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Abstract
Natural products from food and herbs have been used as functional food and medicine for centuries, much earlier than any of the current single molecule drugs in the market. Historically, natural products are the dominant
resources of current global pharmaceutical market. Examples include world’s most commonly used drugs such
as aspirin, penicillin and taxol. In viewing the increasing attraction and exponentially growing need for functional
foods and effective medicines, the potential for natural products to serve as safe and effective preventive and
therapeutic agents is of much interest. However, the importance in 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. More than often inconsistent and
invalid biological results are provided without chemical component identification and validation. Hence it is vital
to characterize and identify the ingredients in the plant extracts – food bioactives- 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 have a meaningful comparison among similar studies due to the use of the same standard.
Herein, we use tea as examples demonstrating the importance of phytochemical profiling and associated bioactive property of functional foods.
Keywords: Characterization; Natural product; Tea biological activity; Food bioactives; Phytochemical profile.

1. Introduction
Natural products have been used globally for medicinal purposes
according to historical records although the sources and applications may vary among different regions of the world. The father
of modern medicine, Hippocrates, left behind historical records of
pain relief medicine. From the bark and leaves of white willow
tree, he made powder and used it to treat headache and other pains
as well as fever. Not until 1829, by means of isolation and chemical characterization, scientists discovered that salicin in willow

plants was the ingredient functioning as a pain reliever and further
developed the most popular drug, aspirin by Bayer. Hippocratic
phrase “let food be thy medicine and medicine thy food” presaged
the modern science of therapeutic nutrition or nutritional therapy
and the development of functional foods, dietary supplements and
medical foods by over two millennia. The development of modern
analytical chemical and instrumental methods has led the foundation for identification and characterization of nutrients and phytochemical bioactive compounds such as polyphenols in plants
whose therapeutic properties have been relied upon throughout the
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history (Newman and Cragg, 2012).
1.1. Natural product and medicine
Traditionally, natural products have been a rich source for therapeutic discovery and have led to the development of many of the
world’s most commonly used drugs, such as aspirin from white willow, penicillin from fungi, and taxol from pacific yew tree. In the
area of cancer as an example, from 1940 to December 2010, among
175 available small molecular anti-cancer drugs, 131 (74.8%) of
them directly came from or were inspired by natural products (Newman and Cragg, 2012). Single chemical compounds from nature
can be very potent therapeutic agents, but their potential adverse
side effects and limited applications must be thoroughly considered
and strict usage instructions provided prior to their introduction to
the market. On the other hand, consumer attention has been drawn
to the use of natural bioactive products for both disease prevention
and treatment in recent years. The conception and perception of
health conscientious consumers is that consuming bioactive compounds as part of a complex mixture perhaps reduces the potential
for adverse effects as different components may influence absorption, metabolism, and excretion of a primary bioactive. Additionally, compounds of complex natural extracts may act synergistically
in ways that are difficult to reveal experimentally and produce effects that are unlikely to be replicated with a single pure compound.
In addition, recent data from many laboratories suggest that natural
products act more subtly but broadly than most drugs with modest
effects at multiple steps in the inflammatory cascade as an example
rather than exerting super potent action at a single step, as drugs
are designed to do, and also more complex than previously thought
with the discovery of active and multiple effects from microbiota
mainly in human digestive system (van Duynhoven et al., 2013).
1.2. Importance of natural product characterization
There are many challenges and obstacles in the identification
and characterization of bioactive ingredients in natural product
research and product development. Despite the potential advantages of natural products as functional foods and even therapeutic agents, this approach presents significant challenges that have
slowed development and acceptance by mainstream medical enterprises. Highly specialized and costly analytical instrumentation
and techniques are required to isolate, identify and characterize
the bioactive compounds of a multi-component composition. For
instance, thousands of studies have been performed using green
and black teas and their extracts, yet a majority of these studies did
not provide adequate chemical compositional data and sufficient
information regarding the molecular identity of the tea extracts experimented. Some publications provided partial contents such as
caffeine and total polyphenols including green tea catechins and
black tea theaflavins, but replication of the study materials can be
difficult without a full spectrum of phytochemicals present in the
tea extracts, which consequently contributed to inconsistent biological effects of tea and tea extracts in the literature. Furthermore,
bioassays are also essential in evaluating the efficacy of natural
products with consistency and confidence and they can be very
sensitive to chemical differences even in the absence of knowledge
regarding the identity of some minor chemical components. Without a well-characterized profile of chemical entities, the challenge
is to devise adequate controls for chemical and biological quality
assurance of a complex mixture. Such a complex material, like a
plant or plant extract, is likely to contain a large number of com-
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pounds, many of which are present at extremely low levels, and
may even be unstable during analytical procedures. By the illustration of examples in this review, we advocate a combined chemical and biological evaluation method to have an adequate quality
control over the characterization of natural products to achieve a
level of consistency and reliability needed for use in functional
foods or other therapeutic agent applications (Gosslau et al., 2011;
Venskutonis, 2018).
1.3. Challenges and solutions in the analysis of natural products
There are several challenges facing chemical identification and
characterization of natural products. The first challenge is the process of one or more mixtures. Natural products used historically as
therapeutic agents usually from herbs or post fermentation were
typically generated as extracts or concentrates, in liquid or dried
form. These processes, even with clear documentation, are often
variable and difficult to control, and can yield distinct chemical
profiles due to subtle variations in processing technique. The second challenge is the multi-molecular composition of an extract. It
is not uncommon that an extract from a single plant may contain
hundreds or even thousands of individual components with varying stabilities and potential for interaction. However, advanced
analytical methods coupled using state-of-the-art analytical instruments such as liquid chromatography-mass spectrometry-mass
spectrometry (LC-MS-MS) and liquid chromatography-nuclear
magnetic resonance (LC-NMR) are able to disentangle complex
compounds, and also techniques employed for isolation and identification of virtually any chemical class of compound(s). The application of these techniques, in combination with cell and molecular bioassays, enables identification of key bioactive ingredients
(Pan et al., 2012; Lai et al., 2013; Lopez-Gutierrez et al., 2015).
Therefore, it is of vital importance to overcome obstacles and to
accomplish meaningfully defined or standard controlled natural
product research, i.e. the isolation, characterization, and biological
screening of natural products and the application of these chemically defined and biologically confirmed components as standardized controls in natural product research.
1.4. Implication of computerized instrumentation enabling improved analytical characterization
Rapid development and application of computer information and
material technology in recent decades has dramatically advanced
the technical capability of natural product isolation and characterization. Qualitative and quantitative instruments include automated
column chromatography, high performance liquid chromatography
(HPLC), ultra-HPLC, LC-MS-MS, and HPLC-NMR. The LCMS-MS exemplifies the dramatic advancement that has occurred
and its application in analysis and chemical structure determination can shorten the characterization time from weeks or months
to hours (Lin et al., 2012; Lopez-Gutierrez et al., 2015; Zhao et
al., 2019). The challenge in development of natural products as
medical foods and therapeutics having been created by the inherent variability in the starting material – whether a freshly harvested
plant or a dried or partially processed plant product can be solved
mostly with current modern instruments and techniques.
2. Chemically profiled tea extracts and their biological activities
Tea polyphenols, usually meaning catechins and theaflavins (Fig-
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Figure 1. Main catechins in green tea and major theaflavins in black tea.

ure 1), derived from green or black tea appear to be the primary
bioactive compounds with antioxidant activity (Luczaj and Skrzydlewska, 2005; Cyboram et al., 2015; Liu et al., 2018; Meng et
al., 2019), cancer prevention (Yang et al., 2009; Yuan, 2013; Xing
et al., 2019), and suppression of key cytokines in the inflammation
cascade as demonstrated by various cell-based assays and animal
studies (Sharma and Rao, 2009; Lobo, Dias and Shenoy, 2017;
Xing et al., 2019). The following are two examples that show the
relationship between tea polyphenols and biological activities.
2.1. Anti-inflammatory effects of tea polyphenols in characterized black tea extracts
Chronic inflammation, caused by persistent infections, immunemediated inflammatory diseases, or prolonged exposure to toxic
reagents or physical injuries, often leads to severe tissue destruction resulting from predominantly mononuclear macrophages. It
has been broadly recognized that the major underlying cause of
death in US, including cardiovascular disease, autoimmune disease, chronic respiratory disorders, Alzheimer’s disease, cancer,
and diabetes, account for six out of top ten leading causes of death
and increased human suffering (Aggarwal and Gehlot, 2009; McGeer and McGeer, 2004). Much attention has been paid to the
development of pharmaceuticals, therapeutic nutraceuticals and
functional foods for intervention or prevention of chronic inflammation.
In the study to control chronic inflammation, a black tea extract
(BTE) containing 40% of theaflavins was characterized by HPLC
analysis with well-defined standard compounds. Nine compounds
have been quantified as caffeine (CF), epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG), epigallocatechin gallate (EGCG), theaflavin (TF1), theaflavin-3-O-monogallate (TF2a),
theaflavin-3′-O-monogallate (TF2b) and theaflavin-3-O,O-digallate
(TF3). For each batch of black tea extract (BTE), the amount of gallic acid (GA), theobromine, and theophylline as well as abnormal
peaks occurring in the HPLC profile were also closely monitored.
Figure 1 illustrates an HPLC trace of BTE demonstrating the contents of individual bio-polyphenols in the BTE used in the antiinflammation study The BTE attested by a set of cell-based assays

