin, aloe-emodin, and rhein could
inhibit the growth and proliferation of various cancer cells. For example, emodin has been reported to inhibit proliferation in breast,
lung, cervical, colorectal, and prostate cancers cells (Chan et al.,
1993; Zhang et al., 1995; Chang et al., 1996; Kuo et al., 1997; Cha
et al., 2005).
Emodin showed less or no cytotoxic effect in several normal
cells, including HBL-100 cells derived from normal human breast
tissue (Zhang et al., 1995), human fibroblast like lung WI-38 cells,
and three primary cultured rat normal cells (Shieh et al., 2004). As
have also been demonstrated, normal cells are more resistant to
emodin-induced cytotoxicity than cancer cells. Such specificity of
emodin towards malignant cells might be due to its effect targeting
some oncogene signaling transductions, which are constitutively
active or amplified in cancer cells (Chan et al., 1993).
Aloe-emodin was also able to inhibit cell growth in several
tumor cells, including human lung carcinoma (Lee et al., 2001),
hepatoma (Kuo et al., 2002), and leukemia cell lines (Chen et al.,
2004). In addition, it exhibited higher cytotoxicity against oral
squamous cell carcinoma and salivary gland tumor than normal
human gingival fibroblasts (HGF) (Shi et al., 2001). Interestingly,
high specificity for neuroectodermal tumor cells was exhibited in
aloe-emodin (Pecere et al., 2003). According to Pecere’ report, energy dependent incorporation of aloe-emodin may correspond to
the higher sensitivity of neuroectodermal tumor cells (Pecere et
al., 2000).
Rhein, another anthraquinone derivative of rhubarb, has also
been reported to display an inhibitory effect on the proliferation of human breast, colon, lung, CNS, and glioma cancer cells
(Cichewicz et al., 2004). In a recent study conducted by Zhou et
al, rhein exhibited anti-fungal potential but was less cytotoxic than
other anthraquinones in rhubarb (Zhou et al., 2006). Also, Huang
et al. reported that rhein could effectively inhibit the uptake of glucose in tumor cells and induce cell necrosis (Huang et al., 2007).
Having been compared with other anthraquinone derivatives,
such as emodin 1-O-β-D-glucoside, physcion, and physcion 1-Oβ-D-glucoside, emodin with C1 and C3 position is believed to be
important for the anti-tumor function (Kuo et al., 1997).
3.3. Hepatoprotective effect
The hepatoprotective effect of rhubarb and its components has
also been documented as antagonizing α-naphthylisothiocyanate
(ANIT)- and concanavalin A-induced experimental liver injury
(Mase et al., 2010). A hepatoprotective effect of rhubarb against
infantile cholestatic hepatitis and acute icteric hepatitis (Huang et
al., 1997) have been revealed by some clinical evidence. Research
has shown that free anthraquinones extracted from rhubarb, such
as rhein and emodin, exhibited protective activity against ANITinduced cholestatic liver injury by reducing the serum levels of
glutamate-pyruvate transaminase, glutamic oxaloacetic transaminase and total serum bilirubin, direct bilirubin, alkaline phosphatase, γ-glutamyltransferase and total bile acids. The morpho-
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Table 1. Anthraquinones and anthrone derivatives isolated from different species of rhubarb

No.

Compounds

Botanical sources

References

1

aloe-emodin

R. officinale; R. palmatum; R.
qinjingense; R. spiciforme; R.
tanguticum; R. undulatum

Xiuwei et al., 1998; Huiyan et al., 2003; Jin et al., 2006;
Tan, 2006; Xu Qing et al., 2009; Gao and Liangliang, 2013

2

1-methyl-8-hydroxyl-9,10anthraquinone-3-O-β-D-(6′-Ocinnamoyl) glucopyranoside

R. glabrucaule

Cun et al., 2010

3

6-methyl-aloe-emodin

R. emodi

Singh et al.

4

6-methyl-rhein

R. emodi

Singh et al., 2005

5

aloe-emodin-1-O-β-Dglucopyranoside

R. undulatum

Matsuda et al., 2001

6

aloe-emodin-3-(hydroxymethyl)O-β-D-glucopyranoside

R. palmatum; R. glabrucaule

Wei et al., 2005; Xu Qing, 2009

7

aloe-emodin-8-O-β-Dglucopyranoside

R. qinjingense; R. tanguticum

Xiuwei et al., 1998; Jin, Ge et al., 2006

8

chrysaron

R. rhaponticum

Hesse, 1908

9

chrysophanol

R. palmatum; R. tanguticum;
R. officinale; R. emodi

Suresh Babu et al., 2004; Jin, Ge et al., 2006; Tan, 2006; Xu
Qing et al., 2009; Wang et al., 2010; Gao and Liangliang,
2013

10

chrysophanol-1-O-β-Dglucopyranoside

R. palmatum

Xu Qing et al., 2009

11

chrysophanol-8-Me ether

R. glabrucaule

Wei et al., 2005

12

chrysophanol-8-O-β-D-(6′-Oacetyl)-glucopyranoside

R. emodi

Krenn et al., 2004

13

chrysophanol-8-O-β-D-(6′-Ogalloyl)-glucopyranoside

R. undulatum

Matsuda et al., 2001

14

chrysophanol-8-O-β-D-(6′-Omalonyl)-glucopyranoside

R. qinjingense

Xiuwei et al., 1998

15

chrysophanol-8-O-β-Dglucopyranoside

R. palmatum; R. tanguticum;
R. officinale; R. emodi;
R. glabrucaule

Suresh Babu et al., 2004; Jin et al., 2006; Tan, 2006; Wang
et al., 2010; Gao and Liangliang, 2013; Xu Qing et al., 2009

16

citreorosein

R. glabrucaule

Wei et al., 2004

17

emodin

R. palmatum; R. tanguticum;
R. emodi; R. qinjingense; R.
undulatum; R. Spiciforme

Xiuwei et al., 1998; Huiyan et al., 2003; Suresh Babu
et al., 2004; Jin et al., 2006; Xu Qing et al., 2009;
Wang et al., 2010; Gao and Liangliang, 2013

18

emodin-1-O-β-D-glucopyranoside

R. undulatum

Ko, 2000

19

emodin-6-O-β-D-glucopyranoside

R. palmatum

Zhu et al., 2016

20

emodin-8-O-β-D-glucopyranoside

R. emodi; R. glabrucaule

Wei et al., 2005; Wang et al., 2010

21

emodin-8-O-β-Dglucopyranosyl-6-O-sulfate

R. emodi

Liselotte et al., 2004

22

emodin-gemtiobioside

R. nanum

Xiang et al., 2005

23

physcion

R. palmatum; R.
tanguticum; R. officinale;
R. emodi; R. qinjingense

Xiuwei et al., 1998; Suresh Babu et al., 2004; Jin et al., 2006;
Tan, 2006; Xu Qing et al., 2009; Wang et al., 2010; Gao and
Liangliang, 2013

24

physcion-1-O-β-D-glucopyranoside

R. emodi

Singh et al., 2016

25

physcion-8-O-β-D-gentiobioside

R. officinale

Holzschuh et al., 1982

26

physcion-8-O-β-D-glucopyranoside

R. palmatum; R. emodi; R.
qinjingense; R. undulatum

Xiuwei et al., 1998; Ko, 2000; Xu Qing
et al., 2009; Wang et al., 2010

27

revandchinone-3

R. emodi

Suresh Babu et al., 2004
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Table 1. Anthraquinones and anthrone derivatives isolated from different species of rhubarb - (continued)

No.

Compounds

Botanical sources

References

28

rhein

R. palmatum; R. tanguticum;
R. undulatum; R. Spiciforme

Xiuwei et al., 1998; Huiyan et al., 2003; Jin et al., 2006; Xu
Qing et al., 2009; Gao and Liangliang, 2013

29

rhein-8-O-β-D-[6′-O-(3″-methoxyl
malonyl)] glucopyranoside

R. palmatum

Cun et al., 2010

30

rhein-8-O-β-D-glucopyranoside

R. palmatum

Gao and Liangliang, 2013

31

10-hydroxycascaroside C

R. emodi

Krenn et al., 2004

32

10-hydroxycascaroside D

R. emodi

Krenn et al., 2004

33

10R-chrysaloin1-O-β-Dglucopyranoside

R. emodi

Krenn et al., 2004

34

cascaroside C

R. emodi

Krenn et al., 2004

35

cascaroside D

R. emodi

Krenn et al., 2004

36

cassialoin

R. emodi

Krenn et al., 2004

37

palmidin A

R. palmatum

Dequeker et al., 1964

38

palmidin B

R. palmatum

Dequeker et al., 1964

39

palmidin C

R. palmatum

Dequeker et al., 1964

40

rendin A

R. palmatum

LEMLI et al., 1964

41

rendin B

R. palmatum

LEMLI et al., 1964

42

rendin C

R. palmatum

LEMLI et al., 1964

43

revandchinone-1

R. emodi

Suresh Babu et al., 2004

44

revandchinone-2

R. emodi

Suresh Babu et al., 2004

45

revandchinone-4

R. emodi

Yamagishi et al., 1987

46

rheinoside A

R. palmatum

Yamagishi et al., 1987

47

rheinoside B

R. palmatum

Yamagishi et al., 1987

48

rheinoside C

R. palmatum

Yamagishi et al., 1987

49

rheinoside D

R. palmatum

Yamagishi et al., 1987

50

sennidin C

R. palmatum

Zwaving, 1965

51

sennoside A

R. palmatum

Oshio et al., 1974

52

sennoside B

R. palmatum

Oshio et al., 1974

53

sennoside C

R. palmatum

Oshio et al., 1974

54

sennoside D

R. palmatum

Oshio et al., 1974

55

sennoside E

R. palmatum

Oshio et al., 1974

56

sennoside F

R. palmatum

Oshio et al., 1974

logical alterations induced by ANIT in rats, including the necrosis
of hepatocytes and biliary epithelial cells, as well as neutrophil
infiltration and sinusoid congestion, were also alleviated by concurrent intragastric administration of these free anthraquinones
(Zhao et al., 2009).
3.4. Anti-inflammatory activities
As have been shown in research, via activating NO/cGMP signaling, vascular smooth muscle can be dilated in aqueous extract,
whose rhubarb treatment not only suppressed TNF-α-induced increase of proinflammatory and adhesion molecules in HUVECs,

but also reduced the adhesion between U937 cells and HUVECs.
The aqueous extract of rhubarb might have the potential to dilate
vascular tissues and suppress the vascular inflammatory process,
which may be closely related to the activation of vascular NO/
cGMP signaling (Moon et al., 2006). Emodin exerted an antiinflammatory effect through blocking of MAPK and PI3K pathway signaling and inhibition of the activation of NF-κB and iNOS
expression (Zhu et al., 2011). Meanwhile, following severe acute
pancreatitis, emodin reduced the inflammatory response in the
rat lung by decreasing the expression of tumor necrosis factor-α
(TNF-α) and IL-6 (Zhang et al., 2005). Rhein also showed antiinflammation effect through inhibiting the expression of iNOS
(Wang et al., 2002). Aloe-emodin might inhibit the inflammatory
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Table 2. Stilbene derivatives isolated from different species of rhubarb

No.

Compounds

Botanical sources

References

57

3,4′,5-trihydroxystlbene-4′-O-βD-(6″-O-galloyl) glucopyranoside

R. palmatum; R.
tanguticum; R. officinale

Nonaka et al., 1981; Komatsu et al., 2006

58

3,4′,5-trihydroxystlbene-4′O-β-D-glucopyranoside

R. palmatum; R.
tanguticum; R. officinale

Nonaka et al., 1981; Komatsu et al., 2006

59

deoxyrhaponticin

R. undulatum

Ko, 2000

60

desoxyrhaponticin

R. emodi; R. undulatum

Matsuda et al., 2001; Suresh Babu et al., 2004

61

desoxyrhapontigenin

R. undulatum

Matsuda et al., 2001

62

gentin C

R. nanum

Xiang et al., 2005

63

isorhapontin

R. undulatum

Matsuda et al., 2001

64

maximol A

R. palaestinum

Shikishima et al., 2001

65

maximol B

R. palaestinum

Shikishima et al., 2001

66

piceatannol

R. undulatum

Ko et al., 1999

67

piceatannol 3′-O-β-Dglucopyranoside

R. hotaoense; R. undulatum

Li et al., 1998; Matsuda et al., 2001

68

piceatannol 4′-O-(6″-pcoumaroyl)β-D-glucopyranoside

R. emodi

Wang et al., 2010

69

piceatannol 4′-O-β-Dglucopyranoside

R. nanum

Xiang et al., 2005

70

piceatannol-3,4′-O-β-Ddiglucopyranoside

R. undulatum

Ko, 2000

71

resveratrol

R. undulatum

Matsuda et al., 2001

72

resveratrol 4′-O-β-D-(6″-Ogalloyl)-glucopyranoside

R. tanguticum

Gao and Liangliang, 2013

73

resveratrol 4′-O-β-Dglucopyranoside

R. tanguticum

Gao and Liangliang, 2013

74

rhaponticin

R. tanguticum; R.
undulatum; R. palaestinum

Li, Li et al., 1998; Ko et al., 1999; Matsuda et al., 2001;
Matsuda et al., 2001; Jin et al., 2006; Aburjai, 2000

75

rhapontigenin

R. palmatum; R. tanguticum; Li, Li et al., 1998; Ko et al., 1999; Matsuda et al., 2001; Matsuda
R. emodi; R. undulatum
et al., 2001; Suresh Babu et al., 2004; Jin, Ge et al., 2006; Xu
Qing et al., 2009

76

rhaponticin 2″-O-gallate

R. tanguticum; R. undulatum

mediators including decreasing the levels of PAF, IL-6, and TNF-α
during the acute pancreatitis (AP) in rats (Chen et al., 2010).
3.5. Anti-platelet aggregation and anticoagulant activities
Being able to promote blood circulation to remove blood stasis,
Rhubarb was used as an ingredient in numerous prescriptions in
the medical classic “Shang-Han-Lun” by Zhongjing Zhang (Han
Dynasty). In thrombotic diseases, as a multifunctional serine protease, thrombin is generated in response to vascular injury and
catalyzes the proteolytic cleavage of the soluble plasma-protein
fibrinogen to form soluble fibrin, leading to clot formation. In addition, thrombin also serves as a potent platelet agonist and amplifies
its own generation by a several-step feedback activation process as
part of the coagulation cascade (Weitz, 2003). With thrombin playing a pivotal role in thrombogenesis, its inhibitors have been used
in the treatment of thrombotic diseases, which have been proved to
be effective (Hanessian et al., 2008). The anti-thrombin activities

46

Matsuda et al., 2001; Jin et al., 2006

of various rhubarb samples have been investigated. The inhibitory
activity of smoked rhubarb (inhibition percentage of 56.34 %) was
significantly higher than those of the other samples (P < 0.05).
Also, IC50 values for the rhubarb samples on thrombin were determined. According to the IC50 values, smoked rhubarb exhibited
the best thrombin inhibition activity (IC50 = 6.36 mg/mL) (Sun
et al., 2018). The effects of anthraquinone derivatives isolated
from rhubarb on platelet activity have been investigated. Among
four anthraquinone derivatives isolated from rhubarb examined,
chrysophanol-8-O-glucoside (CP-8-O-glc) had the most potent
inhibitory effect on collagen- and thrombin-induced platelet aggregation with mice treated by it showing significantly prolonged
bleeding times. Furthermore, CP-8-O-glc was found to have a significant inhibitory effect on rat platelet aggregation ex vivo and
on thromboxane A2 formation in vitro. In coagulation tests, CP-8O-glc prolonged the activated partial thromboplastin time instead
of altering prothrombin time. However, CP-8-O-glc only inhibited
platelet phosphatidylserine exposure without directly inhibiting
intrinsic factors. This study has demonstrated the anti-platelet
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Table 3. Flavonoids and acylglucosides isolated from different species of rhubarb

No.

Compounds

Botanical sources

77

(+)-catechin

R. palmatum; R. tanguticum Nonaka et al., 1981; Lu et al., 1998; Jin et al., 2006

78

(−)epicatechin-3-O-gallate

R. tanguticum; R. officinale

Nonaka et al., 1981; Jin et al., 2006; Tan, 2006

79

(−)epigallocatechin-3-O-gallate

R. officinale

Tan, 2006

80

gallic acid

R. palmatum

Nonaka et al., 1981; Xu Qing et al., 2009

81

kaempferol-3-O-rhamnoside

R. undulatum

Ham et al., 1994

82

kaempferol-3-O-(2′,6′-di-Orhamnopyranosyl)-β-D-galactopyra-noside

R. undulatum

Ham et al., 1994

83

gallic acid 3-O-β-D-glucopyranoside

R. palmatum

Kashiwada et al., 1986

84

gallic acid 4-O-β-D-glucopyranoside

R. palmatum

Kashiwada et al., 1986

85

1-O-galloyl-6-O-cinnamoyl-β-D-glucose

R. palmatum

Kashiwada et al., 1988

86

1,2-di-O-galloyl-6-O-cinnamoyl-β-D-glucose

R. palmatum

Kashiwada et al., 1988

87

1,2,6-tri-O-galloyglucose

Rhei Radix et Rhizoma

Nonaka et al., 1981

88

glucopyranosyl-galloyl-glucose

R. palmatum

Wang et al., 2011

89

coumaroyl-O-galloyl-glucose

R. palmatum

Wang et al., 2011

90

lindleyin

R. tanguticum

Gao and Liangliang, 2013

91

1′-O-galloylsucrose

R. coreanum

Kashiwada et al., 1988

92

2-O-galloylsucrose

R. coreanum

Kashiwada et al., 1988

93

6-O-galloylsucrose

R. coreanum

Kashiwada et al., 1988

94

6′-O-galloylsucrose

R. coreanum

Kashiwada et al., 1988

and anticoagulant effects of CP-8-O-glc and suggested that this
compound might be of therapeutic benefit for the prevention of
platelet-related cardiovascular diseases (Seo et al., 2012).
The aqueous extract of rhubarb has been reported to have an
anti-platelet aggregation activity (Ko et al., 1999). Anti-platelet
aggregation activity of stilbenes from Rheum undulatum was
shown to be affected by the presence of methoxyl and free hydroxy
groups of the structure. The inhibition activity on platelet aggregation induced by arachidonic acid is considered to be closely related
to arachidonate metabolism. Consequently, these inhibitory effects
may partially contribute to anti-blood stagnancy activity of rhubarb (Ko et al., 1999). Research suggested that rhaponticin and
rhapontigenin exhibited an inhibitory effect toward platelet aggregation in vitro and ex vivo and protected the mice from thromboembolism. Among these compounds, rhapontigenin, a metabolite
of rhaponticin transformed by human intestinal microflora prior
to absorption in the intestine, was the more potent. Rhei Rhizoma
also exhibited in vitro and ex vivo anti-platelet aggregation activity
and protection against thromboembolism. Based on these findings,
it is concluded that Rhei Rhizoma, particularly rhapontigenin,
could prevent the development of thrombosis or its recurrence
(Park et al., 2002). The phytochemical analysis of Rheum palaestinum revealed the presence of two stilbenes: piceid and rhaponticin,
which may explain the use of this plant in traditional medicine for
its anti-platelet activity as these compounds exhibited significant
anti-platelet aggregation activity (Aburjai, 2000).
4. Processing methods
As one of the most important and fundamental steps in traditional

References

Chinese medicine (TCM), drying operation is employed to maintain bioactive properties of medicinal products and cut down transport expenses as well as facilitating their consumption. The aim of
drying TCM is to remove water and consequently prevent microbial and chemical decay, thus improving its shelf-life. As a result,
efforts should be put on to maximizing the rate of drying through
conveying heat and humidity.
Fresh crude Rheum palmatum was sliced and treated with the
different drying methods such as sun drying, shady drying, microwave heating and various temperatures drying to choose the optimum initial processing method, and the content of anthraquinones
derivatives, slicing colors and dried rates were used as evaluation
indexes. Compared with traditional processing, sliced fresh crude
Rheum palmatum had lower content of the anthraquinones derivatives and dry rates, slicing color had changed as well. For various
drying methods, smoking drying was superior to sun drying, shady
drying, microwave heating and various temperatures drying methods (Li et al., 2011). Due to processing-induced variations in the
chemical composition, raw rhubarb samples subjected to different drying procedures have different therapeutic effects. The raw
materials were processed by smoking, sun-drying, shade-drying
and oven-drying at low, moderate and high temperatures. The total concentrations of twelve compounds, namely, gallic acid, catechins, epigallocatechin gallate, epicatechin, epicatechin gallate,
sennoside B, sennoside A, aloe-emodin, rhein, emodin, chrysophanol, and physcion, in smoked rhubarb were higher than the concentrations of the same components in raw rhubarb and rhubarb products processed using other drying techniques. Smoked rhubarb was
found to inhibit Na+/K+-ATPase and thrombin substantially. These
results confirmed that post-harvest fresh plant materials, especially
roots, were still physiologically active, and could undergo a series
of anti-dehydration mechanisms, including the production of re-
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lated secondary metabolites during the early stages of dehydration.
Therefore, the proper design of drying processes could enhance the
quality of rhubarb as well as other similar medicinal plants (Sun
et al., 2018).
5. Perspectives
In the view of wide applications of rhubarb, although many studies on the chemical constituents, quality analysis, pharmacological
activities, and clinical practices had been reported, there are still
lots of problems to be solved. Firstly, there are about ninety-four
compounds with five types of skeletons isolated from the genus
Rheum, including anthraquinone, anthrones, stilbenes, flavonoids
and acylglucosides (Gao et al., 2013). Most of the studies have
focused on exploring the bioactivities of anthraquinones, with the
precise mechanisms underlying their activities being not fully understood. Secondly, derived from long-term practices and experiences, smoking was a traditional technology primarily used for the
processing of Chinese herbal medicines. A Chinese herbal medicine was baked with a small fire with the ambient temperature being between 12–18 °C, it typically took at least two weeks to reach
complete dryness. This drying technique went slow, allowing the
innate metabolic processes of the plant to continue after harvest.
Therefore, it is imperative to study the drying mechanism based on
secondary metabolism.
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Abstract
A systematic quantitation of selected odorants using stable isotope dilution analysis (SIDA) was performed in six
native cold-pressed rapeseed oils with desired retention of bioactives and desired sensorial attributes (“positive
controls”, PCs), in nine native cold-pressed rapeseed oils eliciting a fusty/musty off-flavor (OFs), and in two rapeseed samples, from which two of the nine fusty/musty OFs were pressed. These data were used as basis to find
marker compounds for the fusty/musty off-flavor by means of multivariate methods. Obtained data clustered
pairwise in a heatmap clearly showed that all PCs and OFs were very similar to each other in their own group
concerning the selected compounds, but different to each other. Additionally, data were statistically evaluated
using principal component analysis (PCA). Based on selected compounds, a high accordance of PCs, in parallel
to a clear discrimination to the group of fusty/musty OFs and to the two rapeseed samples, was achieved. In a
biplot, compounds with the highest differences between the two oil groups were identified as 4-methylphenol,
3-methylbutanoic acid, 2-phenylethanol, 2-ethyl-3,6-dimethylpyrazine, and 2-methylbutanoic acid. Thus, these
compounds can be seen as marker compounds for the fusty/musty OFs and the seeds and can, therefore, serve
for quality control of the raw material within a quick routine method.
Keywords: Rapeseed oil; Off-flavor; Marker compounds; Stable isotope dilution analysis; Principle component analysis; Heatmap.