based on a group of well-established anti-inflammatory biomarkers.
For instance, among different batches of BTE and multiple commercial sources, quality control requires that CF content is limited
at a maximum of 2.5%; total CA content is 20–30% and total TF
content is 40 ± 5%; as well as specific requirements for EC, ECG,
EGC, EGCG, TF1, TF2a, TF2b and TF3 (unpublished data).
In a human cell-based monocyte–macrophage differentiation
model, the BTE significantly down-regulated the expression of
COX-2, TNF-α, ICAM-1, IL-1β, IL-6, IL-8, NF-κB, C-JUN and
p53, but up-regulated anti-inflammatory IL-10 as demonstrated by
cDNA and oligo microarray analysis (unpublished data). Down
regulation of inflammatory genes corresponds to attenuation of
the canonical NF-κB pathway through IκB kinase inhibition and
AP-1 activity inhibition by theaflavins or the synergistic effects
of theaflavins and catechins (Gosslau et al., 2011). Strong antioxidative properties of polyphenols rich in tea extracts, GTEs and
BTEs, also seem to have a major anti-inflammatory effect since
free radical-induced cell damage is one of the hallmarks in chronic
inflammation (Gosslau et al., 2011; 2018). The modulation of other pathways by tea bioactives such as G-protein signaling might
add another potential anti-inflammatory mechanism (Aneja et al.,
2004; Yang et al., 2009).
The theaflavin enriched BTE has been studied in multiple
models. It was observed that BTE reduced edema formation in
a dose-dependent manner to the levels exerted by indomethacin
and aspirin using different animal models (Gosslau, et al., 2011;
2018). Tissue and blood analysis after BTE treatment revealed a
concomitant reduction in inflammatory mediators such as COX2 and TNF-α (Huang, et al., 2006). Moreover, a small pilot human study employing LPS-mediated irritation or exercise-induced
inflammation showed prominent anti-inflammatory effects of
BTE as indicated by a down-regulation of different cytokines and
chemokines as well as reduced inflammatory symptoms such as reduction of reactive oxygen species (ROS) and delayed onset muscle soreness (Arent et al., 2010). The aforementioned results of the
anti-inflammatory effects of BTE throughout different cell-based
assays, animal and human testing indicate that cell-based models
are predictive in the search for natural products and BTE to be very
promising agent against inflammation associated diseases. There
are many other tea related studies not covered in this opinion piece
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Figure 2. Tea polyphenol profile of 70% GTE. (EGC-10.8 min, 10.0%; EC18.5 min, 3.9%; EGCG-20.2 min, 32.8%; and ECG-34.2 min, 24.6%. Concentration: 1 mg/ml aquous solution. Analysis conditions: C18 column,
4.6x150 mm, 3 µm, 100 Å, UV 280 nm. Mobile phase: water( 0.1% HOAc
and acetonitrile).

that emphasizes the importance of the phytochemical characterization in the study of food bioactives such as tea.
2.2. Different hypoglycemia mechanism with different profiles
of tea extracts
Diabetes, one of the leading causes of death in the US, mainly has
two forms, type 1 and type 2. Type 1 diabetes is insulin dependent and results from a cellular mediated autoimmune destruction
of pancreatic β-cells. It can occur at any age but more common
in childhood and adolescence. Type 2 diabetes (T2D), responsible
for >90% of diabetic patients and previously referred to as noninsulin dependent diabetes mellitus or adult-onset diabetes, refers
to individuals who have insulin resistance and usually come along
with relative insulin deficiency. Age, obesity and lack of physical
activity are predominant risk factors leading to the development of
T2D. Obesity and T2D are closely correlated with each other and
also with chronic inflammation.
Tea polyphenols exert hypoglycemic activity (Tang et al., 2013;
Miao et al., 2015; Huang et al., 2015; Gosslau et al, 2018). Tea
extracts in the market vary dramatically in their content and type
of bioactive chemical entities, particularly polyphenols, which can
be very much misleading when referring to anti-diabetic activity
of tea extracts in the absence of characterization of compounds involved. By a direct comparison between green tea extracts (GTE,
70% catechins, Figure 2) and black tea extracts (TF-BTE, 70%
theaflavins, Figure 3), which have been chemically well-characterized by HPLC, in T2D mouse model induced by combining low
dose streptozotocin (STZ) with high fat (HF) diet, both GTE and
TF-BTE in drinking water substantially lowered blood glucose
levels and ameliorated glucose intolerance, but GTE was more effective than TF-BTE in lowering both the blood glucose level and
body weight gain. However, their action mechanism was different.
Serum insulin levels were significantly increased in the TF-BTE
group but not in the GTE fed group animals, apparently indicating different pathways in the hypoglycemic effects of tea extracts
due to different polyphenol profiles (Tang et al., 2013). Further
exploration elucidated the possible mechanisms by homeostatic
model assessment (HOMA), suggesting that the predominant
mechanism for the anti-diabetic effect was due to increased insulin
level in circulation in the body by reducing insulin resistance by
GTE and by increasing β-cell insulin secretion by TF-BTE (Tang
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Figure 3. Tea polyphenol profile of 70% BTE. (BTE, 40% theaflavin, 3 mg/
ml solution. Peak 1. caffeine; Peak 2. EGCG; Peak 3. ECG; Peak 4. TF1;
Peak 5. TF2a; Peak 6. TF2b; Peak 7. TF3. Analysis conditions: C18 column,
4.6x150 mm, 3 µm, 100 Å, UV 280 nm, Mobile phase: water (0.1% HOAc)
and acetonitrile).

et al., 2013). Total catechin content in GTE is 71.5%, with 10% of
EGC, 32.8% of EGCG, 24.6% of ECG and 3.9% of EC, respectively from HPLC quantification (Figure 2), whereas TF-BTE is
dominant in theaflavins (68.4%) and minor catechins (15.3%). The
individual contributions from theaflavins are TF1 (7.6%), TF2a
(26.3%), TF2b (6.1%), and TF3 (28.4%). Therefore, catechins
from green tea are responsible for the reduction of insulin resistance, while theaflavins in black tea play a critical role in stimulating β-cell insulin secretion (Tang et al., 2013), indicating different
hypoglyceamic mechanisms by catechins and theaflavins. Further
anti-diabetic effects of TF-BTE was confirmed in an obese ZDF
rat model with findings of anti-inflammatory activity of theaflavins
(Gosslau et al., 2018).
3. Concluding remarks
The biological activity of a multi-component molecular extract can
be assayed with available cell or animal models without difficulties. Yet, the correlation of bioactivity with individual components
in an extract remains a challenge for natural product research. On
the other hand, in depth research in natural products with nutritional function and therapeutic efficacy requires the identification and
quantification of bioactive molecules to elucidate a relationship
between chemical molecules and activity. Hence the characterization and quantification of individual phytochemicals in a complex
matrix is of great importance. Adequate characterization of multimolecular compositions can assure consistency and reproducibility
in the screening and evaluation of biological activity among different prepared batches and different resources of a natural product.
Not only should chemical profiles be obtained by characterization
and quality control of a complex natural product mixture, but also
biological assays should be performed because they may be more
sensitive to subtle changes in the chemical composition of natural
products than chemical methods used for quality control purposes.
Thus, adequate quality control ultimately requires a combination
of chemical profiling and biological screening.
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Abstract
The functional food, bioactive ingredients and nutraceutical industries are focused primarily on developing and
validating the bioactivity of their products. Furthermore, the scientific community is pretty much moving in the
same direction. A quick search in the literature demonstrates that phenolic compounds are perhaps the most
studied bioactive phytochemicals due to their myriad of health benefits, including antioxidant and anti-inflammatory effects. In fact, due to their role in preventing cardiovascular disease, certain types of cancer, and enzyme
inhibition in connection with type 2 diabetes and obesity, phenolic compounds are gaining attention of the industry. However, many phenolic compounds can influence the sensory characteristics of the final product and hence
consumer acceptance must be considered. Therefore, in this contribution we summarize the potential sensory
effects of phenolic compounds by focusing on their structuctural features.
Keywords: Polyphenols; Phenolic acids; Flavonoids; Sensory quality.

Industrial food products should be sensorially accepted by consumers and demonstrate satisfactory shelf-life. Therefore, development of a functional or enriched food should also consider these
aspects (de Toledo et al. 2018). An unexpected food color may be
the first attribute related to consumers’ rejection (de Camargo et
al., 2014). Anthocyanins, which are present in high concentrations
in several by-products (Ayoub et al. 2016; Garcia-Mendoza et al.,
2017; He et al., 2016; Leite-Legatti et al., 2012), are especially
susceptible to pH changes. Therefore, besides the expected color
effect from food fortification, pH changes in the medium may also
change the color of anthocyanins present in plant food by-products
or their extracts. For example, the appearance and color have been
found to be affected by incorporation of peanut skin in peanut butter (Sanders III et al., 2014).
The characteristic bitter taste of several phenolic compounds
raises a dilemma for the designers of functional foods because
their fortification with plant food by-products, which are rich in
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these phytochemicals and/or nutrients, may be incompatible with
consumer acceptance (Drewnowski and Gomez-Carneros, 2000).
Quercetin has been reported to affect the bitterness of food products
more than rutin (Suzuki et al., 2015). In the presence of rutinosidase, rutin may be hydrolyzed and generate quercetin and rutinose
as final products. Chlorogenic acid lactones, known contributors
to coffee bitterness, can also be hydrolyzed by esterases (Kraehenbuehl et al., 2017), thus decreasing their effect on bitterness.
Likewise, beta-glucosidase may hydrolyze conjugate isoflavones
and liberate their corresponding aglycones (Handa et al., 2014).
Furthermore, several phenolics originating via the action of enzymatic (yeast mediated) and chemical reactions during winemaking
may also be present in their corresponding by-products (Barcia
et al., 2014). As a consequence, the sensory changes in fortified
products may not be necessarily attributed to the parent compound
(e.g. rutin, conjugated isoflavones, chlorogenic acid lactones) but
to their hydrolyzed products. Therefore, a full scan of the phenolic
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profile in the final product subjected to fortification is always recommended rather than just monitoring specific compounds.
Bitter taste has been reported in the use of certain plant byproducts with high proanthocyanidins contents (de Camargo et
al., 2014). Highly polymerized proanthocyanidins exhibit greater
reactivity towards salivary proteins thus inducing their precipitation and conferring a more pronounced astringency than that of
the lower degrees of polymerization (Sarni-Manchado et al., 1999;
Sun et al., 2013). Molecular size has been found to be the major
factor affecting bitterness and astringency of tannin-containing
products (Peleg et al., 1999). Taste receptor cells are characterized
by the expression of members of the TASTE 2 Receptor (TAS2R)
gene family encoding bitter taste receptors (Soares et al., 2013).
According to these latter authors, the EC50 to activate the bitter
receptor TAS2R5 of epicatechin was ∼1,000-fold higher than that
of procyanidin trimer when both tannins (pentagalloylglucose and
procyanidin trimer) were present in the same micromolar range.
Furthermore, the presence of catechol or galloyl group was a critical feature (but not essential) for the interaction of polyphenol
compounds with TAS2R5. Roland et al. (2011) also evaluated the
sensory effect of isoflavones towards human bitter taste receptors
and showed that equol and coumestrol were more bitter than most
of the common soybean isoflavones.
Finally, according to the literature (Chillo et al., 2008), especially for the overall quality, spaghetti samples with added buckwheat
flour and durum wheat bran, rich in phenolic acids, showed sensorial properties fairly similar to the spaghetti made only of durum
semolina, thus demonstrating that a good formulation can overcome the potential detrimental sensory effects in food fortification.
The same principle should be considered for the use of phenolics
from plant food by-products when attempting to prevent oxidation
in food systems. This would most likely be dependent on the structural characteristics of the phenolic compounds present and their
required concentration to achieve the set goals in the formulation
of the final product.
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Abstract
Carnosine is a natural dipeptide synthesized by both vertebrate and invertebrate organisms and has functional
properties that are specific to muscle and excitable tissues. Recent in vivo and in vitro studies have shown that
carnosine presents metal chelating and antioxidant activities and has the ability to inhibit protein carbonylation
and glycoxidation. This review describes the health benefits of carnosine in relation to its bioaccessibility, bioavailability and biochemical properties as well as providing the current state-of-the-art knowledge on the potential use
of carnosine as a nutraceutical. The therapeutic potential of carnosine has also been investigated by a number of
preclinical and clinical studies for diseases such as diabetes and its associated complications, as well as fatigue, ageing, and some neurological disorders. Altogether the current literature provides supportive evidence on the use of
carnosine as a natural dietary supplement with significant health boosting efficiency and without any side effects.
Keywords: Carnosine; Bio-acitve peptides; Carnosinase; Anti-oxidant; Anti-glycation.

1. Introduction
Carnosine (β-alanyl-L-histidine) is a naturally occurring cytoplasmic dipeptide widely distributed in both vertebrate and invertebrate organisms, and highly concentrated in tissues such as brain,
eye lens and skeletal muscles. Carnosine has a number of derivatives (Figure 1) with the most common variants being anserine
and ophidine, both comprising a methylated imidazole ring of Lhistidine (Boldyrev et al., 2013). Since its first isolation from meat
extract, a number of in vitro and in vivo studies have investigated
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the physiological and biochemical properties of carnosine. The biological function of carnosine as a metal ion chelator, as well as its
physiological pH buffering, free radical scavenging, anti-glycation
and anti-lipid peroxidation activities, have now been well established (Boldyrev et al., 2013). Recognized as a potent antioxidant
molecule, carnosine is generally associated with pleiotropic pharmacological effect, such as anti-oxidation, anti-inflammation, antiageing, neuroprotection e.g., prevention of Alzheimer’s disease
(AD), diabetes regulation as well as therapeutic effects on ocular
disorders. Recently, carnosine was shown to inhibit oxidative nonenzymatic modifications as well as reverse advanced glycoxida-
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Figure 1. Chemical structure of carnosine (β-alanine-L-histidine) and its naturally occurring derivatives (adapted from Boldyrev et al., 2013).

tion and lipid oxidation end product. These results have supported
its clinical use for the prevention of chronic diseases such as type 2
diabetes, diabetic nephropathy, and cardiovascular neurodegenerative diseases (Baye et al., 2017). A number of investigations have
described the functionality of carnosine and ascertained its health
benefits in humans. The value of carnosine as a nutritional supplement/nutraceutical remains unknown to the general public. Hence
this review presents the most recent advances on the bioaccessibility, bioavailability, and biological activities of carnosine.
2. Chemical characterization
Carnosine is a water-soluble cytoplasmic dipeptide comprised
of β-alanine and L-histidine. The imidazole ring of L-histidine
confers the dipeptide its biological activity while β-alanine has a
regulatory functions on its rate of synthesis (Boldyrev et al., 2013).
Carnosine is synthesized by carnosine synthetase and hydrolyzed
by carnosinase, which are both primarily expressed in the muscle tissue and in some areas of the brain (di Pierro et al., 2011).
The rate of the enzymatic condensation reaction is limited by the
availability of β-alanine (Derave et al., 2010). The hydrolysis of
carnosine occurs predominantly in the serum where carnosinase
activity is higher compared to other tissues. (Lenney et al., 1985).
There are two forms of carnosinase: CN1, which is present in the
serum and CN2, which is expressed in tissues. CN2 accounts for
a significantly smaller fraction of the dipeptide’s breakdown in
humans (Derave et al., 2010). In contrast, carnosine is found in
all excitable tissues of the human body, including brain, myocardium, and skeletal muscle (Kyriazis, 2010), however, 99% of the
body’s carnosine is present in the muscle (Derave et al., 2010).
In mammals, only skeletal muscle and olfactory bulb present millimolar concentration range of carnosine while brain regions, other
tissues and body fluids have 10- to 1,000- fold lower concentration
(Boldyrev et al., 2013). The acid dissociation constant, pKa value
(6.83) of the imidazole ring of histidine confers the dipeptide its

pH buffering ability in muscle cells, which maintains pH and promotes exercise capacity by counteracting the enhanced production
of lactic acid during prolonged physical activity ( Park et al., 2005;
di Pierro et al., 2011). Contrastingly, free histidine has a pKa value
of 5.83 and is a poor physiological buffer compared to carnosine
(Hill et al., 2007).
3. Isolation of carnosine from meat products
Generally, carnosine is highly abundant in the muscle of animals,
however its content may be affected by the type of breed, gender, breeding activity and age (Crush, 1970). Carnosine content in
pork, beef, chicken, and seafood is summarized in Table 1. In all
six types of commercial chicken, carnosine content ranged from
0.66 to 1.83 mg/g, interestingly, carnosine content was 7-fold
higher in the chicken breast compared to thigh muscles (Jung et
al., 2013). Content was quantified at 35 and 104 mg/100g in female
chicken thigh and breast muscle, respectively; as opposed to 30
and 71 mg/100g in males (Peiretti and Meineri, 2015). An opposing trend was described in the duck muscle, with female ducks
showing lower levels of carnosine compared to males, suggesting
that gender differences vary between species (Lee et al., 2015).
Anserine concentrations were found to be higher than carnosine
in the breast and thigh meat extract of chicken as well as turkey
(Huang and Kuo, 2000; Peiretti et al., 2012). In beef extract, carnosine content was quantified as 3.79 mg/g in raw meat (Chan et al.,
1993) while in cured beef products, higher concentrations ranging
from 5.8 to 7.1 mg/g, were found (Marcolini et al., 2015). A higher
concentration of carnosine in cured beef product would be related
with the loss of water during the processing of meat. In the study
of Purchas et al. (2004), the content of carnosine in uncooked beef
muscle was 4.1 mg/g, which was decreased to be 3.3 mg/g after
the cooking process. The bioactive molecule carnosine was watersoluble cytoplasmic dipeptide, thus during the cooking process,
the loss of carnosine was related with the generation of cooking
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Table 1. Carnosine contents in raw meat extract obtained from different kind of species