1. Introduction
Refined rapeseed oil is one of the top-ranked consumed edible oils
worldwide in the past years, only behind palm oil and soybean
oil (United States Department of Agriculture, 2016). One of the
reasons for the high consumption is the beneficial health aspect,
which is mostly related to the fatty acid composition with an average content of only 6% and 2% of the saturated fatty acids, palmit-

ic acid and stearic acid, but with 58% of oleic acid, 20% of linoleic
acid, and especially 8% of linolenic acid. Based on this, rapeseed
oil facilitates that the observing of several recommendations given
by different organizations can be fulfilled, e.g., an energy intake
based on saturated fatty acids of < 10% recommended by the FAO/
WHO expert group to lower the risk of cardiovascular diseases or
the ratio of 5:1 of ω6-fatty acids to ω3-fatty acids recommended
by the German Nutrition Society (Deutsche Gesellschaft für Ernährung e. V.; DGE). The latter is based on the fact that the general
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fat intake of an average consumer ends up with a ratio of 8:1 of
ω6- to ω3-fatty acids, so that in combination with the ratio of 2.5:1
of ω6- to ω3-fatty acids present in rapeseed oil, the recommended
average ratio of 5:1 can be achieved. Beside the positive nutritional aspects, native cold-pressed rapeseed oil is gaining more
and more popularity because of its retention of minor bioactive
compounds and the characteristic nutty and cabbage-/asparaguslike odor impression, which is lost in refined rapeseed oils during
the refinery process. However, due to deficient storage conditions,
a fusty/musty off-flavor is widespread (Matthäus and Brühl, 2008)
and causes economic damage. Nowadays, the aroma is one of the
most important criteria for consumers to (re-)buy a certain type of
food. Thereby, the overall aroma of a food is characterized by only
a small set of bioactive volatiles within hundreds, sometimes up
to > 1,000 volatiles. These aroma-active volatiles are called key
odorants and are defined by an odor activity value (OAV = ratio of
the concentration of an odorant divided by its corresponding odor
threshold) ≥ 1. First, Pollner and Schieberle (2016) applied the
sensomics concept to native rapeseed oils to unravel aroma differences of rapeseed oils pressed from peeled and unpeeled seeds. In
parallel, Matheis and Granvogl (2016) used the molecular sensory
science concept to characterize the key odorants of native coldpressed rapeseed oils eliciting the desired sensory attributes (“positive controls”; PCs) in comparison to a rapeseed oil with a fusty/
musty off-flavor (OF). Thereby, main differences between PC and
OF were found for 16 compounds, which increased in OF at least
by a factor of five. The highest ratios between concentrations
in OF and PC were determined for 2-methylbutanoic acid (factor of 11500), 2-methoxyphenol (780), ethyl 2-methylbutanoate
(430), dimethyl trisulfide (81), 2-ethyl-3,5-dimethylpyrazine (38),
2-acetylpyridine (36), 2-ethyl-3,6-dimethylpyrazine (36), 3-hydroxy-4,5-dimethylfuran-2(5H)-one (29), acetylpyrazine (21),
2-isobutyl-3-methoxypyrazine (20), 2-methylbutanal (20), and
3-methylbutanoic acid (19). Additionally, the seed, from which OF
was pressed (OFS), was subjected to both sensorial and instrumental analyses to check the influence of the pressing procedure on
the off-flavor formation. Due to the fact that exactly the same 18
odorants in OF and OFS showed OAVs ≥ 1, only differing in the
respective concentrations, the pressing process was excluded as
main reason for the formation of this distinct off-flavor. To prove,
that the identified and quantitated odorants are characteristic for
rapeseed oils with a fusty/musty off-flavor (and not only for this
single sample), seven further oils evoking the same off-flavor were
investigated and confirmed the previously obtained data (Matheis
and Granvogl, 2016). However, an investigation of further native
cold-pressed rapeseed oils with desired sensorial attributes for an
additional confirmation of this assumption is still lacking.
Thus, in this study, five further rapeseed oils with the typical
nutty and cabbage-like attributes were analyzed to verify previous
findings. Further, the complete data set should statistically be evaluated using multivariate analysis (principal component analysis).
2. Materials and methods
2.1. Oil samples
The native cold-pressed rapeseed oils with desired sensory attributes were purchased from commercial suppliers (“positive controls”, PCs). The off-flavor rapeseed oils were manually pressed by
Max Rubner-Institut (Detmold, Germany) from rapeseed samples
provided by an oil mill or delivered by the oil mills to have exact
information about the origin of the oils.
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2.2. Chemicals
The following reference compounds for identification and quantitation experiments were obtained from commercial sources:
acetylpyrazine, 2-sec-butyl-3-methoxypyrazine, ethyl 3,5-dimethylpyrazine, ethyl 3,6-dimethylpyrazine, ethyl 2-methylbutanoate,
3-hydroxy-4,5-dimethylfuran-2(5H)-one,
2-isobutyl-3-methoxypyrazine, 2-isopropyl-3-methoxypyrazine, 2-methoxyphenol,
3-methylbutanal, 2-methylbutanoic acid, 3-methylbutanoic acid,
4-methylphenol, and 2-phenylethanol (Aldrich; Sigma-Aldrich,
Taufkirchen, Germany); 2-acetylpyridine, butanoic acid, and 4-hydroxy-2,5-dimethylfuran-3(2H)-one (Fluka, Neu-Ulm, Germany);
2-methylbutanal (Lancaster, Mühlheim/Main, Germany); and dimethyl trisulfide (Acros Organics, Geel, Belgium).
The following chemicals were commercially obtained: liquid
nitrogen (Linde, Munich, Germany); acetone, dichloromethane,
diethyl ether, ethanol, sodium hydrogen sulfate, and anhydrous
sodium sulfate (Merck, Darmstadt, Germany); argon, helium,
hydrogen, and nitrogen (Westfalen, Münster, Germany). Dichloromethane and diethyl ether were freshly distilled prior to use. All
chemicals were at least of analytical grade.
2.3. Stable isotopically labeled standards
[2H7]-4-Methylphenol (C/D/N Isotopes, Quebec, Canada) was
commercially obtained.
The following stable isotopically labeled compounds were synthesized as previously described: [2H3]-acetylpyrazine (Schieberle
and Grosch, 1987); [2H2]-butanoic acid (Schieberle et al., 1993);
[2H3]-2-sec-butyl-3-methoxypyrazine analogue to 2-isobutyl3-methoxypyrazine (Semmelroch and Grosch, 1996); [2H6]-dimethyl trisulfide (Milo and Grosch, 1996); [2H3]-2-ethyl-3,5-dimethylpyrazine (Cerny and Grosch, 1993); [2H3]-ethyl 2-methylbutanoate
(Guth and Grosch, 1993); [13C2]-3-hydroxy-4,5-dimethylfuran2(5H)-one (Blank et al., 1993); [2H3]-2-isobutyl-3-methoxypyrazine and [2H3]-2-isopropyl-3-methoxypyrazine (Semmelroch and
Grosch, 1996); [2H3]-2-methoxyphenol (Cerny and Grosch, 1993);
[2H2]-2-methylbutanal and [2H2]-3-methylbutanal (Granvogl et al.,
2012); [2H9]-2-methylbutanoic acid analogue to [2H2]-3-methyl
butanoic acid (Guth and Grosch, 1994); and [2H5]-2-phenylethanol
(Gassenmeier and Schieberle, 1995).
2.4. Quantitation by high-resolution gas chromatography-mass
spectrometry (HRGC-MS) and two-dimensional high-resolution
gas chromatography-mass spectrometry (HRGC/HRGC-MS) via
stable isotope dilution analysis (SIDA)
The stable isotopically labeled standards (0.5–5 μg; dissolved in
dichloromethane or diethyl ether; amounts depending on the concentrations of the respective analytes determined in a preliminary
experiment) were added either to the oil samples (5−100 g) or to
the rapeseed samples (5−50 g) and the mixture was stirred for 15
min at room temperature for equilibration. Then, the mixture was
diluted with diethyl ether (20 mL for the oils and 25−100 mL for
the seed) and the volatiles were separated from the non-volatiles
by means of thin-film distillation followed by high vacuum distillation using the solvent assisted flavor evaporation (SAFE) technique (Engel et al., 1999). After distilling off the solvent using a
Vigreux column (50 cm x 1 cm), the concentrate (100 μL) was
used for HRGC-MS or HRGC/HRGC-MS as recently described
(Matheis and Granvogl, 2016).
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Table 1. Concentrations of 17 selected odorants in the positive control (PC) and further five native cold-pressed rapeseed oils eliciting the desired sensory attributes (PC1-PC5)

Concentrationsa (µg/kg)

No.

Compound

PC

PC1

PC 2

PC 3

PC 4

PC 5

1

2-methylbutanoic acid

0.03

48.7

18.0

17.1

42.8

51.1

2

3-methylbutanoic acid

25.1

43.2

38.5

15.6

37.2

97.8

3

4-methylphenol

0.54

1.09

1.20

1.08

1.15

1.36

4

2-sec-butyl-3-methoxypyrazine

1.54

1.60

1.23

0.82

1.20

3.34

5

2-ethyl-3,6-dimethylpyrazine

0.28

0.27

0.44

0.22

0.43

0.12

6

3-hydroxy-4,5-dimethylfuran-2(5H)-one

0.46

0.13

0.12

0.27

0.19

0.23

7

ethyl 2-methylbutanoate

0.14

0.35

0.19

0.12

0.44

0.35

8

2-methoxyphenol

0.18

0.20

0.33

0.28

0.43

0.20

9

2-phenylethanol

24.2

45.1

44.8

29.7

55.6

95.3

10

2-ethyl-3,5-dimethylpyrazine

0.07

0.01

0.04

0.04

0.03

0.01

11

2-isobutyl-3-methoxypyrazine

0.18

1.58

1.11

0.12

1.63

1.80

12

2-methylbutanal

16.9

2.85

5.69

3.93

9.00

12.4

13

3-methylbutanal

32.8

8.66

11.7

6.31

13.4

25.8

14

dimethyl trisulfide

1.10

0.72

0.58

0.83

1.20

0.38

15

acetylpyrazine

0.04

0.01

0.01

0.01

0.02

0.02

16

2-acetylpyridine

0.40

0.10

0.21

0.12

0.17

0.18

17

2-isopropyl-3-methoxyprazine

3.29

0.96

0.50

0.42

0.48

1.24

aMean

values of triplicates, differing not more than 15%.

2.5. Determination of orthonasal odor thresholds (OTs)
Determination of OTs was performed as previously reported (Czerny et al., 2008).
2.6. Multivariate analysis-heatmap
The statistical computing and graphics were performed using R
as programming language (R Development Core Team R, 2017;
version 3.4.1; Boston, MA, USA) in combination with Rstudio
(RStudio Team, 2016; version 1.0.143; Boston, MA, USA). For
every single analyte, the logarithmized concentration was scaled
over all samples and the mean values and standard deviations of
the complete data set were considered. The obtained z-scores were
visualized in a heatmap using “pheatmap” in R Package (version
1.0.8), developed by Kolde. The samples were clustered using
an agglomerative algorithm based on criteria according to Ward
(Murtagh and Legendre, 2014) and Euclidean distance.
3. Results and discussion
To prove the assumption that the odorants, which were present in
increased (compared to PCs) concentrations in fusty/musty offflavor oils and, thus, were hold generally responsible for a fusty/
musty off-flavor formation in rapeseed oils (Matheis and Granvogl,
2016), the absence of these compounds or their presence in rather
low concentrations in a broader set of native-cold pressed rapeseed
oils with desired sensorial attributes were tested. Therefore, the

same 17 compounds, already investigated in several off-flavor oils,
were quantitated in five rapeseed oils eliciting the desired aroma
attributes (PC1-5) and were compared to the data of the off-flavor
oils as well as to the data obtained for the sole positive control oil
sample in the previous study (Matheis and Granvogl, 2016).
In general, only for some compounds, slight differences in
the odorant concentrations between PC and PC1-5 were noticed.
Clearly increased amounts were only determined for 2-methylbutanoic acid (in PC1-5) and for 2-isobutyl-3-methoxypyrazine (except of PC3) (Table 1). The small differences between the odorant
concentrations in PC1-5 are commonly natural deviations due to
differences in variety, climatic conditions, or time of harvest.
Thus, these data proved that based on the analyzed odorants,
PC1-5 showed high similarities to previously investigated PC.
Combining the low concentrations of aroma-active compounds no.
1–10 (cf. Tables 1 and 2) in PC and PC1-5 and their high amounts
in OF and OF1-8, these compounds could clearly be corroborated
as suitable marker compounds for the fusty/musty off-flavor.
3.1. Clustering in a heatmap
For visualization, all quantitative data (Tables 1 and 2) were clustered in a heatmap (Figure 1). Therefore, the data are represented
in a two-dimensional matrix showing the concentrations in different color gradations. Pairwise clustering is performed by permuting the rows and columns according to similarity. The complex
hierarchical relations between variables (samples and analytes)
are displayed as dendrogram in the periphery of the graph. Low
concentrations are displayed in white and light yellow, increasing
concentrations are illustrated in yellow-orange to red, representing
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0.40
3.29

2-acetylpyridine

2-isopropyl-3-methoxypyrazine

values of triplicates, differing not more than 15%.

16

17

aMean

1.10
0.04

dimethyl trisulfide

32.8

acetylpyrazine

3-methylbutanal

13

16.9

14

2-methylbutanal

12

0.18

0.07

24.2

0.18

0.14

0.46

0.28

1.54

0.54

25.1

0.03

PC

15

2-ethyl-3,5-dimethylpyrazine

2-isobutyl-3-methoxypyrazine

10

2-phenylethanol

9

11

ethyl 2-methylbutanoate

2-methoxyphenol

7

3-hydroxy-4,5-dimethylfuran-2(5H)-one

6

8

2-sec-butyl-3-methoxypyrazine

2-ethyl-3,6-dimethylpyrazine

4

4-methylphenol

3

5

2-methylbutanoic acid

3-methylbutanoic acid

1

2

Compound

No.

2.94

14.2

0.84

89.6

177

336

3.67

2.64

210

140

59.9

13.4

10.1

8.56

5.82

472

344

OF

1.18

0.18

0.02

0.54

6.47

13.1

0.39

0.47

140

1.20

1.61

1.76

2.16

4.01

10.8

508

120

OF 1

2.46

0.25

0.07

2.16

34.8

50.1

0.57

0.39

140

1.55

10.3

1.16

8.72

3.89

39.5

778

255

OF 2

2.99

3.57

0.06

1.63

22.7

46.3

0.57

0.43

213

1.51

11.1

1.85

9.72

3.98

28.0

773

241

OF 3

2.19

2.57

0.07

1.83

13.7

38.3

0.56

0.29

221

1.38

11.6

1.41

7.86

3.37

28.6

706

216

OF 4

1.83

0.30

0.10

1.41

21.8

60.9

0.52

0.38

212

1.47

8.56

1.63

12.5

3.43

33.1

695

211

OF 5

Concentrationsa (µg/kg)

3.22

0.32

0.08

0.62

18.0

35.1

0.55

0.54

240

1.95

19.3

1.42

12.0

3.42

24.2

575

161

OF 6

2.02

0.28

0.07

0.47

41.1

104

0.59

1.67

289

2.00

19.3

1.18

9.72

3.52

33.3

908

302

OF 7

0.63

3.30

0.50

8.95

135

57.1

1.26

0.86

167

2.33

31.2

0.46

8.26

1.89

2.39

152

80.4

OF 8

1.29

3.45

0.44

19.9

67.3

38.3

3.45

1.48

175

2.92

51.8

1.77

19.5

3.45

2.43

255

78.3

OFS8

Table 2. Concentrations of 17 selected odorants in the positive control (PC), off-flavor oil (OF), further seven native cold-pressed rapeseed oils eliciting a fusty/musty off-flavor (OF1-OF7), and
rapeseed sample, from which OF8 was pressed (OFS8)
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Figure 1. Heatmap, illustrating the clustering of oil samples with desired sensory attributes (PC and PC1-5) or a fusty/musty off-flavor (OF and OF1-8) as
well as two corresponding rapeseed samples (OFS and OFS8), from which OF and OF8 were pressed. Concentrations (µg/kg) are displayed in colors with
the lowest in white and the highest in red.

concentrations ranging from 0–1,000 µg/kg.
The heatmap nicely clusters all native cold-pressed rapeseed
oils eliciting the desired attributes (PC, PC1-5) on the left side of
the plot, while on the right side all native cold-pressed rapeseed
oils, with slightly differing but distinct fusty/musty off-flavors
(OF, OF1-8; evaluated by a trained sensory panel), and the seed
samples, from which OF and OF8 were pressed (OFS, OFS8), are
displayed. The color code reflects the pronounced differences between PC/PC1-5 and OF/OF1-8 on the one side, and high similarities between the odorant concentrations in the oils OF and OF8 to
the corresponding seeds OFS and OFS8 on the other side (Figure
1). The last aspect is of high interest for the manufacturer due to
the fact that this data showed that already the quality of the seed
samples, which is corresponding to the odorant concentrations, is
determining the quality of the final oil.
In more detail, a clear increase of 2- and 3-methylbutanoic acid,
2-phenylethanol, 2-methoxyphenol, 2-ethyl-3,6-dimethylpyrazine,
4-methylphenol, ethyl-2-methylbutanoate was noticed for all offflavor oils (OF, OF1-8) and the corresponding seed samples (OFS,
OFS8) in comparison to the positive controls (PC, PC1-5). With
this enlarged set of samples used for comprehensive aroma analysis on the basis of the molecular sensory science concept, the determination of marker compounds was achieved.

of the fusty/musty off-flavor oils (blue) and the group of oils eliciting the desired aroma attributes (red) was achieved (Figure 2). PC
and PC1-5 are grouped in the upper quadrant of the left bottom and
are, therefore, very similar to each other concerning principal component 1 and 2, which represent 86.2% of variance. OF and OF1-8
show a wider distribution based on the fact that these samples all
elicited a fusty/musty off-flavor, but with slightly pronounced sensorial differences. Compared to the red colored samples, all blue
samples are shifted to the right, proving a clear difference between
PC-samples and OF-samples in principal component 1, which represents the largest possible variance. OF and OF8 as well as OFS

3.2. Principal component analysis (PCA)
PCA is a tool to reduce a large amount of data (variables) to a
smaller set still containing most information of the original dataset
by orthogonal transformation. The multidimensional data are arranged according to their variance and significance by transformation of the coordinate system. By this reduction, relevant variances
between large datasets can be extracted and classified.
Thus, a PCA was performed based on the concentrations obtained for 17 aroma compounds in 15 native cold-pressed rapeseed
oils (PC, PC1-5, OF, and OF1-8) and two rapeseed samples (OFS,
OFS8). In the scoreplot, a clear discrimination between the group

Figure 2. Scoreplot of the PCA, showing a clear discrimination of the
group of oil samples with desired sensory attributes (PC and PC1-5) from
the group of fusty/musty off-flavor oil samples (OF and OF1-8) as well
as two corresponding rapeseed samples (OFS and OFS8), from which OF
and OF8 were pressed.
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Figure 3. Biplot of the PCA, showing a clear discrimination of the group of oil samples with desired sensory attributes (PC and PC1-5) from the group of
fusty/musty off-flavor oil samples (OF and OF1-8) as well as two corresponding rapeseed samples (OFS and OFS8), from which OF and OF8 were pressed.
Compounds responsible for the successful discrimination are displayed.

and OFS8 showed a clearer difference to the PC-samples in principal component 1 than the other off-flavor samples, while OF8 and
OFS8 do not show a shift in principal component 2.
In addition to the scoreplot, the biplot displays the compositions of principal component 1 and 2 (Figure 3). All compounds
showing a clear concentration increase in OF-samples compared
to PC-samples are in the positive area of principal 1 (65.8% variance). Due to the fact that these compounds are only present in
very low concentrations in the PC-samples, they are located in
the negative area of principal component 1. Thus, the PC-samples
are not characterized by these compounds. OF and OFS are in the
most positive area of principal component 1, illustrating that the
aroma compounds are present in highest concentrations in these
samples, in parallel with a discrimination in regard to the principal
component 2 (20.4% variance). The positive area of principal component 2 is described by the presence of 4-methylphenol, 3-methylbutanoic acid, 2-phenylethanol, 2-ethyl-3,6-dimethylpyrazine,
and 2-methylbutanoic acid. Consequently, these compounds are
present in higher concentrations in OF1-7 than in PC-samples. OF
is located in the right quadrant on the bottom of the plot due to
the clearly higher concentrations of 2-isobutyl-3-methoxypyrazine
and 2-methoxyphenol compared to all other investigated samples.
In summary, all OF-samples showed a significantly higher variance than PC-samples, which can be traced back to slight differ-
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ences in the fusty/musty aroma profile as already mentioned above.
Thus, the compounds, which had the highest influence on the discrimination between PC-samples and OF-samples, are in the right
quadrant on the top of the plot and are suitable marker compounds.
Thereby, it is noteworthy that a differentiation between analytical marker compounds, e.g., 2-phenylethanol and 2-ethyl-3,6-dimethylpyrazine, which are present at concentrations below their
respective orthonasal odor thresholds, and thus, do not contribute
to the overall off-flavor on the one hand, and sensory marker compounds, e.g., 2- and 3-methylbutanoic acid and 4-methylphenol,
which were present at amounts clearly above their respective odor
thresholds, ending up with OAVs > 1 and consequently contributing to the off-flavor on the other hand, should be made.
In addition, the identified marker compounds, e.g., 2-phenylethanol, were used to develop a quick method based on headspace
solid phase microextraction combined with high-resolution gas
chromatography-mass spectrometry (HS-SPME-HRGC-MS) to
investigate the rapeseed prior to the pressing process to reduce the
risk of any economic damage for the manufacturers.
4. Conclusions
In summary, marker compounds for the fusty/musty off-flavor
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were identified by combining comprehensive sensorial and instrumental analysis using the sensomics concept combined with statistical evaluation tools. Further, the high similarity between oils and
the corresponding seed, from which the oils were pressed (OF and
OFS as well as OF8 and OFS8), indicated that already the seed can
be subjected to a quick quantitation method used in routine control
to analyze the quality of the raw material, which is crucial for the
quality of the final oil.
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Abstract
Citrus fruits are a rich source of vitamin C and phytochemicals and can be an important part of a healthy diet.
Citrus is believed to prevent the occurrence or shorten the duration of symptoms of the common cold and influenza, but meta-analysis of vitamin C clinical trial data is inconclusive. We examined whether citrus flavonoids
activated antiviral pathways that might explain the perceived efficacy against the common cold and influenza. We
found that a citrus bioflavonoid blend augmented NFκB activation in the presence of imiquimod. In addition, the
citrus bioflavonoid blend, as well as individual flavonoids found in the blend, activated the interferon-stimulated
response element (ISRE). The ability to activate the ISRE appeared to due to the flavonoids’ ability to upregulate
expression of the transcription factor interferon regulatory factor 7 (IRF7). Our results suggest that flavonoids
from citrus may stimulate antiviral pathways due to their ability to activate the ISRE.
Keywords: Antiviral; Citrus; Hesperetin; Interferon; Naringenin; IRF7.