Type of extract

Carnosine concentration (mg/g)

Reference

Beef

5.8∼7.12

Marcolini et al., 2015

Pork

0.13∼4.19

Mora et al., 2008

Horse

1.22∼4.07

Abe, 2000

Lamb

7.06

Jones et al., 2011

Rabbit

3.6∼4.6

Peiretti and Meineri, 2015

Chicken

0.66∼1.83

Jung et al., 2013

Turkey

0.86∼7.9

Gil-Agustí et al., 2008, Peiretti et al., 2012

Duck

0.14∼0.16

Lee et al., 2015

Lobster

0.1

Kantha et al., 2000

Prawn

9.25∼11.6

Preedy, 2015

Tuna

5.29

Jones et al., 2011

Mackerel

7.78

Jones et al., 2011

Rainbow Trout

0.11

Jones et al., 2011

Bonito (katsuo)

5.0∼7.9

Kantha et al.,2000

Conger eel (hamo)

0.2

Kantha et al., 2000

juices. In pork, carnosine content was compared between seven
types of muscle with concentrations ranging from 0.13 to 4.19
mg/g. A higher carnosine content was found to be associated with
glycolytic muscles e.g., the semimembranosus, the biceps femoris,
the gluteus maximus and the longissimus dorsi (Mora et al., 2008).
According to Suzuki, et al. (2002), this might be explained by the
high buffering capacity of carnosine which is a vital feature for
glycolytic muscles, where anaerobic metabolism results in the accumulation of lactic acid. Seafood and prawns also present high
content of carnosine ranging within 9.25–11.6 mg/g, while fish has
lower content ranging from 0.11 to 7.78 mg/g, e.g., tuna, mackerel
and rainbow trout (Jones et al., 2011; Preedy, 2015), whether it is
boiling or broiling, the cooking process cause up to 50% loss of
carnosine in beef and turkey meat, while the degradation of carnosine is lessened during microwave cooking (Peiretti and Meineri,
2015). The use of microwave cooking would thus help reduce the
loss of carnosine and imidazole-related compounds.
4. Bioaccessibility
As a bioactive peptide widely found in meat and meat products,
carnosine intake mainly relies on the absorption of meat protein
through the gastrointestinal tract. It was determined that, upon
digestion, the amount of dietary carnosine absorbed through the
intestine was strongly associated with its original concentration
in the food product, as well as with the amount that could be released from the food matrix. Contributing factors, such as pH in
the intestine, affect the concentration of carnosine released from
food e.g., beef, as it was shown that an in vitro digestive treatment at pH 2 led to higher release of carnosine compared to pH 7
(Marcolini et al., 2015). Importantly, the chewing and subsequent
acidification occurring during the digestion process were shown to
achieve more than 90% release of carnosine from cured beef products. Upon release, the absorption of carnosine is mainly mediated via proton-coupled peptide transporters in the small intestine
(Son et al., 2004) as represented in Figure 2, while the paracellular
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transport of intact carnosine was ruled out by earlier authors. Son
et al. (2004) also examined the transport of carnosine in a Caco-2
epithelium cell model and found that the dipeptide’s transport was
mediated by the proton-dependent peptide transporter PepT1. The
authors showed an enhanced PepT1-mediated uptake of carnosine
that occurred when the pH of the transport solution decreased from
7.4 to 6.0. Competitive uptake was observed when other dipeptides
were present in the transport solution, while inclusion of amino
acids did not affect the uptake of carnosine. PepT1 transporter is
expressed in the small intestine, renal proximal tubule, and liver
(Bhardwaj et al., 2006). Ferraris, et al. (1988) found that carnosine
uptake was at its highest in the jejunum of mice. Upon PepT1mediated transport across the brush-border membrane, carnosine
is faced with two fates: (1) hydrolysis by carnosinase within the
enterocyte or (2) transport across the basolateral membrane into
the blood as an intact dipeptide (Boldyrev et al., 2013). The mechanism underlying the basolateral transport of carnosine enterocytes
is more obscure than its apical counterpart, and warrants further
investigations.
Derave et al. (2010) speculated that the release of carnosine
from muscle cells may be mediated by PepT2, since PepT2-knockout mice were found to have reduced muscle carnosine concentrations. It was also hypothesized that the reduction in muscle carnosine levels during exercise-induced acidosis may be mediated by
the proton-dependent PepT2 transporter. PepT2 is known to be in
an integral transporter in the reabsorption of carnosine in the renal
tubules (Boldyrev et al., 2013). The PepT2-mediated apical transport of carnosine across renal epithelial cells occurred at 15 times
higher rate compared to its basolateral transport (Jappar et al.,
2009). It was hence hypothesized that the efflux of carnosine from
renal epithelial cells was regulated by a facilitative carrier, which
would limit its transepithelial transport. Carnosine accumulates to
some degree within the renal epithelial cell and undergoes degradation by CN2 leading to the release of histidine and β-alanine,
which then moves across the basolateral membrane via amino acid
transporters. Finally, Histidine and β-alanine are subsequently
reassembled in the tissue via the enzymatic activity of carnosine
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Figure 2. Proposed mechanisms of carnosine uptake by enterocytes. Carnosine uptake is mediated by the proton-dependent peptide transporter PepT1. It
is subsequently hydrolyzed within the enterocyte by tissue carnosinase (CN2) or transported intact into the blood where it is hydrolyzed by serum carnosinase (CN1) into its substituents β-alanine and L-histidine. (adapted from Boldyrev et al., 2013).

synthetase, as shown in Figure 2. Another transport system was described by Bhardwaj et al., (2006), whereby the proton-dependent
uptake of intact carnosine was mediated by the human peptide/
histidine transporter 1 (hPHT1) in a transfected monkey kidney
COS-7 cell system. Carnosine uptake via hPHT1 was observed
to increase as pH decreased, and transport was determined to be
optimal at pH 5.0. Through mRNA and protein analysis of gut sections and protein lysates obtained from the human gastrointestinal
tract, PHT1 was found to be mainly expressed in the epithelium of
the small intestine. Knowledge on the transport of carnosine via
hPHT1 remains scarce and requires further investigations.
An additional gap in the understanding of carnosine bioaccessibility resides in the translation of results obtained in animal models
(i.e., hamsters, mice, horses, pigs) to human applications. Findings
resulting from these animal models should be cautiously interpreted, as the CN1 levels in humans are significantly higher than those
found in animals e.g., misinterpretation of the levels of carnosine
found in serum (Boldyrev et al., 2013; Derave et al., 2010).
5. Bioavailability
While carnosine was reported as being a bioavailable dietary peptide capable of reaching the blood in an intact form via absorption
through the gastrointestinal tract, its oral bioavailability remains
limited (di Pierro et al., 2011). In the transcellular absorption, the
cellular uptake of carnosine was mediated by PEPT2 at the apical
membrane, and the efflux from basolateral membrane into blood
was very low. The limited bioavailability of carnosine is significantly associated with its poor basolateral transport. Compare with
carnosine, the uptake of β-alanine was easier to be absorbed by
the intestinal cells. It was documented that supplementation with
the rate-limiting precursor β-alanine, rather than carnosine itself,
can produce up to 80% increase in carnosine levels in the skeletal
muscle tissue (Derave et al., 2010). A galenic formulation was developed that contained equal amounts of pure carnosine and pure
β-alanine after 8- hour oral ingestion. Finally, oral ingestion of a
dietary supplement containing carnosine was found not to increase