1. Introduction
Citrus fruits are a rich source of flavonoids, particularly from
their peel and seeds (Tripoli et al., 2007). Flavanones present in
citrus include aglycones hesperetin and naringenin. Other classes of flavonoids identified in citrus include flavones (apigenin,
luteolin, diosmetin, quercetin, kaempferol) and their respective
glycosides; flavanone neohesperidoside (naringin, neohesperidin,
poncirin, neoeriocitrin), flavanone rutinoside (narirutin, hesperidin, didymin, eriocitrin, diosmin), and polymethylated flavones
(scutellarein, sinensetin, tangeretin, hexamethoxylflavone, nobiletin, and heptamethoxyflavone) (Tripoli et al., 2007).
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As a group, flavonoids are strongly implicated as having an important effect on human health (Cassidy et al., 2012; Croft, 1998;
Havsteen, 2002). For example, the glycosides hesperidin and naringin are mainly responsible for the purported antioxidant activity
of citrus peel extracts in vitro (Kanaze et al., 2009). Likewise, supplementation with hesperidin may affect antioxidant status in animals undergoing physiological challenges. In rats, hesperidin (200
mg/kg/day) for 10 days significantly increased levels of superoxide
dismutase (SOD), glutathione–S–transferase (GST), and GSH after
benzo[α]pyrene-induced oxidative stress (Arafa et al., 2009), while
the same dosage of hesperidin did not attenuate antioxidant concentrations in healthy rats. Naringin increased levels of SOD, CAT, and
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vitamin E in New Zealand White rabbits fed a high cholesterol diet
compared to those without the naringin (0.5 g/kg diet) supplement
(Jeon et al., 2002). Perche et al found that orange juice or hesperidin, its major flavanone glycoside, did not induce modulation of
cellular immune function in healthy well-nourished human subjects
(Perche et al., 2014), but antioxidant markers and vascular function
were improved in mild hypercholesterolemia subjects when drinking orange juice (Constans et al., 2015) . Therefore, supplementation of flavanone glycosides found in citrus peel extract may be
beneficial only when the body is under severe oxidative stress, and
when supplementation is given over time and not as a single administration. In addition to potential antioxidant benefits, citrus flavonoids such as narirutin and hesperidin have been reported in rodent
models to have hyporglycemic, hypolipedmic, antihypetenisive,
antihrombotic, hepatoprotective, and weight management activities
(Alam et al., 2014; Hugel et al., 2016; Liu et al., 2008).
Citrus flavonoids may function through multiple mechanisms of
action. Interaction with MAPK, PI3 kinase/Akt, NFκB, and PKC
signaling pathways may explain their effects on inflammatory markers such as TNF-α, IL-6, and MCP-1 (Choi and Ahn, 2008; Choi and
Lee, 2010; Vafeiadou et al., 2009). For example, naringenin exhibits
anti-inflammatory activity through inhibiting iNOS expression by
attenuating p38MAPK and STAT-1 phosphorylation/activation (Vafeiadou et al., 2009). In addition, the effects of flavonoids on different aspects of metabolism may be due to their ability to up-regulate
energy regulators AMPK, PPARs, and PGC-1α (Alam et al., 2014).
Citrus, in particular orange juice, has popularly been used for
self-medication for treatment of the common cold and flu. The basis for this folklore is unknown but may due in part to the popularization of vitamin C by Linus Pauling. Multiple clinical studies
have been done to evaluate the ability of vitamin C to prevent or
treat cold/flu, and meta-analysis of these studies suggests that vitamin C probably does not prevent infection by rhinoviruses or
influenza viruses, but may shorten the duration of disease (Hemilä
and Chalker, 2013). Citrus bioflavonoids such as those mentioned
above may facilitate vitamin C absorption (Vinson and Bose,
1988). In Vinson’s work on vitamin C absorption, citrus extract
contained 19.0% naringin, 0.34% naringenin and 0.17% hesperidin, and promotion of vitamin C absorption was demonstrated
with a 2-gram citrus extract dose containing 500 mg ascorbic acid
per oral dose with 380 mg naringin, 6. 8 mg naringenin and 3.4
mg hesperidin. Commercially available citrus bioflavonoid blends
include various combinations of citrus fruit extracts. The citrus
bioflavonoid blend used as the starting point for this study were
standardized to 5.7–6.2% flavonoids, with profile of three primary
flavonoids naringin: narirutin: hesperidin at ratio of 50%: 15%:
35% (structures are seen below).
2. Materials and methods
2.1. Citrus bioflavonoid blend
Citrus bioflavonoid blend is a mixture of extracts of grapefruit (Citrus × paradisi), lemon (Citrus limon), mandarin orange (Citrus reticulata) and sweet orange (Citrus sinensis) in a ratio of 20:5:5:70
respectively. These citrus extracts were blended and standardized
to 5.7–6.2% flavonoids, with the three primary flavonoids naringin: narirutin: hesperidin at ratio of 50%: 15%: 35% (Figure 1a).
Chemical structures for flavonoids of interest are shown in Figure
1b. Citrus flavonoids were analyzed by HPLC using the following
method. Samples were prepared for analysis by weighing 250 mg
of citrus bioflavonoid blend and adding 10 mL of 4/1 Methanol/

DMSO. The solution was vortexed briefly to disperse, sonicated
for 15 minutes, and then filtered with 0.22 µm PVDF prior to analysis on a Waters H-class UPLC system with a PDA detector. The
A mobile phases for UPLC analysis was 0.2% OPA in water, the B
mobile phase was 100% MeOH, and the C mobile phase was 100%
acetonitrile. A seven μl sample of each extract was injected into a
Waters UPLC HSS 100 mm analytical column. UPLC separation
was carried out as shown below in Table 1.
2.2. Reagents
Naringenin, Narirutin, Hesperetin, Hesperidin, and Imiquimod
were purchased from MilliporeSigma (St. Louis, MO). A549 cells
(CCL-185) and U-2 OS (HTB-96) were purchased from ATCC
(Manassas, VA). McCoy’s 5A and Ham’s F12K media, amphotericin B, and penicillin/streptomycin were purchased from Mediatech (Manassa, VA). OptiPro serum-free media was purchased
from ThermoFisher (Waltham, MA). Fetal bovine serum was
purchased from HyClone (Logan, UT). Luciferase reagents were
purchased from Biotium (Hayward, CA). RNeasy kit, QIA shredder columns, and SYBR green labeled primers for IRF1, IRF3,
IRF7, and IRF9 were purchased from Qiagen (Valencia, CA).
iScript cDNA synthesis kit and Ssofast Evagreen supermix were
purchased from BioRad (Hercules, CA).
2.3. Luciferase reporter cell line generation
For NFκB, a pNFκB-Luc plasmid was purchased from Clontech
(Mountain View, CA). A 200 bp fragment containing four copies
of the NFκB binding consensus sequence and a TATA-like promoter region from the Herpes simplex virus thymidine kinase promoter was excised with NheI and HindIII and gel purified. The
fragment was ligated into pGL4.17[luc2/Neo] (Promega, Madison,
WI). Plasmid DNA was transfected into human A549 cells using
Fugene 6 (Roche, Indianapolis, IN). Cells were incubated in the
presence of selective media containing G418 (400 μg/mL) for 10
days and colonies of surviving cells were cloned by limiting dilution. For the ISRE, a pGL4.45[luc2P/ISRE/Hygro] vector (Promega, Madison, WI) was transfected into human osteosarcoma
U-2 OS cells using Fugene 6, and cells were incubated in selective
media containing hygromycin (500 μg/mL). Resulting clones were
tested for optimal responsiveness to IFNα.
2.4. NFkB luciferase reporter assay
NFkB-luc cells were plated at 4 × 104/well in white, 96 well, clear
bottom microtiter plates and were incubated overnight in OptiPro
SFM. The following day, the cells were exposed to samples, imiquimod (20 μM), and IL-1β (50 pg/mL). Six hours after addition
of IL-1β, the cells were lysed and the relative amount of luciferase
was assessed using luciferin reagents from Biotium (Hayward,
CA). Data are expressed as per cent control in which the relative
luminescence units elicited by control cells exposed only to IL-1β
is set at 100%.
2.5. ISRE luciferase reporter assay
ISRE-luc cells were plated at 2 × 104/well in white, 96 well, clear
bottom microtiter plates and were incubated overnight in McCoy’s
5A-10% FBS. The following day, cells were exposed to samples.
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Figure 1. Chemistry of Citrus Bioflavonoid Blend. (a) Representative UHPLC Chromatogram of Proprietary Citrus bioflavonoid blend Extract at 280 nm. Major component peaks identified and labeled as Hesperidin and Naringin. (b) Structures of hesperetin, hesperidin, naringenin and narirutin.

Recombinant human IFNα (PBL Sciences, Tarrytown, NJ) was
used as a positive control (1,000 IU/mL). The cells were incubated
overnight, and the relative amount of luciferase activity was assessed the following morning using luciferin reagents from Biotium.
2.6. Real-time quantitative PCR analysis
U-2 OS cells were plated in 12-well plates (5 × 105 cells/well)
and grown in McCoy’s 5a media supplemented with 10% FBS and
incubated 24 h in a humidified, 37 °C, 5% CO2 incubator. The following day, flavonoid sample stock solutions were prepared with
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DMSO which were then diluted in growth media prior to adding
to the cells. The cells were then incubated for an additional 18
h. The media was aspirated, and RNA harvested using Qiashredder columns and an RNeasy kit per the manufacturer’s specifications. Total RNA was quantified by A260/A280 ratio, diluted to
1 µg per reaction, and reverse transcribed using an iScript cDNA
synthesis kit (BioRad). Real-time qPCR reactions were performed
using SsoFast EvaGreen qPCR mix on a CFX96 Real-Time Thermocycler (Bio-Rad). The reaction conditions were as follows: 95
°C for 30 sec; 45 cycles of 58 °C for 5 sec; and 95 °C for 5 sec.
Fluorescent detection was measured following completion of each
cycle. Cycle times of the IRF genes were normalized to β-actin,
a housekeeping gene, prior to comparisons with control samples.
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Table 1. Instrument Conditions

Time (min.)

Mobile Phase Gradient
A: 0.2% OPA

B: MeOH

C:ACN

0

60%

25%

15%

3.2

45%

35%

20%

4.8

20%

40%

40%

5.8

10%

45%

45%

5.81

0%

50%

50%

7

0%

50%

50%

7.01

60%

25%

15%

10

60%

25%

15%

Column: Waters UPLC HSS T3, Length: 100 mm, ID: 2.1 mm, 1.8 µm particle size; Flow
Rate: 0.33 mL/min; Column Temperature: 25 °C; Sample Vial Temp: 20 °C; Injection
Volume: 0.7 μL; Detection Wavelength: 280 nm ; Seal Wash: 90/10 v/v DI Water/ACN;
Needle Wash: ACN; Needle Purge: MeOH; Run Time: 10 minutes.

2.7. Statistical analysis
The results of most experiments described here are expressed as
mean ± SD values and are representative of three independent experiments. Statistical analysis was carried out by student’s t test
using PRISM version 7.01 statistical analysis software (GraphPad
Software, Inc., San Diego).
3. Results
3.1. Citrus bioflavonoid blend augments imiquimod and IL-1β
stimulated activation of NFκB
While screening botanical extracts for an ability to influence IL1β-stimulated activation of an NFκB -linked luciferase reporter, we

Figure 3. Individual Flavonoids augment NFκB activation. NF49 cells were
treated with flavonoids (20 μM) know to be present in the citrus mixture
prior to NFκB activation with IMQD and human IL-1β (50 pg/mL). The cells
were incubated for 6 hr. at which time luciferase activity was measured on
a Spectramax M5 plate reader. Data from a representative experiment are
expressed as RLU compared to positive control cells treated with IMQD
and IL-1β only.

observed that several citrus extracts augmented activation of NFκB
(data not shown). As the TLR7 ligand imiquimod also augments activation of NFκB in our model, we speculated whether citrus flavonoids and imiquimod together might augment activation of NFκB
to a degree greater than either sample alone. The data in Figure 2
demonstrate that in the presence of imiquimod, the citrus bioflavonoid blend did augment activation of NFκB, in a dose dependent
manner, above the degree to which IMQD alone activates NFκB.
To further investigate this observation, we tested several of
the individual flavonoids known to be present in the citrus bioflavonoid blend mixture. The data in Figure 3 demonstrate that the
response to hesperetin, its glycoside hesperidin, and naringenin
all augmented the NFkB response although only the response to
hesperetin was significant. Narirutin, the glycoside of naringenin
however, had no activity.
3.2. Citrus bioflavonoids activate the ISRE

Figure 2. Citrus bioflavonoid blend flavonoid mixture augments NFκB activation. NF49 cells stably transfected with an NFκB response element-luciferase construct were treated with increasing levels of a mixture of citrus
flavonoids prior to NFκB activation with imiquimod and human IL-1β (50
pg/mL). The cells were incubated for 6 hr. at which time luciferase activity
was measured on a Spectramax M5 plate reader. Data from a representative experiment are expressed as RLU compared to positive control cells
treated with IMQD and IL-1β only.

The fact that the citrus bioflavonoid blend augmented NFκB activation by IMQD and IL-1β suggested that compounds found in
the citrus bioflavonoid blend might augment anti-viral activity as
IMQD is a TLR7 agonist. In addition to activation of NFkB, binding of TLR7 ligands stimulates gene expression of interferon via
activation of the ISRE. Therefore, we speculated whether the citrus
bioflavonoid blend might also influence activation of a pathway(s)
under control of the ISRE. To test this hypothesis, we exposed a
stable ISRE-luciferase cell line to the citrus bioflavonoid blend as
well as several flavonoids found in the mixture. The data in Figure
4a demonstrate that the citrus bioflavonoid blend, hesperetin, and
naringenin induced expression of luciferase while hesperidin and
narirutin did not. One possible mechanism by which flavonoids
may activate the ISRE is by inducing production of type I interferon which might act in an autocrine manner. To investigate this possibility, we treated cells with hesperetin, naringenin, and IFNα in
the presence or absence of an anti-IFNα antibody. The data in Figure 4b show that under the conditions tested, the antibody inhibited
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the response to the IFNα control by approximately 80% but had
little effect on the response induced by the two flavonoids. These
results suggest that naringenin and hesperetin activate the ISRE by
a mechanism other that simply inducing expression of IFNα. As
such, the possibility existed that combining naringenin or hesperetin with a low concentration of interferon might activate the ISRE
to a level greater than could be stimulated by either alone. The
data in Figure 5 demonstrate that naringenin and hesperetin both
enhanced the response to a suboptimal concentration of IFNα in a
dose dependent manner. At all concentrations of flavonoid tested,
the combined response was greater than would be expected if the
response was additive. In our hands the response of these cells
plateaus when exposed to IFNα at a concentration of 1,000 IU/
mL (unpublished observation). As the response to flavonoids and
low dose IFNα is approximately three-fold higher than the maximum response stimulated by IFNα alone, these results suggest that
flavonoids interact with whatever the rate limiting step is in the
response of the cells to IFNα.
3.3. Citrus flavonoids induce gene expression of IRF7

Figure 4. Aglycones but not glycosides activate the ISRE. (a) U2OS cells
stably transfected with an ISRE-luciferase plasmid were treated with flavonoids (20 μM) known to be present in the citrus mixture. The cells were
incubated for 18 hr. at which time luciferase activity was measured on a
Spectramax M5 plate reader. Data from triplicate wells are expressed as
RLU compared to untreated negative control cells. (b) U2OS cells stably
transfected with an ISRE-luciferase plasmid were treated with flavonoids
(20 μM) in the presence or absence of anti-IFNα antibody. Recombinant
human universal type I IFN was used as a positive control. Data from triplicate wells are expressed as RLU compared to untreated negative control
cells.

Another such mechanism by which flavonoids might activate the
ISRE would be to augment expression of IRFs, the transcription
factors that bind the ISRE. To test this possibility, U2OS cells were
treated with flavonoids and gene expression of several IRFs was
assessed by RT-qPCR. The data in Figure 6a show that expression of IRF7, but not of the other IRFs tested, was upregulated in
response to naringenin by 30 minutes with maximal expression by
1 hr. The data in Figure 6b show that IRF7 expression increased in
a dose dependent manner in cells treated with naringenin for 1 hr.
Finally, as shown in Figure 6c, only IRF7 expression increased in
a dose dependent manner in cells exposed to hesperetin for 1 hr.
4. Discussion
Consumption of an abundance and variety of plant based foods is
in general correlated with health benefits (Lampe, 1999), and con-

Figure 5. Flavonoids augment ISRE response to IFNα. U2OS cells stably transfected with an ISRE-luciferase plasmid were treated with hesperetin and naringenin at the concentrations shown and with IFNα at 200 IU/mL. The cells were incubated for 18 hr. at which time luciferase activity was measured on a
Spectramax M5 plate reader. Data from triplicate wells are expressed as RLU compared to untreated negative control cells. Recombinant human universal
type I IFN was used as a positive control. Data from triplicate wells are expressed as RLU compared to untreated negative control cells.
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Figure 6. Naringenin and hesperetin stimulate IRF7 gene expression. (a)
Time course of IRF expression following treatment of cells with naringenin.
U2OS cells were treated with naringenin (20 μM) for the lengths of time
indicated. RNA was collected using Qiagen RNEasy columns and 2 step PCR
was performed using BioRad iScript and Evagreen SsoFast reagents and
primers for IRF1, IRF3, IRF7, and IRF9. Data from quadruplicate wells are
expressed as mean fold change ± SD compared to actin as a reference gene.
(b) Dose response of IRF7 expression in cells treated with naringenin. U2OS
cells were exposed to naringenin at the concentrations indicated for 1 hr.
and expression of IRF7 was assessed by PCR as described above. Data from
quadruplicate wells are expressed as mean fold change ± SD compared to
actin as a reference gene. (c) Dose response of IRF expression in cells treated
with hesperetin. U2OS cells were exposed to hesperetin at the concentrations indicated for 1 hr. and expression of IRF7 was assessed by PCR as described above. Data from quadruplicate wells are expressed as mean fold
change ± SD compared to actin as a reference gene.

sumption of citrus fruits accounts for a significant portion of overall fruit intake in the majority of geographic diet clusters (Murphy
et al., 2014) . One of these benefits might be disease prevention

through stimulation of antiviral activity as phytochemicals have
been shown to impact several antiviral mechanisms (Kapoor et al.,
2017; Saha et al., 2009). Direct effects of such phytochemicals include those with the ability to inhibit entry of viruses into cells as
well as those with the ability to inhibit viral replication (Kapoor et
al., 2017). In addition, phytochemicals can have indirect antiviral
effects through stimulation of cellular antiviral mechanisms. These
antiviral effects are mediated primarily by receptors of the innate
immune system called toll-like receptors (TLR) that recognize viral nucleic acids to stimulate production of inflammatory cytokines
and interferons important for elimination of viruses (Kawai and
Akira, 2007)
Based on an unpublished observation that several citrus extracts augmented imiquimod and IL-1β stimulated activation of
an NFκB-luciferase reporter cell line, the goal of this study was
to investigate a potential role of citrus derived flavonoids in the
initiation of antiviral activity. In this study, we observed that a
citrus bioflavonoid blend augmented IL-1β and imiquimod stimulated activation of NFκB (Figure 2), and that this activity was also
found in response to some of the individual flavonoids found in the
blend (Figure 3). In contrast to these results, others have found that
naringenin and hesperetin had anti-inflammatory effects (Choi and
Lee, 2010; Vafeiadou et al., 2009). It is unknown why our results
were different from these authors but could be due to different cell
types and/or different stimuli (i.e. LPS/IFNγ) stimulating different
toll-like receptors.
In addition to augmenting NFκB activation, we observed that
the citrus bioflavonoid blend activated an ISRE—luciferase reporter cell line, and that hesperetin and naringenin, but not their respective glycosides hesperidin and narirutin, appear to be responsible for that activity (Figure 4a). Thus, steric hindrance may play
a role either in entry of the flavonoids into cells or in binding their
molecular target(s). In addition, it appears that hesperetin and naringenin do not act by inducing IFNα production as an antibody to
IFNα did not inhibit the response to either hesperetin or naringenin
but did abolish the stimulatory effect of recombinant human IFNα
on the ISRE reporter (Figure 4b). These results suggested that the
citrus flavonoids MOA in the activation of the ISRE is different
from the MOA of IFNα. To initially investigate this possibility, we
tested whether hesperetin and naringenin combined with a suboptimal concentration of IFNα would induce a greater ISRE-luciferase
response than either reagent alone. As a matter of fact, the response
to hesperetin or naringenin with IFNα was much greater than the
response that would be expected due to a simple additive response
(Figure 5).
One possible explanation for the apparent synergistic ISRE activation by flavonoids and IFNα is that the flavonoids stimulated
expression of an IRF. To initially test this possibility, U2-OS cells
were exposed to naringenin for up to 2 hr. and expression of IRF1,
IRF3, IRF7, and IRF9 was determined by RT-qPCR. Of these, only
IRF7 was upregulated by naringenin with maximal expression occurring by 1 hr. of treatment. Likewise, the only IRF upregulated
by hesperetin was IRF7. These results suggest that hesperetin and
naringenin stimulate expression of IRF7. By themselves, this is
sufficient to activate the ISRE, and in the presence of IFNα leads
to significant activation of the ISRE.
Secondary metabolites from citrus possess a number of biological properties including anti-inflammatory effects (Lv et al., 2015).
For example, naringenin has been shown to reduce production of
pro-inflammatory cytokines in human blood cells (Bodet et al.,
2008) while hesperidin reduced inflammation in a mouse model of
LPS-induced lung inflammation (Yeh et al., 2007). This contrasts
with what we observed in that hesperetin, hesperidin, and narirutin
all augmented activation of NFκB in a luciferase reporter assay.
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We speculate that the difference between our results and others in
the effect of flavonoids on inflammation is due to engagement of
different toll-like receptors (TLR) (Medzhitov et al., 1998).The
aforementioned studies made use of endotoxin, a TLR4 agonist. In
contrast, we used imiquimod, a TLR7 agonist (Hemmi et al., 2002).
Of citrus derived flavonoids, approximately 95% are flavanones.
These exist in both aglycone and glycoside forms in which the
aglycones are linked to a sugar moiety (Lv et al., 2015). This is
also reflected in our UPLC chromatogram on the citrus bioflavonoid blend in which naringin and hesperidin are the major components. Conversion of the glycoside forms of these flavonoids into
their respective aglycone forms undoubtedly occurs in the presence of the gut microbiome (Manach and Donovan, 2004; Nielsen
et al., 2006) to release naringenin and hesperetin so that they can
act on their molecular targets. Both hesperetin and naringenin were
found in plasma after their glycoside forms such as hesperidin and
naringin rich citrus juice ingestion by human subject (Erlund et
al., 2001; Nielsen et al., 2006). Kaul et al found hesperetin but not
the intracellular replication of virus in a monolayer cell (Kaul et
al., 1985). In summary, our results suggest that citrus flavonoids
stimulate anti-viral activity mediated by upregulation of IRF7 gene
expression. To our knowledge, this is a unique antiviral activity of
citrus flavonoids.
5. Conclusion
The results presented here suggest that aglycone forms of flavanones commonly found in citrus fruits have the potential to
activate antiviral pathways under the control of the ISRE and
interferonα Specifically, the flavanones tested upregulated expression of IRF7, a transcription factor important in defense against
influenza virus infection.
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Abstract
Nutrient loss, caused by lipid oxidation and hydrolysis, occurs in the scallop adductor muscle during refrigerated
storage. To retard this process, chitosan coating with inclusion of antioxidant of bamboo leaves (AOB) and potassium sorbate (PS) were used. Results indicated the coatings employed could significantly inhibit the increases in
total number of colonies, total volatile basic nitrogen, peroxide value, thiobarbituric acid-reactive substances,
lipase activity and free fatty acid content as well as the decrease in contents of triacylglycerols, phosphatidylcholine, phosphatidylethanolamine and polyunsaturated fatty acids (PUFA) in the scallop adductor muscle during refrigerated storage. After 8 days, the contents of PUFA, eicosapentaenoic acid and docosahexenoic acid in
the control adductor muscle decreased by 46.91, 47.46 and 45.50%, respectively, while the corresponding values were 35.93–36.68, 34.01–36.45 and 32.73–37.50%, respectively, for AOB- and PS-coated adductor muscles.
Therefore, chitosan coatings incorporated with AOB and PS could retard nutrient loss by inhibiting lipid oxidation
and hydrolysis.
Keywords: Shellfish; Chitosan coating; Refrigerated storage; Lipid oxidation; Lipid hydrolysis.

1. Introduction
Scallop is a commercially important bivalve with nearly 2.8 million
tons production in 2017 (FAO, 2017). As a marine edible shellfish
with increasing consumption, scallop has a unique and delicious
flavor as well as healthy beneficial substances, such as proteins,
carbohydrates, and lipids, especially long chain omega-3 polyunsaturated fatty acids (n-3 LC-PUFA) (Copeman and Parrish, 2005).
High amounts of moisture, neutral pH, active endogenous enzymes,
and abundant nutrients like unsaturated fatty acids (UFA) and pro-
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teins make the scallop easily perishable (Ramón et al., 2008). Refrigerated storage is a common preservation method for maintaining and prolonging freshness of aquatic products (Chaijan et al.,
2006; Jiménez Ruiz, 2012). However, refrigerated storage can not
fully inhibit microbial growth and chemical reactions which cause
quality deterioration of aquatic products (Aubourg et al., 1997).
In recent years, the method of coating preservation has been
used to improve the quality stability of aquatic products during refrigeration (Jeon et al., 2002; Keshri and Sanyal, 2009). It is a relatively low-cost environmentally friendly technology with several
advantages including lack of toxicity, biodegradability, biocom-
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patibility, and inhibition of microbial growth (Breda et al., 2017).
The commonly used coating materials include cellulose, starch,
chitosan, alginate, carrageenan, pectin, gelatin and wheat gluten,
among which chitosan is most widely used due to its antifungal,
antimicrobial and antioxidant properties (Dhall, 2013). Many research work has indicated that coating films incorporated with additives could effectively reduce microbes, total volatile basic nitrogen (TVB-N) and other indicators related to the decomposition
of proteins in the refrigeration process of aquatic products, thus
significantly improving the stability of products and quality retention (Fan et al., 2009; Jeon et al., 2002; Li et al., 2012; Keshri and
Sanyal, 2009; Valipour et al., 2016; Pranoto et al., 2005).
Aquatic products contain a large amount of PUFA which makes
them susceptible to oxidation (Selmi et al., 2010). Meanwhile, aquatic products are rich in endogenous enzymes such as lipases, which
can hydrolyse lipids and then release free fatty acids (FFA) that are
highly prone to oxidation (Aubourg et al., 1997). Previous studies
have shown that coating films incorporated with additives such as
tea polyphenols, α-tocopherol and essential oils can inhibit lipid oxidation during refrigerated storage of aquatic products such as fish
(Valipour et al., 2016; Li et al., 2012). Shellfish is rich in PUFA in
the form of phospholipids (PL) as well as triacylglycerols (TAG) and
lipases; thus its lipid components undergo oxidation and hydrolysis
during refrigerated storage, resulting in reduced nutritional value of
products (Cabot and Lumb, 1981; Selmi et al., 2010). However, to
the best of our knowledge, research on the effects of chitosan coatings incorporated with additives on lipid oxidation and hydrolysis of
shellfish during refrigerated storage has not yet been reported.
Thus, the aim of this study is to investigate the effect of chitosan
coatings incorporated with additives on lipid oxidation and hydrolysis of shellfish during refrigerated storage. To fulfill this goal, scallop
(Chlamys farreri) adductor muscle was coated with chitosan incorporated with antioxidant of bamboo leaves (AOB) and potassium
sorbate (PS), respectively, and stored at 4 °C. The proximate composition, total number of colonies, TVB-N, peroxide value (POV),
thiobarbituric acid-reactive substances (TBARS), contents of TAG,
phosphatidylcholine (PC), phosphatidylethanolamine (PE) as well
as FFA, fatty acid composition and lipase activity of the samples
during various storage periods were determined. The observations
made in this study indicated the importance of the mechanism of lipid oxidation and hydrolysis of shellfish during refrigerated storage
and provided means to ensure nutrition quality retention.
2. Materials and methods

purchased from Spectrum Chemical Mfg. Corp. (Gardena, CA,
USA). All other reagents were of analytical grade and purchased
from Damao Chemical Reagent Co. (Tianjin, China).
2.3. Sample preparation
Scallop adductor muscles were manually stripped from the shells
and then chitosan coated according to the procedure reported
by Valipour et al. (2016) with some modifications. After being
washed, samples were randomly assigned into three batches and
coated with three solutions: (1) 1.5% chitosan solution (w/v, control group); (2) 1.5% chitosan solution containing 0.2% AOB (w/v,
AOB-coated group); (3) 1.5% chitosan solution containing 0.2%
PS (w/v, PS-coated group). The coating solutions were prepared
by dissolving chitosan in a 0.5% (v/v) acetic acid solution to a final
content of 1.5% (w/v). For dissolving the chitosan completely, the
solution was left for 1 h under agitation at 40 °C. Then different additives (AOB and PS) were introduced into the chitosan solutions,
respectively, and the final coating solutions were homogenised
at 10,000 rpm for 3 min. For coating process, samples were immersed in each coating solution for 30 min and then well drained
at room temperature. For each group, samples were individually
wrapped and stored in a refrigerator at 4 ± 1 °C for 8 days. All
samples collections were performed every 4 days and then immediately stored at −80 °C until use.
2.4. Proximate composition analysis
Ash and crude protein contents were determined according to the
AOAC (1990) methods as 938.08 and 981.10, respectively. Total
carbohydrates content was determined by the phenol-sulfuric acid
method, using glucose as the standard (Dubois et al., 1956). Water
content was determined according to the first method of Chinese
standard GB 5009.3 (2016).
2.5. Microbial assay
Total numbers of colonies in the scallop adductor muscle were determined in plate count agar by the spread plate method (AOAC,
2002).
2.6. Total volatile basic nitrogen (TVB-N) assay

2.1. Materials
Fresh scallops (Chlamys farreri) (average length of each scallop
shell of 5–6.5 cm), harvested in the Yellow Sea, were purchased
in April 2018 from a local market in Dalian, Liaoning, China. The
samples were stored in polystyrene foam boxes with ice and immediately transported to the laboratory.
2.2. Reagents and chemicals
Chitosan, with 85% degree of deacetylation, was purchased from
Sigma Co. (Saint Louis, MO, USA). AOB was purchased from
Zhejiang Shengshi Biotechnology Co., Ltd. (Huzhou, Zhejiang,
China). PS was purchased from Shanghai Xiangrui Biotechnology
Co., LTD (Shanghai, China). High performance liquid chromatography (HPLC) grade methanol, n-hexane and isopropanol were

The TVB-N of the scallop adductor muscle was determined according to the second method of Chinese standard GB 5009.228
(2016).
2.7. Peroxide value (POV) assay
The POV of the scallop lipid was determined according to the first
method of Chinese standard GB 5009.227 (2016). The POV was
expressed as mmol/kg reactive oxygen in lipid sample.
2.8. Thiobarbituric acid-reactive substances (TBARS) assay
The TBARS of the scallop adductor muscle were determined according to Khan et al. (2006) with some modifications (Xie et al.,
2018) and expressed as mg malondialdehyde (MDA)/kg sample.
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2.9. Lipid extraction
A modified version of the Bligh and Dyer (1959) method was employed for total lipid extraction (Zhou et al., 2019). The extracted
lipids were sealed under nitrogen and stored at −80 °C until further
analysis within 2 weeks.
2.10. Fatty acids composition analysis
The determination of FA composition of the scallop lipid was
achieved by using an Agilent 7890A GC-5975C MSD (Agilent,
Palo Alto, CA, USA) equipped with an HP-5-MS capillary column (30 m × 0.25 mm, 0.25 μm) (Agilent). Preparation of fatty
acid methyl esters of the sample was carried out according to a
method previously described with slight modifications (Jeong and
Lachance, 2001; Yin et al., 2015). One milligram of nonadecanoic
acid (C19:0, Sigam-Aldrich, USA) was used as the internal standard for quantitative analysis of individual fatty acids and the results
were expressed as mg/g on a dry weight basis.
2.11. Triacylglycerol (TAG) and free fatty acid (FFA) analysis
The TAG and FFA were quantitatively determined according to our
previous study (Xie et al., 2018), and the results were expressed as
mg/g (on a dry weight basis).
2.12. Phosphotidylcholine (PC) and phosphotidylethanolamine
(PE) analyses
The PC and PE were quantitatively determined as described in a
previous study (Zhou et al., 2019), results were expressed as mg/g
(on a dry weight basis).
2.13. Lipase activity assay
The determination of lipase activity in the scallop adductor muscle
was performed using a kit according to the manufacturer’s instructions (Jiancheng Technology Co., Nanjing, China), as described
previously (Xie et al., 2018). One unit (U) of lipase activity is defined as 1 nmol of released 4-methylumbelliferone per min at 37
°C.
2.14. Statistical analysis
Each experiment was relicated three times. The statistical analyses
were performed by Duncan test using SPSS version 16.0 (SPSS
Inc., Chicago, IL, USA). P values of < 0.05 were considered statistically significant.
3. Results and discussion
3.1. Changes in proximate composition of scallop adductor
muscle during refrigerated storage
The fresh scallop adductor muscles with different treatments contained 3.84–3.92% lipid, 79.87–80.79% protein, 17.10–17.58%
total carbohydrates and 4.48–4.69% ash (on a dry weight basis)
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before refrigerated storage. During the 8 days of refrigerated storage, the protein contents of the scallop adductor muscles decreased
slightly, while the ash contents increased marginally, but the corresponding values for other components remained unchanged (Figure 1). Arannilewa et al. (2006) also reported a decreasing trend
of protein content and a slightly rising trend in the ash content
of tilapia fish (Sarotherodun galiaenus) during the frozen storage.
This may be attributed to the action of endogenous enzymes and
bacteria which cause the decomposition of proteins in food during
storage (Arannilewa et al., 2006).
3.2. Changes in total numbers of colonies of scallop adductor
muscle during refrigerated storage
The total numbers of colonies in the scallop adductor muscles with
all treatmentsincreased time-dependently during refrigerated storage (Figure 2a). The initial values of colonies of the control, AOBcoated and PS-coated adductor muscles were 3.26 ± 0.17, 3.24 ±
0.15 and 3.22 ± 0.22 lg(CFU/g), respectively, which increased to
6.72 ± 0.10, 5.22 ± 0.17 and 5.14 ± 0.32 lg(CFU/g), respectively,
after 8 days of refrigerated storage, and increased by 2.06-, 1.61and 1.60-fold, respectively. By contrast, the AOB- and PS-coated
adductor muscles both showed significantly lower values of colonies than that of the control adductor muscle during the refrigerated storage (P < 0.05).
The microbial spoilage of aquatic products is one of the important reasons for the large amount of food waste during storage (Chaillou et al., 2015). Therefore, inhibition of the growth of
bacterial communities is a crucial means to retard the spoilage of
aquatic products during storage. Previous studies have also indicated that chitosan coatings incorporated with polyphenols and
preservatives could significantly inhibit the growth of bacterial
population and retard food spoilage (Valipour et al., 2016; Li et
al., 2012; Pranoto et al., 2005). For example, Li et al. (2012) reported that large yellow croaker (Pseudosciaena crocea) coated
with chitosan incorporated with tea polyphenol had significantly
lower microorganisms counts than control group during refrigerated storage. Pranoto et al. (2005) reported that chitosan coating
incorporated with PS increased the resistance of several kinds of
food pathogen bacteria. PS is a common antibacterial preservative used by the food industry. The polyphenols have been proven
to possess antibacterial activity by affecting the osmotic pressure
to alter the cell morphology, thereby destroying the plasma membrane and causing the leakage of cellular components (Perumalla
and Hettiarachchy, 2011). Due to the migration of the additives
from coating materials to the surface of the products (Sangsuwan
et al., 2015), the additives could interact with the bacteria in the
adductor muscle during refrigerated storage to achieve their antibacterial activity.
3.3. Changes in total volatile basic nitrogen (TVB-N) of scallop
adductor muscle during refrigerated storage
The values of TVB-N of the scallop adductor muscles with different treatments all increased gradually during the course of refrigerated (Figure 2b). The initial values of TVB-N of the control,
AOB-coated and PS-coated adductor muscles were 10.38 ± 0.20,
11.03 ± 0.26 and 12.28 ± 0.13 mg/100 g, respectively, which increased to 22.30 ± 0.26, 19.37 ± 0.19 and 20.71 ± 0.20 mg/100 g,
respectively, after 8 days of refrigerated storage, and increased by
2.15-, 1.76- and 1.69-fold, respectively. By contrast, the AOB- and
PS-coated adductor muscles both had significantly lower values of
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Figure 1. Changes in lipid (a), protein (b), carbohydrate (c) and ash (d) contents of the control scallop adductor muscle, AOB-coated scallop adductor
muscle and PS-coated scallop adductor muscle during refrigerated storage. Values in the different column with different lowercase letters (a–e) are significantly different at P < 0.05.

TVB-N than that of the control adductor muscle during refrigerated storage (P < 0.05).
Total volatile basic nitrogen are alkaline nitrogenous substances
such as ammonia and amines produced by the decomposition of
amino acids during the process of food spoilage under the action
of enzymes and bacteria (Jiménez Ruiz et al., 2012). Therefore,
TVB-N is widely used as an indicator to represent the stage of
deterioration or loss of freshness of aquatic products (Jiménez
Ruiz et al., 2012). Previous studies have also indicated that edible coatings incorporated with polyphenols and preservatives
could significantly inhibit the increase of TVB-N in food stuffs
during storage (Jeon et al., 2002; Li et al., 2012; Keshri and San-

yal, 2009). For example, Li et al. (2012) reported that chitosan
coating incorporated with tea polyphenol could more effectively
maintain the TVB-N values of large yellow croaker (Pseudosciaena crocea). In addition, Keshri and Sanyal (2009) reported
that alginate coatings incorporated with preservatives (sodium
ascorbate, citric acid and glycerol) significantly retarded the increase of TVB-N in meat patties. Spoilage bacteria and endogenous enzymes in food stuffs play important roles in increasing
TVB-N (Fan et al., 2009). Therefore, the inhibitory effects of the
two types of chitosan coatings on TVB-N of the scallop adductor muscle during refrigerated storage may be attributed to their
antibacterial activities.

Figure 2. Changes in total numbers of colonies (a) and TVB-N (b) of the control scallop adductor muscle, AOB-coated scallop adductor muscle and PScoated scallop adductor muscle during refrigerated storage. Values of different groups with different lowercase letters (a–h) are significantly different at
P < 0.05.
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Figure 3. Changes in POV (a) and TBARS (b) of the control scallop adductor muscle, AOB-coated scallop adductor muscle and PS-coated scallop adductor
muscle during refrigerated storage. Values of different groups with different lowercase letters (a–f) are significantly different at P < 0.05.

3.4. Changes in lipid oxidation levels of scallop adductor muscle
during refrigerated storage
The indicators of lipid oxidation, including POV (Figure 3a) and
TBARS (Figure 3b), of the scallop adductor muscles with different treatments all increased time-dependently during refrigerated
storage. The initial POV of lipids from the control, AOB-coated
and PS-coated adductor muscles were 8.38 ± 0.29, 7.77 ± 0.44 and
8.39 ± 1.05 mmol/kg, respectively, which increased to 17.18 ± 0.41,
9.63 ± 0.73 and 10.52 ± 0.35 mmol/kg, respectively, after 8 days of
refrigerated storage, and increased by 2.05-, 1.24- and 1.25-fold,
respectively. Meanwhile, the initial values of TBARS for the three
aforementioned adductor muscles were 1.16 ± 0.01, 1.14 ± 0.03 and
1.17 ± 0.02 mg MDA/kg, respectively, which increased to 2.23 ±
0.05, 1.32 ± 0.02 and 1.53 ± 0.03 mg MDA/kg, respectively, after 8
days of refrigerated storage, and increased by 1.92-, 1.16- and 1.31fold, respectively. Obviously, chitosan coatings incorporated with
AOB and PS significantly reduced the increase of POV and TBARS
in the adductor muscles during refrigerated storage.
The fresh adductor muscles before refrigerated storage contained 7.55–7.61 mg/g PUFAs, 1.34–1.35 mg/g monounsaturated
fatty acids (MUFA) and 4.08–4.10 mg/g saturated fatty acids (SFA)
(dry basis) (Table 1). Among PUFA, eicosapentaenoic acid (EPA,
C20:5 n-3, 2.94–2.99 mg/g) and docosahexaenoic acid (DHA,
C22:6 n-3, 3.87–3.92 mg/g) were dominant. After refrigerated
storage, the contents of MUFA, PUFA, EPA and DHA in all scallop
adductor muscles were significantly reduced. For the control adductor muscle, those lipid components decreased by 41.79, 46.91,
47.46 and 45.50%, respectively. While the corresponding values
were 32.09, 35.93, 36.45 and 32.73%, respectively, for the AOBcoated adductor muscle, and were 36.30, 36.68, 34.01, 37.50%,
respectively, for the PS-coated adductor muscle. By contrast, chitosan coatings incorporated with AOB and PS could significantly
prevent the oxidation of PUFA, especially EPA and DHA, in the
adductor muscles during refrigerated storage.
Lipid oxidation is a major cause for quality deterioration of
aquatic products during refrigerated storage (Jeon et al., 2002).
The mechanism of lipid oxidation occurring in refrigerated aquatic
products is mainly autoxidation (Sun et al., 2011). The UFA molecules generate lipid alkyl radicals by losing a hydrogen atom and
then form peroxyl radical by reacting quickly with oxygen. While
peroxyl radical can form hydroperoxide and another lipid alkyl
free radical by abstracting another hydrogen from an unsaturated
lipid, and then propagate the free radical chain reaction (Johnson
and Decker, 2015; Nawar, 1996). In this process, the primary oxi-
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dation products (hydroperoxides) are unstable and can be easily
decomposed into various secondary oxidation products such as
aldehydes, alcohols, ketones, hydrocarbons, volatile organic acids,
and epoxy compounds (Kindleysides et al., 2012). In this study,
the increase of primary oxidation products (POV) and secondary
oxidation products (TBARS), as well as the decrease of PUFA in
the adductor muscles during refrigerated storage were significantly
inhibited by chitosan coatings incorporated with AOB and PS, indicating the antioxidant effects of the coatings.
Previous studies have also indicated that chitosan coatings incorporated with polyphenols could significantly inhibit lipid oxidation (Valipour et al., 2016; Li et al., 2012). For example, Li et al.
(2012) reported that large yellow croaker (Pseudosciaena crocea)
coated with chitosan incorporated with tea polyphenols had significantly lower values of POV and TBARS during cold storage.
AOB used in this study was a commercial polyphenolic antioxidant which is listed in the Chinese standard GB 2760 (2014). Its
antioxidant activity is provided by supplying hydroxyl hydrogen to
lipid peroxyl radicals and could also act as inhibitor of lipid oxidation by removing singlet oxygen molecules (Brewer, 2011). PS has
also been proven to possess antioxidant activity by influencing the
electroreduction of oxygen as well as its interaction with reactive
oxygen species (Korotkova et al., 2006). Therefore, the inhibitory
effects of the two types of chitosan coatings on lipid oxidation in
scallop adductor muscle during refrigerated storage may be due to
their antioxidant activities.
3.5. Changes in lipid hydrolysis degrees of scallop adductor
muscle during refrigerated storage
During refrigerated storage, the contents of TAG (Figure 4a), PC
(Figure 4c) and PE (Figure 4d) decreased time-dependently, while
the content of FFA (Figure 4b) increased time-dependently. The initial values for the four aforementioned lipid components in the adductor muscles before refrigerated storage were 10.56–11.34, 6.45–
6.48, 2.14–2.18 and 6.20–6.38 mg/g (dry basis), respectively. After
8 days of refrigerated storage, the contents of TAG, PC and PE in
the control adductor muscle decreased by 19.89, 19.14 and 19.14%,
respectively, and the content of FFA increased by 1.63-fold. At the
same time, the corresponding values for the AOB-coated adductor
muscle were 8.05, 14.06, 14.06% and 1.21-fold, respectively, while
those values for the PS-coated adductor muscle were 9.05, 15.81,
15.81% and 1.19-fold, respectively. By contrast, chitosan coatings
incorporated with AOB and PS significantly reduced the decline of
TAG, PC and PE and the enhancement of FFA in the adductor mus-
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0.12 ±

0.00de

0.05 ± 0.00c

2.31 ± 0.02c

0.50 ±

0.01b

0.30 ± 0.00e

0.24 ± 0.00de

0.12 ± 0.01de

0.17 ±

0.01cd

0.07 ± 0.00d

3.09 ± 0.00c

0.28 ±

0.00c

0.05 ± 0.00cde

0.14 ± 0.00c

0.01 ±

4 day

4.80 ± 0.07e

0.86 ± 0.01e

3.59 ± 0.02ef

nd

0.08 ± 0.00c

2.45 ± 0.06e

0.02 ± 0.00e

0.03 ± 0.00cd

0.11 ± 0.00f

0.05 ± 0.00c

1.94 ± 0.03e

0.42 ± 0.01d

0.30 ± 0.00de

0.23 ± 0.00ef

0.11 ± 0.01de

0.15 ± 0.01d

0.06 ± 0.00fg

2.92 ± 0.00f

0.22 ± 0.01d

0.05 ± 0.00e

0.13 ± 0.00e

0.01 ± 0.00d

8 day

in the same column with different lowercase letters are significantly different at P < 0.05. Control, AOB and PS are control scallop adductor muscle, AOB-coated scallop adductor muscle and PS-coated scallop adductor
muscle, respectively. Nd, not detected. Abbreviations are: AOB, antioxidant of bamboo leaves; PS, potassium sorbate.