carnosine levels in muscle more than a supplement containing
equimolar amount of β-alanine alone (Derave et al., 2010). In support of its bioaccessibility, a study in which mini-pigs were fed
various types of meat showed that the hydrolytic degradation of
carnosine in the gut lumen did not occur fast enough to prevent absorption of the dipeptide across the gastrointestinal tract (Bauchart
et al., 2007). Previous authors developed complexes composed of
carnosine and Trolox, a vitamin E analog, to inhibit degradation
by human serum carnosinase. They found that the carnosine derivatives performed better in reducing oxidative stress compared to
carnosine or Trolox individually, but also showed more resistance
to serum carnosinase degradation (Stvolinsky et al., 2010).
In a human cohort study, Park et al. (2005) examined the effects
of beef consumption on serum carnosine levels at given time intervals. Subjects were asked to abstain from carnosine-containing
food for 24 hours prior to the study to ensure a consistent baseline
level of serum carnosine, which was confirmed by blood collection. Subjects then consumed 200 g of cooked ground beef containing a total of 268 mg carnosine and subsequently had their
blood collected at regular intervals. As represented in Figure 3,
carnosine was detected in the blood as early as 15 minutes after
ingestion. Carnosine concentrations in serum peaked at 3.5 hours
post-ingestion and went below detection levels in blood after 5.5
hours. In a study by Marcolini et al. (2015), the gap between total
carnosine content and its free diffusible fraction was significant in
bresaola products. The authors concluded that carnosine was easily
released from the food matrix upon digestion within the gastrointestinal tract hence available for optimal absorption.
Hill et al. (2007) examined the effects of β-alanine supplementation on carnosine concentrations found in the muscle. Subjects
were given increasing doses of β-alanine every day for 4 vs. 10
weeks. The orally ingested dose of β-alanine started at 4.0 g per
day, divided into 8 separate supplement ingestion. The dose of
β-alanine was gradually increased by 0.6–0.8 g on a weekly basis
until week 4 when the dose reached 6.4 g per day. Carnosine concentrations were measured in vastus lateralis biopsies and were
found to increase by 58.8% and 80.1% in the 4th and 10 week
treatment groups, respectively (Hill et al., 2007). As mentioned
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Figure 3. Serum concentration of carnosine in subjects post-consumption of 200 mg cooked ground beef containing 134 mg/g tissue (cooked)
of carnosine (adapted from Park et al., 2005).

previously, supplementation with carnosine or β-alanine both resulted in an increased amount of carnosine in muscle, whereas
β-alanine alone elicited a greater increase than carsosine (Derave
et al., 2010).
In the human muscle, the concentrations of carnosine classically reach up to 20 mM/kg (dry weight of muscle) and ingestion of
supplement made of carnosine, β-alanine or meat products would
all promote an increasing effect (Derave, Everaert, Beeckman, and
Baguet, 2010). The main differences between the ingestion of carnosine from food matrix vs. supplement e.g., capsule, would be
in its bioaccessibility and bioavailability. Indeed, the release and
absorption rate of carnosine from meat products would be proportional to its original concentration in the food product and would
be dependent on the gastrointestinal environment, while the absorption rate of carnosine upon ingestion of capsule supplements
would be equal to the dose indicated on the label (Marcolini et al.,
2015). So far there have been no reports indicating differences in
the biological activity of carnosine depending on the source or nature of the food matrix ingested. Thus, the direct supplementation
of carnosine capsule or uptake the food rich in carnosine would all
possess the benefit for the health of body.
6. Metabolism
In the diet, the supplement of carnosine was mainly reliant on the
ingestion of meat and therefore the vegetarian diet would lack carnosine. The provision of carnosine through the diet is mainly relliant on the ingestion of meat; hence a vegetarian diet would result
in carnosine deficiency. Once in the serum or the tissue, carnosine
is degraded by carnosinase. In humans, CN2 is almost completely
absent from the skeletal muscle tissue; hence CN1 is responsible
for the majority of its degradation (Derave et al., 2010). Carnosine
was shown to be resistant to breakdown by peptidases (Boldyrev et
al., 2013; Hipkiss et al., 1995), while a non-enzymatic breakdown
of carnosine does not exist (Derave et al., 2010). Therefore, the
very specific degradation of carnosine suggests that its metabolism is tightly regulated. The rate-limiting precursor β-alanine results from the hepatic breakdown of uracil and thymidine as well
as from the degradation of dietary dipeptides derived from meat
sources (Derave et al., 2010). In contrast, the precursor histidine,
which confers the dipeptide’s bioactive properties, is one of the
essential amino acids found in sufficient quantities in the serum.
Carnosine is the only histidine-containing dipeptide found in human tissues. Studies reported gender-based differences in the concentrations of carnosine found in the muscle, potentially linked to
androgen levels (Boldyrev et al., 2013), while other authors did not
find any difference (Stuerenburg and Kunze, 1999).
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Upon ageing, the degenerative loss of skeletal muscle mass,
also known as sarcopenia, is concomitant with a decline in carnosine concentrations, resulting in decreased muscle power and
strength, and increased frequency of muscle fatigue (Rizvi and
Jha, 2011). Tallon, et al. (2007) compared the carnosine concentrations in biopsy samples of the vastus lateralis of elderly patients—who underwent knee arthroplasty due to osteoarthritis—to
those of young, relatively active subjects. A 53% reduction in carnosine concentrations was found in the type II muscle fibers (or
fast-twitch muscle fibers) of the elderly subjects, while carnosine
concentrations in type I muscle fibers (slow-twitch) did not differ
from those measured in the young subjects. The age-related reduction of carnosine concentrations in the muscle has been widely
documented (Boldyrev et al., 2013; Stuerenburg and Kunze 1999)
and supplementation with β-alanine was shown to be beneficial in
elderly patients as evidenced by an increase in carnosine concentrations and muscle exercise capacity (Derave et al., 2007).
7. Heath benefits
Carnosine and its precursor β-alanine both exhibit a robust list of
health benefits including antioxidant activity, metal chelating, interaction with lipid peroxidation end products, anti-glycation activity, prevention of protein crosslinking, carbonyl group scavenging, reduction of diabetic pathologies, anti-inflammatory activity,
and prevention of senile cataracts (Bauchart et al., 2007; Kyriazis,
2010). Table 2 summarizes the anti-oxidant, anti-glycation and
anti-inflammation activity of carnosine as well as the health performance associated with the intake of carnosine.
The anti-oxidant properties of carnosine stem from its ability
to directly interact with singlet oxygen, as well as its ability to
scavenge peroxyl and superoxide radicals, thereby preventing the
negative effects resulting from the production of reactive oxygen
species (Preedy, 2015). The direct interaction of carnosine with
these reactive species prevents the production of lipid peroxidation
end products such as malondialdehyde (MDA), which are deleterious to an organism. Another aspect of the anti-oxidant activity of
carnosine resides in its ability to chelate metals, including transition metals, which would otherwise give rise to free radicals via
the Fenton reaction. Carnosine was also documented for its ability
to prevent copper- and zinc-associated neurotoxicity by binding
directly with divalent metals (Derave et al. 2010). In a study conducted by Evran et al. (2014), a carnosine pretreatment in rats led
to decreased lactate dehydrogenase and aspartate aminotransferase
in plasma, reflecting its role during oxidative stress while improved histopathological changes were observed in heart tissues.
The same protective effect was confirmed by Kalaz et al. (2014).
Upon ageing, carnosine levels were found to decrease in rats hence
resulting in an increased susceptibility toward ageing-related oxidative stress. In a D-galactose-induced liver damage model, the
authors showed that supplementation with carnosine was able to
maintain the pro-oxidant status found in the liver together with
histopathological ameliorations (Kalaz et al., 2014). Similarly, carnosine has cardiovascular protective properties reliant on its ability
to inhibit low-density lipoprotein oxidation (Park et al., 2005). The
anti-proliferative properties of carnosine were also investigated in
colon cancer cells where canosine was shown to reduce the generation of reactive oxygen species (ROS) (Iovine et al., 2012).
Glycation is the process by which aldehydes and ketones react
with proteins to form aberrant glycated proteins. The abnormal
proteins proceed to crosslinking into larger complexes of dysfunctional proteins and the accumulation of such cross-linked glycated
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proteins subsequently leads to the formation of advanced glycation end products (AGEs). AGEs react in turn with reactive oxygen
species, which leads to the development of age-related chronic degenerative diseases (Kyriazis, 2010). When proteins undergo glycation or oxidation, damage occurs in the amino acid side groups,
during which carbonyl groups are being formed. These carbonyl
groups cause the target proteins to become aberrant, crosslink
with other proteins and turn into AGEs (Brownson and Hipkiss,
2000). Glycation and oxidation are inherent aspects of ageing
leading to age-related accumulation of AGEs in tissues (Brownson and Hipkiss, 2000). Individuals suffering from diabetes have
a greater prevalence of glycation events since there is more sugar
sources available in their body. These glycation reactions serve as
the initial step in the development of diabetic pathologies (Hipkiss
et al., 1995). In a study by Abdelkader et al. (2016), carnosine was
shown to have effective anti-glycation activity in cultured porcine
lenses and human lens epithelial cell models. Even in the absence
of a diabetic condition, the use of carnosine as a supplement may
also help reduce glycosylated damage on lens redox glutathione
system. Further investigations are warranted on the pharmacology
of carnosine as an inhibitory agent against the development of glycation-induced diabetic cataract and other diseases (Babizhayev,
2012; Peters et al., 2014). For example, hypertension is a large
concern for diabetic patients and arises from the sugar-mediated
crosslinking of proteins in blood vessels, which causes a reduction in the elasticity of the vessel (Hipkiss et al., 2001; Yapislar
and Taskin, 2014). Carnosine interferes with glycation at different
stages of the process. First, carnosine can bind directly with small
ketones and aldehydes to form non-mutagenic glycated carnosine
(Brownson and Hipkiss, 2000, Hipkiss et al., 1995), functioning
as a sacrificial agent in these reactions (Hipkiss et al., 2001). Such
a process will in turn protect other proteins from being glycated
and becoming dysfunctional. One of the most striking properties
of carnosine resides in its carbonyl group scavenging activity.
Carnosine is capable of scavenging and interacting directly with
carbonyl groups on proteins to form protein-carbonyl-carnosine
adducts through carnosinylation, which in turn inhibits crosslinking events and AGE formation of aberrant proteins (Brownson and
Hipkiss, 2000). Interestingly, carnosine is also able to bind low
molecular weight AGEs (Brownson and Hipkiss, 2000). The final
fate of these protein-carbonyl-carnosine adducts has not yet been
established, however, current literature proposed three potential
outcomes: (1) these adducts remain in the cell as lipofuscin, (2)
they exit the cell via exocytosis, or (3) they undergo proteasomal
and lysosomal breakdown (Hipkiss et al., 2001). As an anti-glycation agent, there is strong supportive evidence that carnosine
indeed delays the effects of ageing at a cellular level. Highly oxidized proteins resulting from age-associated oxidation are known
to induce senescence, hence reducing the maximum division potential of cells and resistance to proteolytic degradation (Hipkiss
et al., 2001). Reliant on its anti-oxidant and anti-glycation activity,
carnosine may prove to be a valuable bioactive component in the
inhibition of certain ageing processes.
Son et al. (2008) examined the anti-inflammatory effects of
carnosine in the human intestinal epithelial cell line Caco-2 as
measured by interleukin (IL)-8 secretion. Pretreatment with carnosine was found to decrease the level of IL-8 secretion in hydrogen
peroxide (H2O2)- and tumor necrosis factor (TNF)-α-stimulated
Caco-2 cells. A 67% and 89% reduction in IL-8 secretion was observed in Caco-2 cells treated with 5 mM and 50 mM, respectively. Carnosine concentrations of up to 50 mM did not exhibit any
cytotoxic effects in this cell model. Interestingly, the carnosinemediated inhibition of IL-8 secretion occurred through a translational, rather than a transcriptional mechanism, and required the