4.04 ± 0.02f

0.78 ± 0.06f

3.58 ±

nd

0.07 ± 0.00d

2.12 ±

0.02g

0.10 ± 0.00a

0.02f

0.04 ± 0.00b

0.12 ±

0.01d

0.03 ± 0.01d

1.55 ± 0.06f

0.38 ±

0.00d

0.21 ± 0.00g

0.23 ± 0.04ef

0.11 ± 0.00e

0.12 ±

0.02e

0.06 ± 0.00f

2.99 ± 0.02e

0.21 ±

0.01f

0.04 ± 0.01f

nd

4.08 ±

a–gValues

0.00e

0.10 ± 0.00f

0.01 ±

8 day

0.03 ± 0.01d

SFA

0.02a

0.04 ± 0.00e

2.95 ± 0.03a

C20:5n-3
0.23 ±

2.10 ± 0.00d

0.54 ±

C18:0

0.45 ±

0.12 ± 0.00d

0.27 ±

C18:4n-3

0.34 ±

3.02 ± 0.00d

0.37 ±

C16:1n-7

0.30 ±

0.13 ± 0.00e

0.16 ± 0.0a

0.01 ±

0.00d

C14:0

0.00a

Blank
4 day

0.01 ±

0 day

C12:0

Fatty acid

Table 1. Changes in contents of fatty acids (mg/g of dry basis) of the control scallop adductor muscle, AOB-coated scallop adductor muscle and PS-coated scallop adductor muscle during refrigerated storage
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Figure 4. Changes in contents of TAG (a), FFA (b), PC (c) and PE (d) in the control scallop adductor muscle, AOB-coated scallop adductor muscle and PScoated scallop adductor muscle during refrigerated storage. Values of different groups with different lowercase letters (a–g) are significantly different at P
< 0.05.

cles during refrigerated storage. Meanwhile, the activities of lipase
in the adductor muscles all increased gradually along with the storage time (Figure 5). The initial lipase activities of the control adductor muscle, AOB-coated adductor muscle and PS-coated adductor muscle before refrigerated storage were 129.3 ± 5.17, 121.54
± 5.17 and 102.58 ± 9.08 U/g, respectively, and the corresponding
values rose to 359.46 ± 14.40, 258.60 ± 7.76 and 205.16 ± 18.16
U/g, respectively, after 8 days of refrigerated storage, and increased
by 2.78-, 2.13- and 2.00-fold, respectively.
The decrease of TAG, PC and PE contents and the increase of

FFA content in the adductor muscles indicated the occurrence of
lipid hydrolysis during refrigerated storage. A previous study also
reported the decrease in the contents of TAG and PL as well as
an increase in the content of FFA in sardine (Sardinella gibbosa)
muscle during iced storage due to the hydrolysis of lipids (Chaijan
et al., 2006). The presence of lipase in adductor muscle and the
increase of its activity during refrigerated storage suggested that the
enzyme could conduce to the hydrolysis of lipids. Cabot and Lumb
(1981) also proposed the important role of lipase in TAG hydrolysis
at low temperatures. Our results indicated that chitosan coatings incorporated with AOB and PS inhibited the growth of lipase activity,
thereby inhibiting lipid hydrolysis. The lipase of aquatic products
includes both endogenous enzymes and exogenous enzymes produced by spoilage organisms such as Bacillus, Pseudomonas and
Burkholderia (Gupta et al., 2004). In this study, chitosan coatings
incorporated with AOB and PS significantly inhibit bacterial proliferation, which may be the reason for the reduction of lipase activity
and the consequent inhibition of lipid hydrolysis.
4. Conclusion

Figure 5. Changes in lipase activity of the control scallop adductor muscle, AOB-coated scallop adductor muscle and PS-coated scallop adductor
muscle during refrigerated storage. Values of different groups with different lowercase letters (a–g) are significantly different at P < 0.05.
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Nutrient loss, caused by lipid oxidation and hydrolysis, occurs in the
adductor muscle of scallop during refrigerated storage. Our results
indicated that chitosan coatings incorporated with AOB and PS could
significantly inhibit the increases in POV, TBARS, and FFA contents
as well as the decreases in contents of TAG, PC, PE and PUFA especially EPA and DHA in the scallop adductor muscle during refrigerated storage. Thus, chitosan coatings with added components could
retard nutrient loss by inhibiting lipid oxidation and hydrolysis.
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Abstract
Type-2 diabetes (T2D) is the most common type of chronic disease in adults and accounts for around 90% of all
cases of diabetes. Therefore, developing dietary supplements from natural sources, such as teas, is of great interest. Seven diet groups together with a parallel control group were used for three periods of 16 weeks in total
[stabilization period (W-2-W0), model period (W0-W8), and treatment period (W8-W14)]. The primary aim of
this study was to investigate the in vivo antidiabetic activities of green and black tea polysaccharides (GTPS and
BTPS, respectively) using streptozotocin-induced diabetic mice fed with either a high-fat diet (HFD) or normal diet
(ND). Streptozotocin- and HFD-induced T2D in vivo model was developed during the model period (W0-W8) in
C57BL/6J male mice. Both GTPS and BTPS groups were administrated for 6 weeks (daily 400 mg/kg body weight)
by oral gavage throughout the treatment period (W8-W14). The results showed that BTPS group significantly (P <
0.05) decreased the fasting blood glucose level in diabetic mice even fed with a HFD and improved the insulin resistance. Similar effect was not obtained when GTPS group fed with a HFD. In addition, BTPS group fed with a HFD
effectively suppressed the body weight gain despite high energy intake and was more successful than its GTPS
counterpart group in healing pathologies of liver and affected plasma blood lipid levels due to streptozotocin- and
HFD-induced diabetes. The present work suggests that BTPS can be used as an antidiabetic dietary supplement
without posing any potential health risk.
Keywords: Black tea polysaccharides; Green tea polysaccharides; High-fat diet; Normal diet; Blood glucose; Insulin resistance; In vivo;
Streptozotocin; Type-2 diabetes.

1. Introduction
Type-2 diabetes (T2D) is a metabolic disorder with chronic and
complex ethology. The development of T2D can be prevented or
treated by changes in lifestyle or medication. According to the latest reports, the worldwide rising tide of weight, lack of physical
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activity and high-energy eating regimens, or irregular nutrition has
brought about an uncommon increase in the number of patients
with T2D. Despite the incidence and prevalence of T2D varies by
geographic location, the general trend has been an increase in the
prevalence of diabetes in every country since 1980. According to
estimation for 2017, almost 425 million individuals suffer from
diabetes. This number corresponds to 8.8% of the adult population

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
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aged 20–79 years (IDF, 2017). It is also estimated that 642 million
people will be expected to suffer from diabetes by 2040 (Chatterjee
et al., 2017).
Tea, made up from leaves and buds of Camellia sinensis, has
been one of the most popular beverages consumed worldwide after
water and well ahead of carbonated soft drinks, wine, beer, and
coffee, and therefore it has received a great deal of interest among
researchers.
Over the last decades, tea polysaccharides (TPS) have attracted
scientific interest because of their antidiabetic effects due to the
serious adverse effects associated with the oral synthetic hypoglycaemic agents (Shokri et al., 2015; Wang and Zhu, 2016; Karadag
et al., 2018). Crude tea polysaccharides are extracted from tea
leaves by using water as a solvent, and its purity can be increased.
TPS are mostly glycoconjugate, which conveys one or more carbohydrate chains covalently attached to a polypeptide backbone.
TPS are also made of heteropolysaccharides in which uronic acids
are abundant in their structure (Du et al., 2016). Moreover, TPS
have been reported to have several biological activities such as antidiabetic, antioxidant, antitumor, antihepatoxicity, antiinfection,
antiaging, antihyperglycemic, antiobesity, and antiinflammatory
effects, among others (Nie and Xie, 2011; Chao, 2013; Chen et al.,
2016; Karadag et al., 2018).
The bioactive compounds, which may be antidiabetic agents
from natural sources, exert their effects through different physiological and cellular pathways. These natural components are often
characterized by their ability to inhibit enzymes in metabolic pathways including intestinal α-glucosidase and α-amylase inhibition,
oxidative stress protection, aldose reductase inhibition, insulin-responsive glucose transporter 4 (GLUT4) stimulation, hexokinase
activity change, insulin synthesis and release from pancreatic cells,
and reduction of glucose-6-phosphate dehydrogenase (G6PD) activity (Alam et al., 2019). Despite the fact that there are several
signalling pathways to understand the mechanism of antidiabetic
effects (Xu et al., 2018), most studied pathways in terms of the
antidiabetic effect of TPS include α-glucosidase inhibition, AMPactivated protein kinase (AMPK), and phosphatidylinositol 3-kinas/protein kinase B (PI3K/Akt) signalling pathways (Dang et al.,
2018).
T2D model is mostly developed using C57BL/6 mice due to
being susceptible to feeding on a high-fat diet (HFD) (Parekh et
al., 1998; Qiu et al., 2005; Baribault, 2016). The most ideal T2D
animal model is defined by the administration of low-dose streptozotocin (STZ) and feeding with an intense fat diet (Kusakabe et al.,
2009). STZ is directly toxic to pancreas beta cells and is commonly
used as a chemical inducer in formation of diabetes model. The
C57BL/6 mouse is also very sensitive to the toxicity of STZ. High
dose of STZ administered mice show the development of type-1
diabetes and sudden weight loss. At low doses, weight loss is not
observed in addition to T2D development. Metabolic disorders are
detected in mice fed with intense fat diet during the T2D model development. Weight gain occurs generally around abdominal region
and that is characterized by hypertrophy and hyperplasia of adipocytes. During the model development process, hyperinsulinemia,
hyperglycaemia, and fatty liver tissue are some markers that have
been seen at the onset of metabolic disorders in mice (Rosenberg
et al., 2004; Animales et al., 2014; Baribault, 2016; Goyal et al.,
2016).
Turkey is the fifth largest producer of tea. Black tea is processed according to its own seven different grades [high-quality
tea (grades 1-3) and low-quality tea (grades 4-7)]. The low-quality
groups of teas are marketed after being blended with high-quality
group categories according to the demand (Alasalvar et al., 2013).
Therefore, alternative use of low-quality groups of teas for differ-

ent purposes (such as antidiabetic dietary supplement) is of great
interest for both producers and consumers.
Limited studies are available in the literature about in vivo
antidiabetic activities of green tea polysaccharides (GTPS) and
black tea polysaccharides (BTPS). Therefore, the aim of the present study was to investigate the in vivo antidiabetic activities
of GTPS and BTPS using SZT-induced diabetic mice fed with
HFD. STZ- and HFD-induced T2D in vivo model was developed
in C57BL/6J male mice. Liver enzymes, plasma blood lipids, and
healing pathologies of liver were also examined in this model.
2. Materials and methods
2.1. Samples and reagents
Green and black tea samples were procured from ÇAYKUR (StateOwned Tea Enterprise, in Rize, Turkey). Tea polysaccharides were
extracted and characterised as explained in a previous study of
Karadag et al. (2018). Two different crude polysaccharides were
used in this study (GTPS and BTPS). All chemical reagents were
obtained from Sigma-Aldrich Co. Ltd. (Dorset, UK), unless otherwise stated.
2.2. Study periods
This study was carried out in three periods. First period (W-2 to
W0) was the stabilization period. The second period (W0 to W8)
was the development of mouse model of T2D (called as model period). The third period (W8 to W14) was the treatment period. The
total duration of the study was 16 weeks (Figure 1).
2.3. Animals
Male C57BL/6J mice were used as experimental animals. Mice
were fed on conventional chow and HFD (TestDiet, St. Louis, MO,
USA-DIO rodent purified diet with 60% energy from fat-dyed
blue) during the experiment. The mice were housed in standard
conventional rodent cages and acclimatized to regular laboratory
conditions (20–22 °C, humidity 50–60%, and 12 hours light/dark
cycle). All procedures were performed on animals in accordance
with the protocols and guidelines of the TÜBİTAK MRC Ethical
Committee (Project No: 115O902).
2.4. Development of mouse model of T2D
T2D mouse model was developed by combining low-dose STZ
with HFD (Tang et al., 2013). At the beginning of the study, normal state of mice was determined to ensure they had a normal
glucose metabolism. Thus, blood glucose levels of mice fed with
normal diet (ND) were measured for 2 weeks. Each week, mice
were fasted for 8 hours and blood glucose levels were measured as
illustrated in Figure 1.
A total of 48 randomly selected mice were used in the experiment. The body weight differences among groups were kept less
than 20% at the beginning of the study. The control group mice
were fed with a ND and all other test groups with HFD for 2 weeks.
After that, the test group mice were injected intraperitoneally two
times with 30 mg/kg STZ at 4 weeks interval and kept on the same
HFD diet. Fasting blood glucose (FBG) levels and body weights of
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Figure 1. Study design and diet. Abbreviations: BTPS, black tea polysaccharides; GTPS, green tea polysaccharides; HFD, high-fat diet; Met, metformin; ND,
normal diet; STZ, streptozotocin; W, week.

mice were monitored weekly.

2.5.4. Clinical findings

2.5. In vivo activity assays

Animals were observed in terms of common clinical signs during the entire experiment. The observed abnormalities were also
recorded.

In vivo activity assays were carried out with slight modifications
according to Tang et al. (2013). The assays are briefly described
below.
2.5.1. Study groups
After 8th week, test mice were randomly divided into eight groups
[control, ND, HFD, metformin (Met)-HFD, GTPS-HFD, GTPSND, BTPS-ND, and BTPS-HFD] depending on nutrition and treatment conditions (Figure 1).
2.5.2. Treatment procedures
Tea extracts were prepared with pure water and daily administered
by oral gavage [400 mg/kg body weight (BW)] (Lee et al., 2015).
Throughout the experimental period, GTPS-HFD, GTPS-ND, and
BTPS-HFD, BTPS-ND groups were treated with green and black
tea polysaccharides, respectively. Met-HFD group was also treated
with metformin (250 mg/kg BW) daily (Zou et al., 2004; Silva et
al., 2010).
2.5.3. Animal monitoring
Body weight and glucose levels (8 hours fasting) were recorded
weekly. FBG was measured with the CounterTM blood glucose
meter (Counter TS, Bayer, Germany) using whole blood from tail
vein.
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2.5.5. Collection of tissue and blood samples
At the end of the study, blood samples were collected and all animals were sacrificed for tissue sampling. For histopathological and
further examinations, liver, spleen, lung, kidney, pancreas, and
brown fat tissue were collected and properly stored.
2.5.6. Biochemical analysis
Serum samples were obtained by centrifugation of bloods at
10,600g for 15 min. Biochemical analyses were performed by using Mindray™ BS-200 clinical chemistry analyser and reagents
(Mindray, Shenzhen, China). Biochemical analyses such as alkaline phosphatase (ALP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C), and total
cholesterol (TC) were analysed according to Tang et al. (2013).
Serum insulin levels were measured with a Mouse Insulin ELISA
kit and recommended test procedure (ALPCO, 80-INSMS-E01,
Salem, NH, USA).
2.5.7. Histopathological examination
Tissue samples were fixed with 10% formalin solution overnight.
After fixation, samples were washed under running tap water for
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Figure 2. Fasting blood glucose levels in model and treatment periods. *Indicates significant differences between the two periods. Statistical analysis was
performed using the Wilcoxon test (*P < 0.05). Abbreviations: BTPS, black tea polysaccharides; HFD, high-fat diet; GTPS, green tea polysaccharides; Met,
metformin; ND, normal diet.

8 hours and dehydrated in increasing alcohol series (70, 80, 90,
and 100%) and xylene, prior to embedding in paraffin wax. Tissue sections (5–6 µm thick) were obtained using a microtome and
stained with hematoxylin-eosin (H&E) (Fischer et al., 2008). Before staining, sections were deparaffinizated with xylene and rehydrated in a series of alcohol solutions of decreasing concentration.
Sections were stained with hematoxylin for 5 min and then rinsed
in running tap water. After washing, they stained with eosin for 5
min and rinsed in running tap water. The stained sections were dehydrated, cleared, and mounted. The H&E stained tissue sections
were examined under a light microscope.

was accepted as P-value < 0.05. The one-way ANOVA test was
used to determine multiple comparisons between groups for parametric hypotheses. Although Wilcoxon test was used to pairwise
comparisons, Kruskal-Wallis test was used to multiple comparisons for nonparametric hypotheses. Pearson and Spearman correlation methods were used for correlation analysis.

2.6. Oral glucose tolerance test (OGTT)

FBG levels in model (W0-W8) and treatment (W8-W14) periods of all groups are presented in Figure 2. Measurements were
performed weekly after starvation for 8 hours. Although significant decreases (P < 0.05) between model and treatment periods
were observed in the ND, GTPS-ND, BTPS-ND, and BTPS-HFD
groups, GTPS-HFD group showed a significant increase (P < 0.05)
during the treatment period. No significant changes (P > 0.05) between the two periods existed in the control, HFD, and Met-HFD
groups. It was interesting to note that while GTPS-HFD group
showed an increase, GTPS-ND group decreased during the treatment period (Figure 2). It was thought that the decreasing of FBG
level in GTPS-ND group could also be related with diet rather than
the expected antidiabetic effect of GTPS. The primary outcome
of this result demonstrated that BTPS fed even HFD group had a
significant effect (P < 0.05) on the regulation of FBG level.
The hypoglycaemic effects of TPS have previously been shown
in several studies (Zhou et al., 2007; Wei et. al., 2012; Li et al.,
2015) and the results from this work on BTPS are consistent with
those in the literature, despite different black tea samples (e.g.,
their origins and phytochemical contents). Molecular mechanisms
under the hypoglycaemic activities of TPS were investigated on
HFD- and STZ-induced diabetic mice via the PI3K/Akt signalling

At the end of the study, control, HFD, GTP-HFD, and BTP-HFD
groups were subjected to OGTT (Gilbert et al., 2011). These mice
were fasted overnight before the test but provided free access to
water. D-glucose (dextrose) was dissolved in pure water and orally
administered to the fasted mice (2 g/kg BW) by oral gavage. After glucose administration, blood samples were collected and glucose levels measured at 0, 30, 60, and 120 min with the CounterTM
blood glucose meter (Counter TS, Bayer, Germany). The integral
values of the area under the curve (AUC) of blood glucose levels
during the test period were calculated by the formula: AUC (mmol/
L*min) = [½ × (G0min+G30min) × 30] + [½ × (G30min+G60min)
× 30] + [½ × (G60 min+G120min) × 60].
2.7. Statistical analysis
All values were presented as the mean ± standard deviation (mean
± SD). Statistical analysis of the data was carried out using the
Statistical Package for the Social Sciences software 17.0 (SPSS Incorporation, Chicago, IL, USA) and Microsoft Excel. Significance

3. Results and discussion
3.1. FBG levels in diet and control groups
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Figure 3. AUC of OGTT in control, HFD, GTPS-HFD, and BTPS-HFD groups. *Indicates significant difference from HFD group. #Indicates significant difference
from the control group. Statistical analysis was performed using the Kruskal-Wallis Test (*P < 0.05, #P < 0.05). Abbreviations: BTPS, black tea polysaccharides;
HFD, high-fat diet; GTPS, green tea polysaccharides.