presence of the dipeptide in its intact form. Carnosine was found
to inhibit the phosphorylation of the translation initiation factor eIF4E, which has for role to prevent any further translational
mechanisms. This departs from the anti-inflammatory mechanisms
of other histidine-containing dipeptides (HCD) such as glycinehistidine (Gly-His), alanine-histidine (Ala-His), and the methylated form of carnosine, anserine (β-Ala-1-methyl-His), which
inhibited both the mRNA expression and secretion of IL-8. One
study explored the effect of carnosine supplementation in elderly
people presenting verbal episodic memory and reported decreased
secretion of inflammatory cytokines, such as monocyte chemoattractant protein (MCP)-1 and IL-8. A treatment with carnosine was
shown to preserve delayed recall and maintain brain perfusion in
the elderly subjects (Hisatsune et al., 2016). In a study by Sun et al.
(2017), the therapeutic potential of carnosine was investigated in
a sepsis-induced male albino rats. The administration of carnosine
was shown to renormalize the activity of anti-oxidative enzymes
(i.e., catalase, superoxide dismutase, glutathione peroxidase and
myeloperoxidase activities) and simultaneously decrease the secretion of pro-inflammatory cytokines (i.e., IL-β, TNF-α, and IL8). Histopathological analysis confirmed that the tissue damages
associated with sepsis were significantly reduced upon carnosine
treatment, in association with the upregulation of IκBα and the
down-regulation of p65 and p-IKKα/β (Ser 180/Ser 181).
Carnosine, in its acetylated form, i.e., N-alpha-acetyl-carnosine
(NAC), was reported to prevent crosslinking events occurring between the age-related glycated crystalline molecules present in the
lens of the eye, an event leading to senile cataracts. A number of
studies also suggested that NAC may reduce telomere shortening, which is another characteristic feature associated with ageing (Kyriazis, 2010). NAC is currently marketed as a liquid ophthalmic solution to be used topically on the eye and is reported to
improve visual acuity and glare sensitivity, however these claims
are not supported by organizations such as the Royal College of
Ophthalmalogists in the U.K. (Kyriazis, 2010). In a study by Ding
et al., (2018), the oral ingestion of carnosine in elderly people possessing the APOE e4 allele, a known risk gene for the development
of AD, led to a reduced decline in their progressive memory, hence
inhibiting the development of AD in APOE e4+ individuals.
Upon oral administration of carnosine in a mouse model of permanent focal cerebral ischemia, infarct size and neuronal damage
were significantly decreased together with reduced levels of reactive oxygen species in the ischemic brain (Rajanikant et al., 2007).
Similarly, the neuroprotective properties of carnosine were also
studied for their compensatory effect on brain damage induced by
ischemic injury. The robust anti-oxidant, anti-excitotoxic, and mitochondria protecting activities of carnosine mainly rely on its protective effects against oxygen-glucose deprivation and against accumulation of reactive oxygen species (Bae et al., 2013). In a mice
model of salsolinol-induced neurotoxicity, carnosine was shown to
decrease the MDA and restore the activity of Glutathione(GSH),
Superoxide dismutase (SOD) and catalase along with the reduced
apoptosis and Reactive Oxygen Species (ROS) production, suggesting its therapeutic effect in salsolinol-induced Parkinson’s disease (PD) (Zhao et al., 2017). In summary, an increasing number of
studies have provided supportive evidence on the capacity of carnosine to restore or promote the activity of antioxidant enzymes,
its ability to inhibit lipid oxidation together with its capacity to
inhibit anti-crosslinking between amyloid-β and prion peptides,
which altogether encourage the use of carnosine as a preventive
and therapeutic approach against PD and AD.
The ingestion of carnosine was also determined to exert a therapeutic effect on chronic metabolic disorders, a property which
is likely associated with its potent anti-oxidative, anti-glycation,
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Table 2. Biological activity of carnosine defined by in vitro and in vivo studies

Bioactive activity

Experimental Model

Observed effects

Reference

Anti-oxidant

Chemical detection

Inactivate free radicals;Metal-chelating, such
as copper;Conjugating with potentially toxic
aldehydic lipid oxidation products

Decker et al., 2000

Cerebellum granule cells

↓ROS signal;↓Excitotoxic effect of
N-methyl-d-aspartic acid (NMDA)

Boldyrev et al., 2004

Rat

↓Lactate dehydrogenase

Park et al., 2005

Wistar rats and
Mongolian gerbils

↓Lipid peroxidation of brain membrane;
↑Resistance of neuronal membranes under
oxidation; ↓malonyl dialdehyde (MDA)

Dobrota et al., 2005

Chemical detection

Metal-chelating;↓Lipid peroxidation

Derave et al., 2010

Colon cancer cells

↓ROS; ↓ERK1/2 phosphorylation; ↓Proliferation

Iovine et al., 2012

Sprague-Dawley male rats

↓Oxidative stress; Restores the histopathological
and biochemical signs; ↓Apoptotic condition

Aydin et al., 2015

Mice

↑Glutathione peroxidase (GPX), Superoxide dismutase
(SOD), and Catalase;↓ MDA ; ↓Reactive oxygen species

Tsai et al., 2010

Recreationally-active
men volunteer

↑GSH ↑CAT, PRX2, SOD1, and TRX1

Varanoske et
al., 2017

Broiler chickens

↑Antioxidant enzymes; ↓MDA and carbonyl compounds

Cong et al., 2017

Wistar rats

↑CAT,SOD and total antioxidant capacity (TAC)

Hasanein and
Felegari, 2017

Cirrhotic rats

↑Locomotor activity; ↓ROS formation; ↓Liver
TBARS; ↑GSH in liver; ↓ Protein carbonylation;
↓Liver fibrogenesis; ↓ Liverfailure

Jamshidzadeh
et al., 2017

Human erythrocytes
and lymphocytes

↓Oxidative damage; Restores enzyme
activities and antioxidant power

Husain and
Mahmood, 2017

Chemical detection

↑Glyc3P-induced loss of enzyme
activity; ↓Protein modification

Seidler, 2000

Human Peritoneal
Mesothelial Cells (HPMC)

↑HPMC viability; ↓Advanced glycation end products (AGE) Alhamdani et
complications; Protection cellular protein from modification; al., 2007

E. coli K-12 Strains

↑Cell viability;↓Glycation; ↓Methylglyoxal toxicity

Pepper et al., 2010

Gray chinchilla rabbits

↓Gycation-induced diabetic cataract

Babizhayev et
al., 2012

Human lens epithelial
cell models

↓Glycosylated damage; ↑Lens cell viability

Abdelkader et
al., 2016

Aged rats

↓AGE and MDA; ↓Protein carbonyl and
advanced oxidized protein products

Bingül et al., 2017

Caco-2 cells

↓IL-8 secretion

Son et al., 2008

Male Balb/cA mice

↓c-reactive protein (CRP), IL-6 tumor and TNF-α

Liu et al., 2008

Balb/cA mice

↓IL-6, TNF-α, and MCP-1

Yan et al., 2009

Mice

↓TNF-α and IL-6 levels

Tsai et al., 2010

Elderly people

↓MCP-1 and IL-8

Hisatsune et
al., 2016

Sepsis-induced
male albino rats.

↓IL-β, TNF-α, and IL-8;↑IκBα; ↓p65 and
p-IKKα/β (Ser 180/Ser 181); ↓Lung Injury

Sun et al., 2017

Human cancer cell
line HepG2

↓PI3K and Akt ; ↑Caspase-8 ; ↓Proliferation; ↑apoptosis

Liu et al., 2017

Wistar rats

↓TNF-α and IL-6 levels

Hasanein and
Felegari, 2017

Anti-glycation

Anti-inflammatory
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and anti-inflammatory properties. Houjeghani et al. (2018) investigated the effect of carnosine supplementation on the clinical
symptoms of type 2 diabetes patients over a 12 week-period. Fat
mass and fat-free mass were significantly lower in the intervention
group together with lower levels of fasting blood glucose, glycated
hemoglobin, carboxymethyl lysine, serum triglyceride and TNF-α,
compared to the placebo group. Supplementation with carnosine
also led to lower levels of hemoglobin A1c, urinary albumin excretion, tubular damage marker α1-microglobulin (A1M), and MDA
while higher antioxidant capacity was observed. Altogether, these
phenomena are known to promote glycemic control and renal
function, particularly in pediatric patients suffering from diabetic
nephropathy (Elbarbary et al., 2018). In a recent pilot randomised
controlled trial, fasting insulin and insulin resistance was hampered in individuals who were given carnosine (de Courten et al.,
2016). The properties of carnosine were also examined in obese
individuals with the aim to investigate its effect on the composition of plasma lipidome (Baye et al., 2017). As expected, carnosine supplementation led to lower levels of trihexosylceramide
(THC) and free cholesterol, whereas the concentrations of phosphatidylcholine (PC) were higher. From the perspective of lipid
metabolism, the beneficial roles of carnosine may be associated
with regulation of signal transmission, cell adhesion, growth factor
and protein transporters, which further contribute to regulation of
insulin resistance and glucose uptake.
In a study by Derave et al. (2007), the anti-fatigue activity of
carnosine was evaluated in a cohort of well-trained, 400-m sprint
runners upon oral supplementation with β-alanine for 4 weeks. As
expected, the oral intake of β-alanine was shown to increase carnosine content in both the soleus (+47%) and the gastrocnemius
(+37%). Compared with the placebo group, the dynamic knee extension torque was improved significantly; this was the first report
that, under repeated exhaustive contractions, muscle fatigue may
be attenuated in the later stages of exercise (bouts 4 and 5) under
the effect of carnosine. Similar results were obtained in a young
cohort of sportive individuals, whereby carnosine intramuscular
contents were found to be higher together with fatigue attenuation
(Varanoske et al., 2017). In the elderly population, a reduction in
muscular endurance was shown to be associated with a significant
decline in skeletal muscle carnosine concentrations (Tallon et al.,
2007). Upon supplementation with β-alanine, higher carnosine
levels were detected in the elderly subjects (>55 years) along with
improvements in the time-to-exhaustion test, while there were no
changes in the placebo treatment (del Favero et al., 2012). In a
mouse model, the administration of carnosine (1.8%) resulted in
markedly higher carnosine levels (+160%) together with increased
resistance to fatigue in the soleus (+2–4%) and a marked leftward
shift of the force-frequency relation under the +10–31% relative
forces in the extensor digitorum longus as well as in the soleus
(Everaert et al., 2013). In a study by Dutka et al.(2011), carnosine
was reported to improve Ca2+ sensitivity in contractile apparatus
and promote Ca2+ release in the sarcoplasmic reticulum of human
skeletal muscle fibers. A significant biological property of carnosine is its buffering capacity to whereby higher levels of carnosine
enhance the buffering capacity within the muscle hence delaying
muscle fatigue (Zanella et al., 2017). Oral supplementation with
β-alanine elevates endogenous level of carnosine leading to suppression of muscular fatigue. This has encouraged the public to regard β-alanine as a powerful supplement especially among athletes
and elderly people today.
Current research on its ability to reduce oxidative stress, buffer
pH microenvironment and prevent age-related accumulation of glycation products provides convincing evidence that carnosine is a
highly beneficial bioactive compound. In brief, the potential thera-

peutic effect of carnosine on chronic metabolic disorders mainly
relies on its excellent anti-oxidative, anti-glycation and anti-inflammatory activities, as well as its role in the regulation of anti-oxidant
enzymes, pro-inflammatory cytokines and IκBα expression, etc.
Further investigations on its physiology and on its associated genetics will be required to gain a fuller understanding of the varied functions and health-related applications of this intriguing molecule.
8. Safety considerations
Carnosine is a safe bioactive component in its dietary and supplemental forms. There have been no significant side effects documented, likely owing to the fact humans have abundant levels of
serum carnosinase which serve to rapidly degrade carnosine in the
body. The only side effect that has been reported is paresthesia,
which is a benign sensation of tingling and numbness, when circulating β-alanine concentrations exceed 100 µM, compared with
less than 0.5 µM of β-alanine concentration (Derave et al., 2010).
To prevent this undesirable side effect, it is recommended that individuals take a slow-release β-alanine supplement (Boldyrev et al.,
2013) or not exceed a dose of 10 mg per kilogram of bodyweight
(Derave et al., 2010). In a human clinical trial assessing the health
benefit of carnosine, carnosine doses ranging from 0.8 to 2.8 g/
day were used upon oral administration while the β-alanine dosing
regimens always ranged from 1.6 to 6.4 g/day, which all showed
to be good tolerance and no side effect was checked in the previous study (Chez et al., 2002; Elbarbary et al., 2018; Houjeghani et
al., 2018). Despite significant differences in baseline values, supplementation with carnosine or β-alanine showed similar increases
in the gastrocnemius and the soleus muscles regardless of gender.
The congenital lack of the degradative enzyme carnosinase results in serious conditions such as carnosinemia (Kyriazis, 2010).
Hence consumers have expressed concern that too large a dose of
carnosine may lead to overwhelming concentrations of carnosine
resulting in carnosinemia. This was, however, shown not to occur
in normal individuals with abundant levels of serum carnosinase.
Overall, carnosine and its precursor β-alanine are safe bioactive food components have tremendous health-beneficial properties, which heavily outweigh the sole side effect ever reported, i.e.,
paresthesia.
9. Conclusion
Carnosine is a naturally occurring dipeptide, which may be ingested and absorbed via consumption of meat or dietary supplements. A growing body of evidence supports its role as a potent
antioxidant and anti-glycation bioactive dietary dipeptide along
with studies strongly supporting its bioaccessibility, bioavailability, and health benefits. Due to its tightly regulated metabolism
managed by the concerted activities of carnosine synthetase and
carnosinase, carnosine proves to be a safe food component as part
of a balanced dietary intake of meat-derived proteins. Given the
known properties of carnosine as well as the age-related reduction in muscle carnosine levels, supplementation with carnosine or
β-alanine should be considered as an efficient approach to improve
the endurance of muscle. Despite an impressive body of carnosinefocused studies, research gaps remain. Human cohort studies are
lacking to determine the actual bioavailability of carnosine and
how this may impact on health performance. Further investigations
are warranted on the mechanisms underlying carnosine-mediated
increased health performance, such as cell signaling pathways,
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impact on the intestinal microflora and overall gut health, and genome.
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Abstract
Chronic intestinal inflammation, occurring in inflammatory bowel diseases (IBD), is associated with compromised
intestinal barrier function. Inflammatory cytokines disrupt tight junctions and increase paracellular permeability
of luminal antigens. Thus, chronic intestinal barrier dysfunction hinders the resolution of inflammation. Dietary
approaches may help mitigate intestinal barrier dysfunction and chronic inflammation. A growing body of work in
rodent models of colitis has demonstrated that berry consumption inhibits chronic intestinal inflammation. Berries are a rich dietary source of polyphenolic compounds, particularly anthocyanins. However, berry anthocyanins
have limited bioavailability and are extensively metabolized by the gut microbiota and host tissue. This review
summarizes the literature regarding the beneficial functions of anthocyanin-rich berries in treating and preventing IBD. Here, we will establish the role of barrier function in the pathogenesis of IBD and how dietary anthocyanins and their known microbial catabolites modulate intestinal barrier function.
Keywords: Colitis; Barrier function; Anthocyanin; Metabolism; Inflammatory Bowel Diseases.