pathway. TPS could upregulate the expressions of PI3K, p-Akt,
and GLUT4 proteins in liver cells (Li et al., 2015). In another
study conducted by Wang et al. (2015), hypoglycaemic mechanism
of TPS was studied by gene expression analysis in RIN-5F cell
line. Results showed that GLP-1R, PKA, PDX-1, INS-1, INS-2,
GLUT2, and GCK genes were upregulated at the level of mRNA.
These results suggested that TPS has increased glucose-stimulateinsulin-segregation via cAMP-PKA pathway. A water-soluble polysaccharide, 7WA isolated from the leaves of green tea with an average molecular mass of 7.1 × 104 Da, mainly contains arabinose
and galactose in the molar ratio of 1.0:0.96. It was characterized
to possess a backbone consisting of 1,3- and 1,6-linked galactopyranosyl residues, with branches attached to O-3 of 1,6-linked
galactose residues, and O-4 and O-6 of 1,3-linked galactose residues. It was shown that the 7WA with these chemical properties
significantly augmented insulin secretion at high glucose level (25
mM) according to the results of glucose-stimulated insulin secretion (Wang et al., 2015).
Tea consumption significantly decreased blood glucose levels
by increasing hepatic glycogen level inalloxan-diabetic rats, possibly through reactivation of the glycogen synthase system and
decreasing liver glucose-6-phosphatase activity, which is mainly
responsible for releasing glucose molecules to the blood by converting glucose-6-phosphate to glucose (Ramadan et al., 2009). It
was reported that the increase in insulin-stimulated glucose uptake,
inhibition of the intestinal GLUT system, and decrease in expression of genes that control gluconeogenesis are the mechanisms
proposed to be responsible for the anti-hyperglycaemic effect of
tea (Anandh-Babu et al., 2006). Moreover, Das et al. (2005) found
that black tea extract was found to quench reactive oxygen species
such as singlet oxygen, superoxide, and hydroxylradicals, which
may explain its hypoglycaemic activity.
The antidiabetic effects of several tea flavonoids such as,
kaempferol, epicatechin gallate, catechin, and epigallo catechin
gallate have already been reported in different studies. Their effects
have been associated with decreasing hyperglycemia, hepatic lipid accumulation, and insulin-dependent glucose uptake as well as
increasing glucose uptake, beta-cell survive, antioxidant defence,
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adiponectin synthesis, and insulin secretion (Hossain et al., 2016).
It is well-known that the composition and diversity of the intestinal microbiota were also affected by diabetes. In a previous
study showed that the γ-aminobutyric acid (GABA)-producing
Lactobacillus brevis DPC 6108 and pure GABA has protective effects against the development of diabetes in STZ-induced diabetic
Sprague Dawley rats. In this study, glucose levels were decreased
in diabetic rats receiving L. brevis DPC 6108, compared with diabetic controls (Marques et al., 2016). In addition, oral administration of L. paracasei TD062 induced α-glucosidase inhibitory
activity and ameliorated lipid metabolism, oxidative stress, and
glucose metabolism (Dang et al., 2018).
The antidiabetic effects of tea polysaccharides may also be associated with their possible positive effects on the gut microbiota.
However, additional studies are needed to better understand the
relations between gut microbiota and tea polysaccharides as a possible probiotic effect.
3.2. OGTT levels in diet and control groups
The effects of TPS on impaired glucose tolerance were also investigated. After the application of glucose solution (2 g/kg BW),
blood glucose level was measured 4 times at 30 min intervals. The
results obtained showed that the control and BTPS-HFD groups
had similar blood glucose profiles during the test periods. On the
other hand, HFD and GTPS-HFD groups had similar profiles. The
integral values of the AUC during the test periods were calculated
and are presented in Figure 3. The AUC values were significantly
elevated in the HFD and GTPS-HFD groups compared to that of
the control group (P < 0.05). The BTPS-HFD group had a similar
AUC value with the control group, such as blood glucose levels
revealed in OGTT. It was clearly observed that the deteriorated
glucose metabolism was remarkably restored in BTPS even when
fed with HFD. Since dysglycaemia values are an important predictor of diabetes, the results of the HFD and GTPS-HFD groups
showed significantly higher (P < 0.05) AUC values as an indicator
of glucose intolerance compared to that of the control group and
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Figure 4. Plasma insulin levels in mice blood collected at the end of the treatment period. *Indicates significant difference from control group. #Indicates
significant difference from ND group. Statistical analysis was performed using the Kruskal-Wallis Test (*P < 0.05, #P < 0.05). Abbreviations: BTPS, black tea
polysaccharides; HFD, high-fat diet; GTPS, green tea polysaccharides; Met, metformin; ND, normal diet.

the BTPS-HFD group (P < 0.05) (Tang et al., 2013).
3.3. Plasma insulin levels in diet and control groups
At the end of the treatment period, all mice were sacrificed and
blood samples were collected. As can be seen from Figure 4,
plasma insulin levels showed significant variations among the
groups, albeit to different extents. Insulin levels were significantly
decreased (P < 0.05) in the ND, GTPS-ND, BTPS-ND, and BTPSHFD groups compared to the control group.
Insulin levels were also analysed according to the percentage of
FBG differences between model and treatment periods. A significant negative correlation existed between the insulin level and %
FBG reduction in all groups (P < 0.05) (Table 1).
One of the determinant factors of T2D is the development of
insulin resistance. Hyperglycaemia is accompanied by the insulin
resistance caused by increased amount of insulin in the blood serum. On this basis, BTPS did not have an insulin resistance even
fed with a HFD since this group had no elevated blood glucose

level and increased insulin secretion. A similar finding was also
observed for GTPS-ND group, but not for GTPS-HFD group.
Therefore, attenuated blood glucose and low insulin levels in
GTPS-ND group might be due to dietary factors. Additionally, all
findings were consistent with OGTT results (Figure 3). When the
serum insulin levels and OGTT results were evaluated together,
the BTPS-HFD group was the only one that had normal insulin
and glucose metabolism with decreased blood glucose level, normal insulin secretion and significantly improved glucose tolerance
even when fed with a HFD. As expected, similar results were also
recorded for BTPS-ND group due to normal diet and identified
antidiabetic effects of BTPS.
3.4. Biochemical parameters in diet and control groups
Table 2 summarises the liver enzymes (ALP, ALT, and AST) and
blood lipid profiles (HDL-C, LDL-C, and TC) among the control and diet groups as well as reference values (Danneman et al.,
2012). These are common parameters used in this type of studies.

Table 1. Correlation between percentage mean reduction of FBG and insulin levels

Group

Reduction of FBG level (%)

Insulin levels (ng/mL)

Control

6.46

2.07 ± 1.27

ND

30.57

0.73 ± 0.43

HFD

−2.26

3.49 ± 1.78

Met-HFD

7.10

2.64 ± 2.62

GTPS-HFD

−3.01

3.01 ± 1.50

GTPS-ND

30.43

0.68 ± 0.44

BTPS-ND

35.28

0.62 ± 0.18

BTPS-HFD

31.72

0.82 ± 0.64

Abbreviations: BTPS, black tea polysaccharides; FBG, fasting blood glucose; GTPS, green tea polysaccrides; HFD, high-fat diet; Met, metformin; ND, normal diet. r = Correlation,
which is significant at the 0.01 level. Reduction of fasting blood glucose level (%) = 100 × (FBGx − FBGy)/FBGx. x: Average FBG of 1 to 8 weeks, y: Average FBG of 8 to 14 weeks.
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Table 2. Liver enzymes and blood lipids among control and diet groups (mean ± SD). Bold indicates out of the reference values

Group

ALP (IU/L)

ALT (IU/L)

AST (IU/L)

HDL-C (mg/dL)

LDL-C (mmol/L)

TC (mg/dL)

Control

59.6 ± 5.5

38.7 ± 5.9

116 ± 25.1

42.7 ± 4.2

0.2 ± 0.1

62.4 ± 5.0

ND

57.1 ± 6.9

33.3 ± 12.4

88.0 ± 73.6

42.0 ± 3.6

0.2 ± 0.1

60.0 ± 4.7

HFD

64.1 ± 14.7

61.7 ± 32.5

147 ± 41.6

95.5 ± 22.0

0.3 ± 0.1

126 ± 23.2

Met-HFD

68.9 ± 13.1

23.5 ± 4.0

69.3 ± 13.6

97.6 ± 14.0

0.3 ± 0.1

128 ± 10.9

GTPS-HFD

48.0 ± 2.5

33.3 ± 12.0

146 ± 62.1

70.4 ± 18.5

0.3 ± 0.1

91.5 ± 21.5

GTPS-ND

68.3 ± 10.9

29.0 ± 3.0

85.0 ± 17.5

49.3 ± 3.6

0.2 ± 0.1

70.4 ± 3.4

BTPS-ND

73.9 ± 26.7

25.6 ± 5.4

104 ± 54.7

47.3 ± 18.2

0.3 ± 0.1

69.1 ± 23.4

BTPS-HFD

67.6 ± 17.2

32.8 ± 7.3

114 ± 45.7

52.6 ± 16.6

0.3 ± 0.1

77.3 ± 19.8

Reference values

63.1–103.9

16.4–53.2

35.7–135.7

40–50

<1.8

72.9–113.7

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BTPS, black tea polysaccharides; GTPS, green tea polysaccrides; HDL-C,
high-density lipoprotein cholesterol; HFD, high fat diet; LDL-C, low-density lipoprotein cholesterol; Met, metformin; ND, normal diet; TC, total cholesterol.

ALP, AST, and ALT are well-known commonly used liver enzyme
parameters for hepatic function (Kusakabe et al., 2009).
These results showed that liver damage resulting from STZ and
diet induced diabetes were significantly attenuated by treatment
with BTPS. According to the results, out of limit values were recorded for ALP and AST in GTPS-HFD group. It might be accepted as a sign of liver damage associated with diabetes (Harris,
2005). In contrast, no abnormal values were observed in the BTPSHFD group for the three liver parameters (Table 2).
With respect to lipid profiles, there were no meaningful differences between diabetic animals treated with GTPS and BTPS. TC
levels were recorded as normal on GTPS-HFD and BTPS-HFD
groups, but TC levels in GTPS-ND and BTPS-ND groups were
lower than that of the limit values. The HFD group had significantly higher (P < 0.05) TC level compared to those of the GTPSHFD and BTPS-HFD groups. Thus, it appears that TPS might have
a balancing effect on plasma lipid levels.
3.5. Body weight changes in diet and control groups
Figure 5 shows body weight changes of the control and diet groups
(control, ND, HFD, Met-HFD, GTPS-ND, GTPS-HFD, BTPS-ND,
and BTPS-HFD) during the model (W0-W8) and treatment (W8W14) periods. Body weight changes of the control group showed
normal tendency during the model and treatment periods since
time-dependent weight gain was normal. When fed with a HFD,
the test groups had an average weight of 34.28 g, depending on the
STZ application. This finding showed that diabetic mice became
30% heavier than those in the control group. During the treatment
period (W8-W14), significant weight losses (P < 0.05) were observed in ND, GTPS-ND, and BTPS-ND groups as compared to
the model period (W0-W8). There was a decreasing tendency in
BTPS-HFD group, but it was not significant (P > 0.05) (Figure 5).
In addition, although some weight gains were observed in the HFD,
Met-ND, and GTPS-HFD groups during the treatment period, this
was only significant in the HFD group (P < 0.05). According to the
results, BTPS-HFD group showed a decreasing weight gain in diabetic mice during the treatment period. This effect was not obtained
in GTPS-HFD group (Figure 5). BTPS-HFD group effectively suppressed the body weight gain despite the high energy intake.
Wu et al. (2018) found that oolong tea polysaccharides and
polyphenols had an antiobesity effect and prevented weight gain
due to a synergistic effect. Similar effects were also found by Xu et
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al. (2015) using green tea polysaccharides. In another study, significant antiobesity effect on high dose of black tea polysaccharides
was reported in HFD induced female CD-1 mice model (Huang
et. al., 2009). In the present study, BTPS-HFD and GTPS-HFD
groups were comparatively studied and antiobesity effect was only
observed in the BTPS-HFD group.
3.6. Histopathology of liver tissue in diet and control groups
Figure 6 shows the hematoxylin-eosin-stained liver sections from
mice (X10-magnification).
Liver tissue of the control group revealed normal morphology
as expected. Sinusoidal dilatation and hepatocellular vacuolization
were observed in HFD and GTPS-HFD groups. Formation of vacuoles indicates the serious lipid droplet accumulation in hepatocytes
in diabetic mice (Tang et al., 2013). Sinusoidal dilatation is a sign of
deformation in sinusoidal space located between blood vessels and
hepatocytes. This deformation is generally caused by the structural
deterioration of blood vessel walls, which is typically observed in
diabetes (Aboonabi et al., 2014). Conversely, histopathological examinations of liver tissues from BTPS-HFD group exhibited a significant improvement. Histological pathologies monitored in HFD
and GTPS-HFD groups were not observed in BTPS-HFD group
(Figure 6). These findings clearly point out to the regenerative effect of BTPS against liver damage caused by diabetes.
4. Conclusion
It was clearly demonstrated that BTPS had a remarkable effect on
T2D mice even when fed with a HFD. Unlikely, this effect was not
observed in GTPS-HFD group. BTPS possessed hypoglycaemic
and antiobesity effects in diabetic mice. In addition, BTPS could
ameliorate insulin intolerance, liver damage, and deteriorated
blood lipid profiles associated with STZ- and HFD-induced diabetes. Considering all these results, the antidiabetic effect of BTPS
might be achievable by improving the action of secreted insulin.
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Figure 5. Body weight changes of study groups during the model (W0–W8) and treatment (W8–W14) periods. Dashed red line indicates the eighth week
to separate the model and treatment periods. Abbreviations: BTPS, black tea polysaccharides; HFD, high-fat diet; GTPS, green tea polysaccharides; Met,
metformin; ND, normal diet.
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Figure 6. Hematoxylin-eosin-stained liver sections from mice (X10-magnification). a) Control group showing normal hepatic tissue formation with central
vein (CV) and surrounding hepatocytes and sinusoids (blue arrow), b) HFD group, c) BTPS-HDF group, and d) GTPS-HFD group. Yellow and red arrows
indicate the vacuoles/lipid droplets and sinusoidal dilatation in the liver tissues, respectively. Abbreviations: BTPS, black tea polysaccharides; HFD, high-fat
diet; GTPS, green tea polysaccharides.

programme–Project No 105O902).
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Abstract
In the present study, an effective shot-gun lipidomic methodology was established to determine the glycerophospholipid (GP) molecular species of two species of edible marine whelks (Chlorostoma rusticum and Neverita didyma). Simultaneously, the lipid content, lipid classes, phospholipid (PL) subclasses and fatty acid compositions
were also investigated. Over 210 molecular species of GP including glycerophosphocholine, lysoglycerophosphocholine, glycerophosphoethanolamine, lysoglycerophosphoethanolamine, glycerophosphoserine, lysoglycerophosphoserine, glycerophosphoinositol and lysoglycerophosphoinositol were characterized in the two abovementioned whelk species. The predominant GP molecular species contained n-3 long chain polyunsaturated fatty
acid (n-3 LC-PUFA), especially docosahexaenoic acid and eicosapentaenoic acid. Meanwhile, PL (57.70–58.86%
of total lipids) and PUFA (21.69–37.68% of total FA) take large proportions in whelk lipids. Among PL, phosphatidylcholine (50.58–52.41 mol%) and phosphatidylethanolamine (27.67–32.73 mol%) were dominant. Therefore,
marine whelks turn out to be promising source of n-3 LC-PUFA existed in PL form and thus directly contribute to
the health benefits of consumer.
Keywords: Marine whelk; Lipid class composition; Phospholipid class composition; Phospholipid molecular species; n-3 LC-PUFA.

1. Introduction
Lipid is the main energy supply material for human body, which
can provide more than twice the energy of sugar and protein in the
metabolism (Barden and Decker, 2016). In addition, some fatty
acids (FAs) are crucial for human body to remain healthy, especially n-3 long chain polyunsaturated fatty acids (n-3 LC-PUFAs)
represented by docosahexaenoic acid (DHA) and eicosapentae-

84

noic acid (EPA), which play significant roles in various aspects
toward human health such as cardiovascular protection, anti-inflammation, anti-hypertension, anti-allergies, brain development
as well as renal function (Riediger et al., 2009). Therefore, it
was recommended by many countries that a daily consumption
of 250–1,000 mg of EPA/DHA provides health benefits (Kuratko
and Salem, 2013).
Phospholipids (PLs), the major part of polar lipids in seafoods,
have been reported to possess versatile biological function such as

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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reducing cholesterol absorption, decreasing the risk of cardiovascular diseases, enhancing liver functions as well as brain function
development (Ali et al., 2019; Arranz and Corredig, 2017). The
current interest of PLs mainly comes from their effectiveness to
incorporate n-3 LC-PUFAs to the cell membrane, as they exhibit
better absorption and utilization than triglycerides (TAGs) (Cilla
et al., 2016). Eggs, soybeans and fishes are main source of dietary
PLs now, among which fishes are attracting more and more attention due to the abundant n-3 LC-PUFAs in PLs. In recent years,
incremental studies have reported that marine shellfishes also are
a rich source of PLs that contain n-3 LC-PUFAs. However, most
of the published studies on characterization of PL molecular species of marine shellfish mainly concentrate on bivalve shellfish
including oysters, clams, scallops, etc. (Boselli et al., 2012; Chen
et al, 2012; Liu et al. 2017), but only few on univalve shellfish.
To provide reliable nutritional and functional information and
support for the better utilization of univalve shellfish, comprehensive characterization of lipid profiles in univalve shellfish is
required.
Whelks are excellent candidate univalve shellfish for aquaculture and functional foods (Tang et al., 2016), among which Chlorostoma rusticum and Neverita didyma are the main edible species.
An efficient shotgun lipidomic strategy was established in the present work to characterize the molecular species of glycerophospholipid (GP) including glycerophosphocholine (GPCho), lysoglycerophosphocholine (LGPCho), glycerophosphoethanolamine
(GPEtn), lysoglycerophosphoethanolamine (LGPEtn), lycerophosphoserine (GPSer), lysoglycerophosphoserine (LGPSer),
glycerophosphoinositol (GPIns), and lysoglycerophosphoinositol
(LGPIns) in the two abovementioned species of whelks. Meanwhile, the lipid content and quality of lipid classes, PL subclasses
and FA compositions were also investigated. This work will reveal
the specific health benefits of lipids in whelks in detail as well as
provide theoretical basis for utilization of whelk as a novel source
of functional food.

put in a 50 mL polytetrafluoroethylene tubes, and then an organic
reagent mixture of methanol (15 mL) and MTBE (50 mL) was
added to each sample. After stirring the mixture at 30 °C for 1
h, 12.5 mL of deionized water was added to the polytetrafluoroethylene tubes. Shaking the tubes for complete mixing, then the
system was centrifuged at 7,800 g for 10 min. After collecting and
transferring all the organic phase to a new glass, and then the rest
was re-extracted following the same procedure. The organic phase
was collected and evaporated under a tender nitrogen flow at 35
°C. The lipids from the two whelk materials were stored at –80 °C
for less than 2 weeks for further analysis.
2.3. Determination of lipid class composition
An Iatroscan MK-6S thin layer chromatography-flame ionization
detection (TLC-FID) Analyzer (Iatron Inc., Tokyo, Japan) was
used to determine the lipid class composition according to Yin et
al. (2015).
2.4. Determination of fatty acid composition
FA compositions were first derived with methanol to form FA methyl ester then determined with an Agilent 7890B GC-5977C MSD
(Agilent, Palo Alto, CA, USA) equipped with HP-5-MS capillary
column (30 m × 0.25 mm, 0.25 μm) (Agilent) according to the
procedure previously described (Yin et al., 2015).
2.5. PL classes quantification by 31P NMR
The determination of PL classes was conducted with an Avance III
400 MHz NMR spectrometer (Bruker, Karlsruhe, Germany) according to one previous study (Gang et al., 2018).
2.6. Mass spectrometric analysis of whelk lipids

2. Materials and methods
2.1. Materials
Two species of marine edible whelks (Chlorostoma rusticum
and Neverita didyma) that harvested in July were selected and
purchased from a local market in Dalian, Liaoning, China. After husking by hand, about 800 g of meat were lyophilized with
a 2KBTES-55 freeze-dryer (VirTis Co., Gardiner, NY, USA) for
70 h, crushed into a fine powder and stored at –30 °C for further
use. GP standards of GPCho 12:0/12:0, GPEtn 12:0/12:0, GPSer
12:0/12:0 and GPIns 8:0/8:0 were purchased from Avanti Polar Lipids, INC (Alabaster, AL, USA). Deuterated chloroform (CDCl3),
methanol (MeOD), triethyl phosphate (TEP), cesium carbonate
(CsCO3) and deuterated water (D2O) were purchased from Aladdin Reagent Co., Ltd. (Shanghai, China). Other reagents were of
analytical grade from Damao Chemical Reagent Co., Ltd. (Tianjin,
China).
2.2. Lipid extraction
Total lipid from the two species of whelks Chlorostoma rusticum
and Neverita didyma was extracted according to the widely adopted methyl tert-butyl ether (MTBE) method (Matyash et al., 2008),
with little modification. Briefly, 10 g whelk powder sample was

In this study, qualitative and quantitative of PL molecular species were achieved by using a hybrid API 4000 Qtrap (AB Sciex,
Foster City, CA, USA) quadrupole-linear ion trap (QqLIT) mass
spectrometer (MS) with a Turbo V electrospray ionization (ESI)
source interface, and a computer platform equipped with HPLCMS/MS Solution Analyst software 1.6.1 (AB Sciex, Foster City,
CA, USA). Whelk lipids were dissolved in a mixture of chloroform and methanol (2:1, v/v), which contained 0.1% of formic acid
to improve the ionization efficiency, and directly introduced into
the ESI source though a syringe pump after filtering by a 0.22 µm
organic membrane. The whelk lipid concentration was 50 μg/mL,
and the flow rate for analysis of GPCho/LGPCho, GPEtn/LGPEtn,
GPSer/LGPSer and GPIns/LGPIns was 2, 10, 10 and 20 µL/min,
respectively. In characteristic scan mode, precursor-ion scanning
(PIS) and neutral loss scanning (NLS) was operated in the positive ion mode for PL identification, while the enhanced product
ion (EPI) scanning that conducted in the negative ion mode for
FA explication. The instrument parameters were identical with our
previous study (Liu et al., 2017).
The semi-quantitation of the same GP molecular species between lipids recovered from different whelk species was achieved
by using an internal standard as previously described (Liu et al.,
2017; Yin et al., 2016). In this study, four GP standards including GPCho 12:0/12:0 (inner standard for GPCho/LGPCho), GPEtn
12:0/12:0 (inner standard for GPEtn/LGPEtn), GPSer 12:0/12:0
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Table 1. Class compositions (%) of the lipids recovered from two species of whelks

Species

PL

Chlorostoma rusticum
Neverita didyma

TAG

52.70 ±

0.18b

58.86 ±

0.39a

DAG

31.91 ± 0.18
32.01 ± 0.47

MAG

0.41 ±

0.02b

0.53 ±

0.01a

FFA

0.57 ±

0.04b

0.96 ±

0.09a

CHO

3.71 ±

0.07a

10.60 ± 0.08a

1.11 ±

0.08b

6.66 ± 0.49b

a,bValues in the same column with different lower-case letters are significantly different at P < 0.05. Abbreviations: PL, phospholipid; TAG, triacylglycerol; DAG, diacylglycerol; MAG,
monoacylglycerol; FFA, free fatty acid; CHO, cholesterol.

(inner standard for GPSer/LGPSer) and GPIns 8:0/8:0 (inner
standard for GPIns/LGPIns) were added to the samples with concentration of 1.00, 1.50, 0.15, and 0.15 µg/mL, respectively, before
injection for MS analysis.
2.7. Statistical analysis
The experiments were conducted in triplicate. Data were presented
as mean ± standard deviation (SD). The experimental data for statistical analysis was achieved by using SPSS 16.0 software (SPSS
Inc., Chicago, IL, USA). Independent-samples T text was adopted
to compare the differences between means. P values < 0.05 were
considered significant.

delivering their FA residues for incorporation into the membranes
and altered the FA composition of membrane PLs within specific
cell type. Consequently, cellular functions including signaling and
transport, as well as the membrane bound enzymes activity could
be modulated or greatly affected by dietary PLs (Küllenberg et al.,
2012). Therefore, dietary consumption of PLs contributes to a series of health benefits such as reducing the risk of cardiovascular
disease, reducing blood cholesterol levels, reducing inflammatory
reactions, enhancing the body’s immunity, preventing hepatic disorders, and improving brain function (Küllenberg et al., 2012; Restuccia et al., 2012). The current study implied that Chlorostoma
rusticum and Neverita didyma contained a large amount of PL,
which indicate their potential health benefits.
3.3. Phospholipid class composition

3. Results and discussion
3.1. Lipid content
The dried meat of Chlorostoma rusticum and Neverita didyma
contained 13.67 and 7.12% lipids, respectively. Previous studies
showed that the lipid contents of whelks Mytilus galloprovincial,
Neptunea lyrata and Bulimulus dealbatus were 9.6, 10.8 and 7.3%
(dry basis) (Miletic et al., 1991; Beach et al., 2009; Zarai et al.,
2011), respectively, which indicate that the lipid contents varied in
different species of whelks.
3.2. Lipid class compositions
As shown in Table 1, total lipids that extracted from the two species of whelks had similar lipid profiles. They were both consisted
of PL, TAG, diacylglycerols (DAG), monoacylglycerols (MAG),
free fatty acids (FFA) and cholesterols (CHO), among which PL
(52.70–58.86% of total lipids) and TAG (31.91–32.01% of total
lipids) constituted the major part of the lipids. Similarly, previous
studies have also reported that PL was dominant in whelk lipids.
For example, similar observations indicated PL accounted for 56.3
and 59.8% of total lipids, respectively, in whelks Turbo cornutus
(Saito and Aono, 2014) and Haustrum scobina (Carrasco et al.,
2016).
PLs, especially GPs, act as the principal structural constituents
of cell or biological membranes. In the perception of lipid nutrition, it has been commonly accepted that PL are highly effective in

As demonstrated in Table 2, phosphocholine (PC), phosphoethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS),
phosphatidic acid (PA), phosphatidylglycerol (PG) and lysophosphatidylcholine (LPC) were observed in the whelk lipids. Obviously, PC (50.58–52.41 mol%) and PE (27.67–32.73 mol%) were
dominant. In contrast to PC and PE, LPC (3.20–8.86 mol%) and
PG (3.76–11.05 mol%) just take a small proportion. However,
PI (2.10 mol%), PS (4.81 mol%) and PA (2.81 mol%) were only
detected in the lipid of Neverita didyma. Consist with this work,
previous similar study also indicated that PC (62.81%) and PE
(11.70%) were dominant PL classes of lipid in sea snail Chromodoris tinctoria (Zhukova, 2014).
Different types of PLs vary in their headgroup, and therefore
have different health effects. For example, PC, also known as lecithin, is the most abundant PL of all mammalian cell types and subcellular organelles, and is essential for brain land liver function,
lipid metabolism and transport, cell membranes signaling, cell
composition and repair (Asomaning et al., 2017); PE, which is the
second most abundant PL in mammalian membranes, is also essential for membrane integrity and cell division (Calzada et al, 2016);
PS, though a quantitatively minor membrane PL part, it is widely
distributed throughout organelle membranes except endoplasmic
reticulum, and it is required for human brain biochemistry, physiology, and function (Glade and Smith, 2015); PA, the simplest GP
present in cells, is now a widely accepted second messenger for
its important role in cellular signaling and membrane dynamics in
all eukaryotes (Kooijman and Burger, 2009). With the diverse PL
classes exist in the lipids in of Chlorostoma rusticum and Neverita

Table 2. Phospholipid class compositions (mol%) of the lipids recovered from two species of whelks

Species
Chlorostoma rusticum
Neverita didyma

PC

PE

52.41 ±

0.42a

50.58 ±

0.23b

LPC

27.67 ±

0.01b

32.73 ±

0.31a

PI

8.86 ±

0.00a

3.20 ±

0.00b

nd
2.10 ± 0.01

a,bValues

PS
nd
4.81 ± 0.01

PG

PA

11.05 ±
3.76 ±

0.02a

0.01b

nd
2.81 ± 0.01

in the same column with different lower-case letters are significantly different at P < 0.05. Abbreviations: PC, phosphatidylcholine; PE, phosphatidylethanolamine; LPC,
lysophosphatidylcholine; PI, phosphatidylinositol; PS, phosphatidylserine; PG, phosphatidylglycerol; PA, phosphatidic acid.
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Table 3. Fatty acid compositions (%) of the lipids recovered from two
species of whelks

Fatty acid

Chlorostoma rusticum

Neverita didyma

C14:0

4.04 ±

0.09a

2.39 ± 0.04b

C15:0

1.42 ± 0.13a

0.65 ± 0.11b

0.25a

5.38 ± 0.30b

C16:1n-7

6.28 ±

C16:0

23.36 ± 0.41a

16.14 ± 0.33b

C17:1n-7

0.51 ± 0.06

nd

C17:0

3.12 ± 0.48a

1.86 ± 0.07b

C18:4n-3

0.46 ± 0.04

nd

C18:2n-6

3.34 ± 0.25a

1.65 ± 0.23b

C18:1n-9

26.58 ± 0.56a

7.38 ± 0.33b

0.32b

10.68 ± 0.97a

C18:0

3.77 ±

C20:4n-6

4.08 ± 0.20a

2.47 ± 0.45b

C20:5n-3

3.17 ± 0.06b

11.00 ± 0.73a

C20:2n-9

1.66 ±

0.19a

C20:1n-9

9.73 ± 0.64b

12.78 ± 0.49a

C20:1n-7

nd

4.94 ± 0.26
0.03b

0.89 ± 0.12b

11.10 ± 0.08a

C22:6n-3

0.40 ±

C22:4n-6

0.61 ± 0.09b

1.12 ± 0.13a

C22:5n-3

1.77 ± 0.27b

2.67 ± 0.35a

C22:2n-9

4.60 ±

0.45b

6.78 ± 0.44a

C22:2n-6

1.61 ± 0.21

nd

35.21 ±

0.16a

32.06 ± 0.22b

MUFA

43.10 ±

0.21a

30.48 ± 0.13b

PUFA

21.69 ± 0.12b

37.68 ± 0.18a

n-3/n-6

0.60 ± 0.03b

4.73 ± 0.16a

AI

0.68 ± 0.05a

0.42 ± 0.04b

TI

0.08a

0.30 ± 0.01b

SFA

0.70 ±

a,bValues in the same line with different lowercase letters are significantly different
at P < 0.05. nd, not detected. Abbreviations: SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; AI, atherogenicity index; TI,
thrombogenicity index.

didyma, they turn out to be potential diet for the diverse nutritional
and healthy functions.
3.4. Fatty acid composition
The FA composition showed significantly difference between the
two species. As shown in Table 3, the lipid from Chlorostoma rusticum included large level of monounsaturated fatty acids (MUFA)
(43.10% of total FA), medium level of saturated fatty acids (SFA)
(35.21% of total FA) and low level of PUFA (21.69% of total FA).
Among PUFA, DHA and EPA only accounted for 0.40 and 3.17%
of total FA, respectively. However, Neverita didyma had a proportion of PUFA (37.68% of total FA), MUFA (32.06% of total FA)
and SFA (30.48% of total FA), which was close to the ratio of 1:1:1
that recommend by WHO. In addition, n-3 PUFA like DHA and

EPA both accounted for over 11% of total FA.
Previous studies also have shown that FA profiles varied significantly among different species of whelks. For example, PUFA
accounted for 44.8% of total FA in whelk Rapana Thomasiana,
furthermore, DHA and EPA accounted for 5.68 and 7.77% of total
FA, respectively (Christie et al., 1988). However, according to Saito and Aono (2014), lipid from sea snail Turbo cornutus contained
a relative low percentage of PUFA (28.60%). Moreover, there was
no DHA but low amount of EPA (3.20% of total FA) in Turbo
cornutus lipid.
3.5. Characterization of glycerophospholipid molecular species
In the present study, GP molecular species were characterized with
the shotgun lipidomic approach through character scan mode. After PIS scan with m/z 184 in positive ion mode for GPCho/LGPCho, NLS scan with m/z 141, 185 and 260 in positive ion mode for
GPEtn/LGPEtn, GPSer/LGPSer and GPIns/LGPIns, respectively,
the candidate compounds of each class of the afore-mentioned
GP showed visible first-stage MS signals in the PIS or NLS MS
spectra (Figure 1). The measured m/z value represent the molecular ion ([M]+) for GPCho/LGPCho, and the quasi-molecular ion
([M+H]+) of GPEtn/LGPEtn, GPSer/LGPSer and GPIns/LGPIns,
respectively. Thus, the molecular mass of the unknown GP could
be determined.
Common structural for the GP molecular species follows the
format x:y, in which x and y representing the number of carbons
and double bonds of FA esterified in GP, respectively (Peterson
and Cummings, 2006). For the lysoglycerophospholipid (LGP)
molecular species, the structure could be distinguished directly
according to the measured m/z by the formula established in our
previous (Liu et al., 2017; Yin et al., 2016). Follow this procedure,
the molecular species of all detected LGP in whelk lipids were
characterized (Table s1).
For an unknown GP, which contain two FAs esterified to the
sn-1 and sn-2 positions of the glycerol backbone, MS and MS/
MS data are both essential for molecular structure elucidation. The
total number of carbons and double bonds of the two FAs can be
tentatively deduced according to the formulas we previously developed based on their measured molecular mass (Liu et al., 2017;
Yin et al., 2016). After EPI scan in the negative ion mode, at least
one FAs of the unknown GP can be ascertained by the FA anions
([RCOO]–) in MS/MS data acquired (Table s2). With the known
information of the total number of carbons and double bonds of
the two FAs, and one of the FA, the other FA of GP can be easily
deduced. Moreover, other fragments such as lyso-GP anions due to
the loss of FA were also observed in MS/MS data (Table s2), which
further confirmed the reliability of characterization of molecular
species. Furthermore, an empirical rule that the sn-2 of GP is the
preferred position for the more unsaturated fatty acids was used to
determine the distribution of the two FAs in the glycerol backbone
(Napolitano et al., 1992). Through the above strategy, all detected
phosphatidyl GPCho, GPEtn, GPSer and GPIns were characterized with unsaturated FA at sn-2 position. (Table s2).
The strategy for structural characterization of plasmalogen
(plasmenyl and plasmanyl) GP was similar with that of phosphatidyl GP. However, it was hard to distinguish a plasmanyl GP x:y
from a plasmenyl GP x:(y−1) for their same first-stage MS and
MS/MS data due to the specific fatty acid fragment (ether-like
anions, [RCO]–) of alkyl ether x:y and vinyl ether x:(y−1) that released from the sn-1 position of the plasmanyl and plasmenyl GP.
Therefore, in the present work, a pair of possible structures including a plasmanyl GP x:y and a plasmenyl GP x:(y−1) corresponding
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Figure 1. Specific detection of glycerophospholipids in lipids recovered from two species of whelks by using direct infusion mass spectrometric approaches. a-d, first-stage MS spectra of glycerophosphocholines (GPCho)/lysoglycerophosphocholines (LGPCho), glycerophosphoethanolamines (GPEtn)/lysoglycerophosphoethanolamines (LGPEtn), glycerophosphoserines (GPSer)/lysoglycerophosphoserines (LGPSer), and glycerophosphatidylinositol (GPIns)/
lysoglycerophosphatidylinositol (LGPIns), respectively.

to the same first-stage MS and MS/MS data were counted as one
GP because they could not be differentiated (Table s2).
3.6. Glycerophospholipid molecular species in different whelk
species
As shown in Tables 4, s3 and s4, more than 210 species of GP including GPCho, LGPCho, GPEtn, LGPEtn, GPSer, LGPSer, GPIns
and LGPIns were characterized in lipids extracted from the two
species of whelks. Or rather, at least 43 and 54 species of GPCho,
41 and 46 species of GPEtn, 27 and 36 species of GPSer, as well
as 13 and 12 species of GPIns were characterized. Among them,
18:0/22:6, 16:0/18:1, 16:0/20:5 and 18:1/20:4 were the predominant
species of the phosphatidyl subclass, 16:0/20:4 and 20:0/20:1 might
be the predominant species of the plasmenyl subclass, 18:0/20:5,
16:0/22:6 and 20:0/20:1 might be the predominant species of the
plasmanyl subclass (Table s4). In addition, for the lyso-GP, at least
14 and 21 species of LGPCho, 27 and 24 species of LGPEtn, 25
and 25 species of LGPSer, and 22 and 18 species of LGPIns were
characterized from Chlorostoma rusticum and Neverita didyma, respectively (Tables 4, s1–s4). Among them, 18:1, 20:1, 20:5, 22:5
and 22:6 were the predominant species of the lyso-GP (Table 4).
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The analysis of FA compositions in PL has also proved that some
classes of PL from whelk are abundant in PUFA. For example, Saito
and Hashimoto (2010) reported that PC from black snail (Ifremeria
nautilei) contained a large proportion of PUFA, especially EPA
(8.70%), while Stuart et al (1998) reported that PE in snail Cepaea
nemoralis was also rich in n-3 PUFA, particularly EPA (6.34%) and
docosapentenoic acid (DPA) (8.24%). Meanwhile, some scholars
devoted on PL molecular species in lipids from marine bivalves
have also observed that the predominant species of GP contained
PUFA. For example, the predominant GP species in lipids from
mussel, clams and oysters normally contained 20:5 and 22:6 (Boselli et al., 2012; Chen et al., 2012; Liu et al., 2017; Yin et al., 2016).
In this study, Chlorostoma rusticum and Neverita didymas had a
large amount of PL molecular species that contained 20:5 and 22:6
in the structure. As described above, FA composition analysis indicated that there were no other 20:5 and 22:6 than EPA and DHA
present in lipids form the whelk lipids. Therefore, the two whelks
serve as potential source for PL enriched EPA and DHA.
It is well accepted that n-3 LC-PUFA, especially EPA, DPA and
DHA, play significant roles in various aspects of human health,
especially in reducing the risk of cardiovascular disease, hypertension, inflammation, allergies, immune, renal disorders and
enhancing brain function (Riediger et al., 2009). Therefore, daily
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Table 4. Major molecular species of glycerophosphocholines, glycerophosphoethanolamines, glycerophosphatidylserines, glycerophosphatidylinositols
and their lyso- counterparts in lipids recovered from two species of whelks. The ratio of the intensity of the first-stage MS signal of a glycerophospholipid
in the positive ion mode to that of the corresponding internal standard was used to represent its relative amount for comparison

Relative intensity

Classes

Measured m/z ([M]+) or ([M+H]+)

Molecular species

Chlorostoma rusticum

Neverita didyma

GPCho

760

Phosphatidyl 17:0/17:1
Phosphatidyl 16:0/18:1

2.75 ± 0.07a

1.29 ± 0.08b

766

Plasmanyl 16:1/20:4
Plasmenyl 16:0/20:4
Plasmanyl 16:0/20:5

0.28 ± 0.01b

2.97 ± 0.01a

780

Phosphatidyl 16:0/20:5

1.28 ± 0.07b

2.73 ± 0.02a

782

Phosphatidyl 16:0/20:4

1.69 ±

0.02a

1.29 ± 0.08b

792

Plasmanyl 16:0/22:6

0.19 ± 0.01b

GPEtn

GPSer

GPIns

LGPCho

LGPEtn

2.9 ± 0.02a

0.13b

2.16 ± 0.09a

808

Phosphatidyl 18:1/20:4
Phosphatidyl 16:0/22:5

1.15 ±

738

Phosphatidyl 16:0/20:5

2.48 ± 0.08a

1.57 ± 0.01b

752

Plasmanyl 18:0/20:5
Plasmanyl 16:0/22:5

1.03 ± 0.08b

1.24 ± 0.04a

766

Phosphatidyl 16:0/22:5
Phosphatidyl 18:1/20:4
Phosphatidyl 18:0/20:5
Phosphatidyl 16:1/22:4

3.1 ± 0.03b

4.11 ± 0.04a

768

Phosphatidyl 18:0/20:4

2.35 ± 0.09b

2.59 ± 0.03a

772

Phosphatidyl 16:0/22:2
Phosphatidyl 18:1/20:1
Phosphatidyl 18:0/20:2

1.79 ± 0.06b

2.32 ± 0.02a

786

Phosphatidyl 20:4/20:5
Plasmanyl 20:1/20:1
Plasmenyl 20:0/20:1

1.32 ± 0.04b

3.01 ± 0.04a

792

Phosphatidyl 20:1/20:5
Phosphatidyl 18:0/22:6

0.62 ± 0.02b

2.03 ± 0.07a

810

Phosphatidyl 18:0/20:5
Phosphatidyl 18:1/20:4

1.01 ± 0.08b

3.86 ± 0.02a

812

Phosphatidyl 16:0/22:4

1.10 ± 0.06b

2.41 ± 0.06a

818

Phosphatidyl 18:0/20:1
Plasmanyl 18:2/22:6
Plasmenyl 18:1/22:6

0.89 ± 0.06b

1.43 ± 0.04a

844

Phosphatidyl 18:0/22:2
Phosphatidyl 20:1/20:1
Plasmanyl 22:4/20:5
Plasmenyl 22:3/20:5

1.53 ± 0.07b

3.23 ± 0.09a

885

Phosphatidyl 18:0/20:5
Phosphatidyl 18:1/20:4

1.22 ± 0.09b

5.83 ± 0.02a

887

Phosphatidyl 18:0/20:4

3.57 ± 0.06b

4.50 ± 0.07a

0.00b

0.14 ± 0.01a

496.6

Phosphatidyl 16:0

0.05 ±

522.6

Phosphatidyl 18:1

0.03 ± 0.00b

0.12 ± 0.01a

542.6

Phosphatidyl 20:5

0.01 ± 0.00b

0.20 ± 0.01a

568.6

Phosphatidyl 22:6

0.01 ±

0.00b

0.28 ± 0.00a

500.3

Phosphatidyl 20:5

0.08 ± 0.03b

0.12 ± 0.02a

506.3

Phosphatidyl 20:2

0.11 ± 0.03

0.15 ± 0.01

508.4

Phosphatidyl 20:1

0.71 ±
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0.02a

0.40 ± 0.11b

89

Lipid profiles in two species of edible whelk

Liu et al.

Table 4. Major molecular species of glycerophosphocholines, glycerophosphoethanolamines, glycerophosphatidylserines, glycerophosphatidylinositols
and their lyso- counterparts in lipids recovered from two species of whelks. The ratio of the intensity of the first-stage MS signal of a glycerophospholipid
in the positive ion mode to that of the corresponding internal standard was used to represent its relative amount for comparison - (continued)

Classes

LGPSer

LGPIns

Relative intensity

Measured m/z ([M]+) or ([M+H]+)

Molecular species

Chlorostoma rusticum

Neverita didyma

528.4

Phosphatidyl 22:5

0.34 ± 0.07a

0.22 ± 0.05b

534.4

Phosphatidyl 22:2

1.65 ±

0.25a

0.71 ± 0.00b

526.4

Phosphatidyl 18:0

0.12 ± 0.02b

0.45 ± 0.01a

552.4

Phosphatidyl 20:1

0.96 ± 0.03a

0.35 ± 0.04b

572.3

Phosphatidyl 22:5

0.15 ±

0.01a

0.09 ± 0.01b

578.4

Phosphatidyl 22:2

1.73 ± 0.02a

0.52 ± 0.06b

579.2

Phosphatidyl 18:4

0.27 ±

0.09b

1.02 ± 0.11a

599.1

Phosphatidyl 18:1

0.43 ± 0.33b

0.50 ± 0.18a

601.6

Phosphatidyl 18:0

0.63 ± 0.05a

0.50 ± 0.18b

Phosphatidyl 20:5

0.09b

1.02 ± 0.11a

619.4

0.27 ±

a,bValues in the same line with different lower-case letters are significantly different at P < 0.05. The number labeled following the quantitative values indicated that the corresponding molecular species which lists in the second column of the table were present. [M]+ for glycerophosphocholines and lysoglycerophosphocholines; [M+H]+ for glycerophosphoethanolamines, lysoglycerophosphoethanolamines, glycerophosphatidylserines, lysoglycerophosphatidylserines, glycerophosphatidylinositols and lysoglycerophosphatidylinositols. Abbreviations: GPCho, glycerophosphocholine; GPEtn, glycerophosphoethanolamine; GPSer, glycerophosphatidylserine; GPIns, glycerophosphatidylinositol;
LGPCho, lysoglycerophosphocholine; LGPEtn, lysoglycerophosphoethanolamine; LGPSer, lysoglycerophosphatidylserine; LGPIns, lysoglycerophosphatidylinositols.

consumption of 250–1,000 mg of EPA/DHA for health benefit is
widely recommended (Kuratko et al., 2013). The dietary sources
of n-3 LC-PUFA are mainly existed in TAG and PL form, however,
n-3 LC-PUFA in the PL form has captured extensive attention by
consumers and scholars due to their higher bioavailability (Cook
et al., 2016; Nicolson, 2014; Yurko-Mauro et al., 2015), tissue-delivery capacity (Antebi et al., 2004; Cansell, 2010; Liu et al., 2014)
as well as health promoting effects (Ramprasath et al., 2013; Sampalis et al., 2003; Ulven et al., 2011) compared with n-3 LC-PUFA
in TAG form. Therefore, the nutritional and healthy functions of
whelk may partly be ascribed to the n-3 LC-PUFA enriched in PL.

Science Foundation of China (31871759; U1808203)”, “National
Key R&D Program of China (2018YFD0901002)”, and “Project
of Distinguished Professor of Liaoning Province (2015-153)”.

4. Conclusion

Table s2. Structural identification of glycerophosphocholines in
whelk lipids according to first-stage MS and MS/MS data.

Dried whelks (Chlorostoma rusticum and Neverita didyma) tissues contained 13.67 and 7.12% of lipids, respectively. The lipids
mainly consist of PL, TAG, DAG, MAG, FFA and CHO, among
which PL (52.70–58.86% of total lipids) and TAG (31.91–32.01%
of total lipids) were dominant. For PL, PC (50.58–52.41 mol%)
was the major components. Compared with Chlorostoma rusticum, Neverita didyma had higher level of PUFA (37.68% of total
FA), especially EPA (11.00% of total FA) and DHA (11.10% of total FA). At least 212 and 236 GP molecular species were characterized, respectively, in whelks Chlorostoma rusticum and Neverita
didyma. Based on the amount of the molecular species containing
EPA and DHA, Neverita didyma was the better fit species for GP.
Obviously, whelks Chlorostoma rusticum and Neverita didyma are
rich source of n-3 LC-PUFA existed in PL form. Therefore, the
lipid quality of marine whelks may account for much of their nutritional and bioactive functions.
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Supporting information
Table s1. Lysoglycerophosphocholines in lipids recovered from
two species of whelks. The ratio of the intensity of the first-stage
MS signal of a lysoglycerophosphocholine in the positive ion
mode to that of the corresponding internal standard was used to
represent its relative amount for comparison.

Table s3. Glycerophosphocholines in lipids recovered from two
species of whelks. The ratio of the intensity of the first-stage MS
signal of a glycerophosphocholine in the positive ion mode to that
of the corresponding internal standard was used to represent its
relative amount for comparison.
Table s4. The number of molecular species of glycerophosphocholines, glycerophosphoethanolamines, glycerophosphatidylserines,
glycerophosphatidylinositols, lysoglycerophosphocholines, lysoglycerophosphoethanolamines, lysoglycerophosphatidylserines
and lysoinglycerophosphatidylinositols in lipids recovered from
two species of whelks.
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Abstract
Palm date is an important crop in many Middle Eastern countries. In the present study, seedling date palm wood
and old date palm wood were evaluated for their phenolics content. It was found that they may serve as rich
sources of soluble and insoluble-bound phenolics with promising reducing power and metal chelation. The observed effects were compared with those of oak, quibracho, banana, and pine woods. Syringic acid, (+)-catechin,
and (+)-gallocatechin were present in five out of the six tested samples, as evaluated by MALDI-TOF-MS. Therefore, these compounds are good candidates to be monitored by the industry in order to define quality parameters. Additionally, due to their strong ability to counteract DNA damage caused by peroxyl and hydroxyl radicals
(up to 98.42%) and cupric ion-induced human low-density lipoprotein-cholesterol (LDL-c) peroxidation in vitro
(up to 95.80%), wood phenolics may render antimutagenic effects and protection against cardiovascular diseases.
Keywords: Wood by-products; Total phenolic content; MALDI-TOF-MS; Peroxyl radical; Hydroxyl radical; DNA oxidation inhibition;
Low-density lipoprotein oxidation control.
1. Introduction
The potential use of naturally occurring plant bioactives has attracted much interest mainly because they are environmentally friendly
and may provide better safety for consumers in comparison to their
synthetic counterparts. The potential bioactives of plant industrial
by-products may also be interesting from an economic standpoint
(de Camargo et al., 2018; Louli et al., 2004; Moure et al., 2001;
Shahidi et al., 2019) as many of them are discarded. Several studies have focused on food by-products as sources of phenolic bioactives. In contrast, by-products generated during wood processing
have received little attention, despite their great potential as sources of bioactive compounds for possible use in the manufacture of
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nutraceuticals and natural health products (Domenek et al., 2013).
Phenolic acids, flavonoids (including anthocyanins and proanthocyanins), lignans, and lignins are well-characterized natural antioxidants (Albishi et al., 2019b; de Camargo et al., 2015; Valdez
et al., 2019). The variety of polyphenols is large, and the diversity
is further affected and possibly increased due to changes occurring during the course of sample preparation (e.g. oven-drying,
spray-drying; and freeze-drying), extraction (e.g. solvent-assisted
extraction, enzyme-assisted extraction, ultrasound-assisted extraction), as well as up-scaling (Crestini et al., 2011; de Camargo et al.,
2016; de Camargo et al., 2018).
Regardless of the method used for the recovery of phenolic compounds, most reports ignore the fraction remaining after the extrac-
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tion of soluble phenolics. As evidence on the major contribution of
phenolics present in the insoluble-bound form is better recognized,
screening the phenolic profiles in the insoluble-bound fraction and
their potential bioactivity becomes mandatory. Insoluble-bound
phenolics are linked to the cell wall of the plant components and
must be hydrolyzed so that the real concentration of polyphenols in
the starting material could be evaluated (Shahidi and Yeo, 2016).
In addition, several studies have addressed the phenolic profile
and potential health benefits of single samples, thus ignoring the
importance of comparative studies. Therefore, the aim of the present study was to recover soluble phenolics from selected woods
as well as those released from their insoluble-bound counterparts.
The antioxidant potential of samples was screened by chemicalbased methods, and their potential bioactivity was determined using models related to potential cancer and cardiovascular disease
initiation.
2. Materials and methods
2.1. Materials
The woods used in the present investigation included seedling
date palm wood (SPW), old date palm wood (OPW), oak wood
(OW), quibracho (QW), pinewood (PW), and banana (BW). The
heartwood from OPW was 28 years old, SPW tree 4 years old.
OPW and SPW woods were collected manually from the Salman
Alfarsi Garden, Almadinah, Saudi Arabia, and the OW, PW, QW,
and BW samples, were collected from the French Company Industrial de la Matiere Vegetale (CIMV). All samples were freezedried for 7 days at −48 °C and 30 × 10−3 mbar (Freezone 6, model
77530, Labconco Co., Kansas City, MO, USA). The dried samples were then ground, vacuum packed and stored in a freezer at
−20 °C until used for analysis within 5 days. All experiments were
carried out in triplicates, and the results were reported as mean ±
standard deviation. The methodologies followed are described below. Organic solvents were purchased from Fisher Scientific Co.
(Nepean, ON, Canada). The remaining chemicals and reagents
were obtained from Sigma-Aldrich Canada Ltd. (Oakville, ON,
Canada).
2.2. Extraction of phenolics
The fractions containing soluble and insoluble-bound phenolics
were obtained as described elsewhere (Albishi et al., 2019a).
Freeze-dried woods (5g) were ultrasonicated for 20 min at 30
°C with 150 mL of a mixture of methanol–acetone–water (7:7:6,
v/v/v). The resulting slurries were centrifuged at 4,000×g (ICE
Centra MS, International Equipment Co., Needham Heights, MA,
USA) for 5 min and the supernatants collected. The residue was
re-extracted under the same conditions. After centrifugation, the
combined extracts were analyzed for soluble phenolics, and the
residue was reserved for determination of insoluble-bound phenolics. The combined supernatants were evaporated under vacuum at
40 °C to remove the organic solvents, and the aqueous phase was
adjusted to pH 2 before extraction with hexane to remove interfering lipids (Sosulski et al., 1982). The solid residues remaining after
the extraction of soluble phenolics were dispersed in 50 mL of 4 M
NaOH and stirred for 4 hours under nitrogen. The alkaline solution
was acidified to pH 2 using 6 M HCl and the bound phenolics were
recovered with diethyl ether-ethyl acetate (1:1, v/v). The organic
solvent was evaporated and HPLC grade methanol was used to

resuspend the phenolic extracts.
2.3. Determination of total phenolic content
The total phenolic content was determined according to an improved version of the procedure explained by Singleton and Rossi
(1965) with minor changes as previously described (Albishi et al.,
2013b). Total extracted phenolics were expressed as mg of gallic
acid equivalents per gram of wood extract.
2.4. Identification of phenolic compounds by MALDI-TOF-MS
The MALDI-TOF-MS spectra were recorded on a Bruker Reflex
III instrument (Bremen, Germany). The irradiation source was a
pulsed nitrogen laser with a wavelength of 337 nm, and the duration of the laser pulse was 3 ns. In the negative reflection mode, an
accelerating voltage of 20.0 kV and a reflection voltage of 23.0 kV
were used. The spectra of phenolics were obtained from a sum of
100–150 shots. The compound 2,5-dihydroxybenzoic acid (DHB,
1 mg/mL) was used as the matrix. The sample solutions (1 mg/
mL) were mixed with the matrix solution at a volumetric ratio of
1:3. The mixture (1 μL) was applied to the steel target. Amberlite IRP-64 cation-exchange resin, equilibrated in deionized water,
was used to deionize the analyte/matrix solution three times.
2.5. Reducing power
The reducing power of wood extracts was determined according
to Albishi et al. (2013b). Briefly, each extract (0.2–1.0 mg) was
dissolved in 1.0 mL of distilled water to which 2.5 mL of a 0.2 M
phosphate buffer (pH 6.6) and 2.5 mL of a 1% (w/v) solution of
potassium ferricyanide were added for determination of reducing
power. The mixture was incubated in a water bath at 50 °C for 20
min. Subsequently, 2.5 mL of a 10% (w/v) solution of trichloroacetic acid were added, and the mixture was then centrifuged at
1,750×g for 10 min. Subsequently, a 2.5-mL of the supernatant
was combined with 2.5 mL of distilled water and 0.5 mL of a 0.1%
(w/v) solution of ferric chloride. The absorbance of the reaction
mixture was read spectrophotometrically at 700 nm; the increased
absorbance of the reaction mixture indicates greater reducing power. Results were expressed as µmoles trolox equivalents.
2.6. Measurement of iron (II) chelation capacity
The chelation of ferrous ions by the extract was estimated by the
method of Liyana-Pathirana and Shahidi (2006), with some modifications. In brief, 0.5 mL of extract was mixed with 1.85 mL of
methanol and 0.05 mL of 1 mmol/L ferrozine, followed by vigorous shaking and allowing the mixture to react at room temperature
for 10 min. The absorbance was read spectrophotometrically at
562 nm. The chelation capacities were expressed as µmol ethylenediaminetetraacetic acid (EDTA) equivalents/g of wood extract.
2.7. Supercoiled DNA strand scission induced by peroxyl and hydroxyl radicals
The inhibition activity phenolic wood extracts against supercoiled
DNA strand scission induced by peroxyl and hydroxyl radicals
was evaluated according to the method described by Albishi et
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al. (2013a). The protective effect of wood extracts was calculated
based on the following equation:
DNA retention (%) = 100 (supercoiled DNA content in sample/
supercoiled DNA in the control)

Table 1. Total phenolic contents (TPC) of woods extracts (mg GAE/g of
WE)*

2.9. Statistical analysis
All experiments were carried out in triplicates, and results were reported as mean ± deviation. The significance of differences among
the values was determined at p < 0.05 using analysis of variance
(ANOVA) followed by Tukey’s multiple range tests.
3. Results and discussion
3.1. Total phenolics and MALDI-TOF-MS analysis
The total soluble and insoluble-bound phenolics were determined
in wood samples. The content of soluble phenolics in each tested
wood decreased in the order of seedling date palm wood (SPW) >
old date palm wood (OPW) > oak wood (OW) > quibracho wood
(QW) > pinewood (PW) > banana wood (BW). Extracts from BW
had the lowest amount of soluble and bound phenolics, compared
to other wood varieties (Table 1). Furthermore, the fraction containing soluble phenolics made the highest contribution to the total
content recovered (soluble plus insoluble-bound phenolics).

Fraction

Feedstock

2.8. Inhibition of cupric ion-induced human low-density lipoprotein-cholesterol (LDL-c) peroxidation
The inhibitory effect of wood extracts on cupric ion-induced human LDL-c peroxidation was determined according to Albishi et
al. (2013a). Tannic acid, syringic acid, gallic acid, and catechin
(100 ppm) were used as positive controls. The appropriate blanks
were run for each sample by replacing LDL-c and CuSO4 with distilled water for background correction. All results were expressed
as inhibition percentage (de Camargo et al. 2015).

Albishi et al.

soluble

insoluble-bound

OPW

74.65 ± 2.62b

19.67 ± 0.87a

SPW

80.03 ± 4.47a

21.05 ± 0.60a

OW

59.45 ±4.82c

10.80 ± 0.10b

PW

24.76 ± 0.26d

7.54 ± 0.33d

QW

43.34 ±

0.72c

BW

19.76 ± 1.01d

12.41 ± 0.14b
5.98 ± 0.01c

*GAE, gallic acid equivalents; WE, wood extract; OPW, old date palm wood; SPW,
seedling date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW,
banana wood. Data represent mean values ± standard deviation (n = 3). Values followed by the same letters within a column are not significantly different (p > 0.05).

Except for date palm wood, which has been employed in preparation of smoked salmon (Albishi et al., 2019a), the present investigation is the first study that evaluates the contribution of bound phenolics in several types of wood. Therefore, due to different extraction
procedures, comparison with the literature data is not possible. However, considering the soluble fraction, the TPC of SPW is quite similar to that of Myrocarpus fastigiatus wood (Dudonné et al., 2009).
Identification of the major phenolic compounds in samples was
carried out to better explain the potential bioactivity of wood extracts (Table 2). SPW, which exhibited the highest TPC, showed
the presence of protocatechuic acid, coniferylaldehyde, homovanillic acid, syringic acid, sinapaldehyde, (+)-catechin, and p-coumaric acid 4-O-glucoside. In contrast, catechol, syringic acid,
3′-hydroxydihydrodaidzein, kaempferol, (+)-catechin, (+)-gallocatechin, and rhamnetin were detected in BW, which showed the
lowest TPC. Syringic acid, (+)-catechin, and (+)-gallocatechin
were present in 5 out of 6 samples tested. Therefore, these compounds are good candidates to be monitored by the user industry
in order to define the best parameters for quality control purposes.
Syringic acid that was identified in this work is also found

Table 2. Phenolic compounds identified in woods by MALDI-TOF-MS

MW

Identification

110

catechol

OPW

SPW

154

protocatechuic acid

+

+

178

coniferylaldehyde

+

+

182

homovanillic acid

+

+

196

hydroxycaffeic acid

198

syringic acid

+

+

208

sinapaldehyde

+

+

272

3′-hydroxydihydrodaidzein

286

kaempferol

290

(+)-catechin

+

306

(+)-gallocatechin

+

316

rhamnetin

326

p-coumaric acid 4-O-glucoside

OW

PW

QW

BW

+

+

+

+

+

+
+

+
+

+

+

+
+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

OPW, old date palm wood; SPW, seedling date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW, banana wood.
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Table 3. Reducing power (RP) and iron (II) chelation capacity (CC) of wood extracts

Feedstock

RP (mmoles TE/g WE)
Soluble
0.32a

CC (μmoles EE/g WE)

Insoluble-bound
0.13 ±

Soluble

0.004d

10.82 ±

Insoluble-bound
1.60b

11.42 ± 1.67b

OPW

1.18 ±

SPW

1.37 ± 0.02a

0.81 ± 0.03a

21.17 ± 1.44a

12.95 ± 1.85a

OW

0.55 ± 0.04b

0.30 ± 0.008c

10.68 ± 1.33b

10.28 ± 2.44c

PW

0.59 ± 0.14b

0.70 ±0.05b

6.94 ± 1.65c

3.08 ± 4.46d

QW

1.15 ±

0.27a

0.68±0.007b

9.86 ±

1.55b

8.59 ± 7.48c

BW

0.35±0.03c

0.10±0.004d

5.54 ± 1.25c

2.28 ± 2.48d

TE, trolox equivalent; EE, EDTA equivalents; OPW, old date palm wood; SPW, seedling date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW, banana wood.
Data represent mean values ± standard deviation (n = 3). Values followed by the same letters within a column are not significantly different (p > 0.05).

in nuts, fruits, culinary herbs, and their processing by-products
(Alvarez-Parrilla et al., 2018; Mirfat et al., 2018; Senanayake,
2018; Shahidi and Hossain, 2018). In contrast, while several feedstocks show catechin in their phenolic profile (Amarowicz and
Shahidi, 2018; Silva et al., 2018; Silva et al., 2019), the presence
of gallocatechin is not as common.
Green tea is a classic example of a source of galloylated catechins (Li et al., 2019). Furthermore, the presence of catechin,
but not gallocatechin, has also been reported in date seed (John
and Shahidi, 2019). The literature supports the anti-inflammatory potential of phenolic compounds from several feedstocks (de
Camargo et al., 2019; Falcão et al., 2019; John and Shahidi, 2019)
and, in general, a higher antioxidant activity translates in higher
anti-inflammatory potential. Therefore, due to the probable positive effect on inflammatory responses taking place in chronic ailments such as cancer, cardiovascular diseases, type 2 diabetes and
obesity, and the parameters investigated in the present study, byproducts generated during wood processing may be considered as
rich sources of multifunctional natural compounds for the nutraceutical industry.
3.2. Reducing power, and iron (II) chelation capacity
A recent study (de Camargo et al., 2019) showed that ferric reducing antioxidant power (FRAP) assay may anticipate the biological
activity of phenolic extracts in cell models. However, ferrous ions
generated in this reaction may also induce lipid oxidation. Therefore, besides being a good reducing agent, an “ideal antioxidant”
may also exhibit chelating capacity resulting from its specific
structural features. Accordingly, the chelating ability of the phenolics were investigated in the present study (Table 3).
The reducing power of the fraction containing soluble phenolics ranged from 0.35 to 1.18 mmol trolox equivalents/g of wood
extract while the metal chelation values ranged from 5.54 to 21.17
μmol EDTA equivalents/g of wood extract. All fractions containing
phenolics released from their insoluble-bound form also showed
reducing power and chelation capacity. The reducing power (r =
0.744) and the metal chelation capacity (r = 0.699) showed significant (p < 0.05) positive correlations with TPC (Table 1).
3.3. Evaluation of antioxidant activity of wood extracts in biological model systems
The fraction containing soluble phenolics made the highest contribution to the total phenolic content (soluble plus insoluble-bound)

and, hence, was tested in two biological in vitro model systems,
namely ROS-induced supercoiled strand DNA scission and cupric
ion-induced human low-density lipoprotein cholesterol (LDL-c)
peroxidation.
3.3.1. Supercoiled strand DNA scission induced by peroxyl and
hydroxyl radicals
The inhibitory activity of phenolic extracts (20 µg/mL) towards
peroxyl and hydroxyl radical-induced DNA damage is shown in
Table 4. In addition, Figures 1 and 2 show, respectively, the activity of soluble wood extracts in inhibiting peroxyl and hydroxyl
radical-induced DNA supercoiled strand scission.
Hydroxyl radicals were generated by Fenton reaction in the
presence of H2O2 and FeSO4. The chelation capacity of phenolics
from wood extract was mentioned before (Table 3). Therefore, the
scavenging of hydroxyl radicals along with metal chelation may
be the possible operative mechanisms explaining the protection of
DNA towards hydroxyl radical induced-damage.
SPW and OPW exhibited the highest protection towards DNA
damage induced by hydroxyl radical (98.42 and 86.49%, respectively) which was followed by OW (69.41%), QW (89.06%),
and BW (77.89%), which showed statistically similar activities,
whereas PW (51.85%) had the lowest activity. Likewise, soluble phenolics from SPW were most efficient in protecting DNA
from peroxyl radical-induced damage, while those extracted from
PW showed the lowest activity. Their efficiencies were 36.54 and
Table 4. Inhibition of DNA strand scission (%) of soluble wood phenolics
towards hydroxyl- and peroxyl-induced oxidation*

Feedstock

DNA strand scission inhibition (%)
Hydroxyl radical

Peroxyl radical

SPW

36.54 ± 2.39a

98.42 ± 0.91a

OPW

38.64 ± 0.74 a

86.39 ± 1.94 b

OW

29.85 ± 1.93 b

69.41 ± 1.97 c

PW

19.05 ± 0.63 c

51.85 ± 2.66 c

QW

27.07 ± 3.69 b

89.06 ± 0.89 b

BW

24.88 ± 4.66 b

77.89 ± 2.13 c

OPW, old date palm wood; SPW, seedling date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW, banana wood. Data represent mean values ± standard deviation (n = 3). Values followed by the same letters within a column are not
significantly different (p > 0.05).
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Figure 1. Agarose gel electrophoresis of inhibition of peroxyl radical-induced DNA scission by soluble wood extracts. N (nicked), S (supercoiled) DNA. TA,
tannic acid; BW, banana wood; PW, pinewood; QW, quibracho wood; OW, oak wood; OPW, old date palm wood; SPW, seedling date palm wood.

Figure 2. Agarose gel electrophoresis of inhibition of hydroxyl radical-induced DNA scission by soluble wood extracts. N (nicked), S (supercoiled) DNA. ;
SPW, seedling date palm wood; OPW, old date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW, banana ; TA, tannic acid.

19.05%, respectively. Tannic acid, used as a positive control (Figure 1), showed 87.93% inhibition of DNA damage against peroxyl
radical, and this was lower than that of SPW but similar to those
of QW and OPW.
Regardless of the sample, phenolics from wood extract were
more effective against peroxyl radical. A few studies have shown
hydroxyl radical scavenging activity of wood. Sathya and Siddhuraju (2012) showed that the phenolics extracted from the bark
of empty pod exhibited a protective effect against hemolysis of
human red blood cells induced by AAPH as a source of peroxyl
radicals, and this was comparable to the protective effect of BHA

and tannic acid. Therefore, considering the literature (Sathya and
Siddhuraju, 2012) and our results, it is possible to suggest that phenolics from wood may be used in order to protect the DNA from
oxidized damage and possibly in supplements that may act as antimutagenic agents in cancer prevention and/or treatment.
3.3.2. Inhibition of cupric ion-induced human low-density lipoprotein (LDL) peroxidation
The protective effect of soluble phenolics was tested towards

Figure 3. Inhibition of cupric ion-induced human low-density lipoprotein (LDL) peroxidation. TA, tannic acid; SA, syringic acid; CAT, catechin; GA, gallic acid;
SPW, seedling date palm wood; OPW, Saudi old date palm wood; OW, oak wood; PW, pinewood; QW, quibracho wood; BW, banana wood.
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cupric ion-induced human low-density lipoprotein cholesterol
(LDL-c) peroxidation in vitro (Figure 3). Soluble phenolic extracts
obtained from BW exhibited the lowest inhibitory effect against
LDL-c oxidation, which was comparable to that of PW. According to the literature (Ambigaipalan et al., 2016), low inhibitory
effects may be explained by the poor chelating ability of phenolics present in the test sample. In fact, in this study, no correlation was found between the ability of phenolic extracts in chelating ferrous ions and the inhibition of LDL-c oxidation (r = 0.802,
p > 0.05). In contrast, a significant correlation existed when the
TPC was considered (r = 0.943, p < 0.05). Compounds that do not
bear catechol and/or galloyl groups in their structure do not show
any complex formation (Andjelković et al., 2006). Syringic acid,
which was present in five out of six samples, does not bear the
mentioned moieties, which may help to explain the lack of correlation between the chelation capacity and the effect against LDL-c
oxidation. However, it is important to mention that the inhibitory
activity of soluble phenolics from four out of six wood extracts
(SPW, OPW, OW, QW), was higher than 80%. These results were
statistically similar to those obtained for tannic and syringic acids
(at 100 ppm), which along with gallic acid and catechin, were used
as positive controls. In addition, tannic acid (inhibition of 88.0%)
and syringic acid (inhibition of 89.8%) showed higher inhibitory
activity than gallic acid (72.4%) which was followed by catechin
(55.8%) thus supporting the differences found in different starting
materials that may have a different phenolic profile. Finally, most
soluble phenolic extracts obtained in the present study showed a
higher inhibition activity against LDL-c oxidation compared to
those released from the insoluble-bound form (data not shown),
thus being the best fraction for potential development of nutraceuticals and/or pharmaceutical agents to prevent and/or decrease the
risk of coronary heart diseases.
4. Conclusions
Irrespective of the wood sample, the fraction containing soluble
phenolics was the most promising in terms of bioactive compounds. Several phenolic acids and flavonoids were identified by
MALDI-TOF-MS. A positive correlation existed between TPC
and reducing power. Likewise, the metal chelation capacity significantly correlated with TPC. Syringic acid, (+)-catechin, and
(+)-gallocatechin were present in most samples and may be the
responsible for the great ability of wood extracts in counteracting DNA damage and LDL-cholesterol oxidation. Wood phenolics
may deserve further investigation in cardiovascular diseases, cancer prevention and/or treatment.
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