1. Introduction
Inflammatory Bowel Diseases (IBD) refer to a set of multifactorial
disorders of the gastrointestinal tract differentiated as ulcerative
colitis (UC) and Crohn’s disease (CD). IBD are characterized by
an abhorrent inflammatory response resulting in alternating phases
of clinical relapse and remission (Ahluwalia et al., 2018). Dietary
factors have been implicated in the pathogenesis and prevention of
IBD, but effective dietary recommendations for patients with IBD
are not yet available (Cohen et al., 2013).
Anthocyanin-rich berries have emerged as a promising dietary
intervention in animal models of IBD and pilot human studies
(Biedermann et al., 2013; Martin and Bolling, 2015). Describing
the specific mechanisms by which berry bioactives may inhibit
intestinal inflammation is necessary to develop effective dietary
recommendations for IBD.
Intestinal barrier dysfunction is common in IBD and a central mechanism by which dietary bioactives may mitigate colitis.
Polyphenols are promising bioactives to improve intestinal barrier
function and prevent colitis (Murphy et al., 2018; Wu et al., 2018).
However, berry anthocyanins are extensively metabolized by host
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tissue and gut microbiota. These catabolites also have variable
absorption and intrinsic anti-inflammatory activity (Wang et al.,
2018; Wu et al., 2018). Therefore, the objectives of this review are
to describe the essential components of intestinal barrier function
in the context of chronic inflammation and to elaborate the means
by which berry anthocyanins and its known catabolites could inhibit IBD by improving intestinal barrier function.
2. Tight junction proteins modulate intestinal permeability
The outermost layer of cells in the gastrointestinal tract is organized
in a single layer dominated by columnar absorptive enterocytes.
While these cells are relatively impermeable to most luminal antigens, their intercellular spaces provide a weak point to barrier
function. To minimize paracellular flux, intestinal epithelial cells
form intercellular junctional complexes. These molecular gates
can be viewed as four separate parts: the tight junction (TJ), adherens junction, gap junction and the desmosome. Together with
the adherens junction, TJ complexes bind epithelial cells together
via the actin cytoskeletons of adjoining cells (Ulluwishewa et al.,

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
All rights reserved.

Valdez et al.

Anthocyanins and intestinal barrier function

Figure 1. Overview of tight junction proteins in enterocytes (Chiba et al., 2008; Michielan and D’Incà, 2015; Ulluwishewa et al., 2011).

2011).
Maintaining the integrity of the intestinal epithelial barrier is
essential for immune homeostasis and the prevention of chronic
intestinal inflammation. Early tight junction modeling assumed
a simple static paracellular barrier. However, it is now understood that epithelial barrier function is dynamic and regulated by
TJ acting in concert with the immune system (Liang and Weber,
2014).
TJ control of paracellular flux across the epithelium can be categorized as contributors to “pore” and “leak” pathways. TJ pores
act as charge and size-selective conduits and are generally formed
by claudins. The abundance and localization of these pore-forming
claudins, allow epithelial cells to control the flux of small molecules through the paracellular spaces. Leak pathways have not
been characterized to the same extent but involve physical changes
to the overall tight junction architecture. Strand breaks and transient paracellular gaps result in an increased, non-selective flux of
larger molecules (Garcia-Hernandez et al., 2017).
2.1. Zonula occludens
Zonula occludens (ZO) serve as an intermediary between transmembrane TJ proteins and the actin cytoskeleton (Lee, 2015). Specifically, ZO interfaces with the perijunctional acto-myosin ring, a
belt-like structure that encircles the apical pole of epithelial cells
(Figure 1). Through the contraction of this ring epithelial cells can
control the maintenance and regulation of tight junctions (Furuse,
2010; Lee, 2015). Plaque proteins are characterized by the presence of PSD95–DlgA–ZO-1 homology (PDZ) domains, which can
associate with other PDZ domains or specific C-terminal sequences of transmembrane proteins (Fanning et al., 1999).
Amongst this class of proteins, the function and structure of
ZO-1 has been extensively characterized. ZO-1 serves as a central hub which may facilitate connection of the various parts of
tight junction complexes (Lee, 2015). Through multiple PDZ domains, ZO-1 can interact with claudin, occludin, and JAM, while
simultaneously forming dimers with ZO-2 and ZO-3 (Raleigh et
al., 2011).

2.2. Occludin
Occludin is a 60 kDa transmembrane protein and its function in
modulating intestinal permeability is still not fully understood
(Chiba et al., 2008). The NH2-terminus and extracellular loop of
occludin appears to be essential in maintaining and regulating
barrier function (Bamforth et al., 1999). Occludin may not be essential for intestinal barrier formation and maintenance, but rather
may regulate the pore and leak pathways via interaction with claudins (Van Itallie et al., 2010).
2.3. Claudins
Claudins are a class of 26 transmembrane proteins, ranging from
18 to 27 kDa that form the backbone of TJs (Garcia-Hernandez et
al., 2017). The C-terminal region of claudins bind PDZ domains
that facilitate interaction with plaque proteins, a requirement for
localization and stabilization at epithelial TJs (Ruffer and Gerke,
2004). In addition to their integral role in barrier function, claudins
are also able to facilitate the selective flux of molecules through
the paracellular space (Lingaraju et al., 2015). Claudins are categorized into two groups dependent on their function. The “tight”
claudins, including claudins-1, 3, 4, 5, 6, 12, 18, and 19, serve
to seal TJs (Garcia-Hernandez et al., 2017). The “leaky” claudins
form pores in the intercellular space, allowing for increased paracellular permeability to water and small ionic solutes. This group
includes claudins-2,7, 8, 13 and 14 (Fujita et al., 2006).
These categorizations, while useful, are an oversimplification.
The function of a particular claudin is determined by its interaction with other claudins in the TJ. For example, claudin-4 has been
classified as functioning as both a leaky and tight TJ protein (Garcia-Hernandez et al., 2017).
3. Chronic inflammation drives barrier dysfunction in IBD
The intestinal epithelium is the physical barrier that separates mi-
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crobes and antigens in the lumen from the mucosal immune system. Disruption of barrier function is a common feature of IBD,
but whether it is a causal factor, or merely a symptom of chronic
inflammation is unclear (Michielan and D’Incà, 2015). Impaired
barrier function has been reported in tissue of patients with minimal mucosal damage, suggesting that epithelial barrier dysfunction contributes to the initiation of inflammation in certain subsets
of IBD (Gersemann et al., 2008).
Inflammation associated with IBD disrupts the epithelial barrier
resulting in a heightened immune response (Ahluwalia et al., 2018).
Increased levels of pro-inflammatory components stimulate further
loss of the mucosal barrier (Abraham et al., 2017). Normal immunoregulatory function, which could moderate the severity and longevity of the immune response is also impaired in IBD (Michielan
and D’Incà, 2015). Although the inflammatory response is complicated, there are common pathways and causal factors linking IBD,
inflammation, and increased intestinal permeability.
3.1. Mechanisms of inflammatory-mediated barrier dysfunction
3.1.1. NF-κB pathway
Nuclear-factor kappa-light-chain-enhancer of activated B cells
(NF-κB) is a central pathway involved in maintaining immune homeostasis. Inappropriate activation and expression of NF-κB p65
protein leads to chronic inflammation and is positively correlated
with the severity of inflammation and neutrophil inflammation in
biopsies from IBD patients (Wang et al., 2010). NF-κB proteins are
found in the cytosol bound to NF-κB inhibitor I-κB. Degradation
or depletion of I-κB, results in translocation of NF-κB to the nucleus, resulting in elevation of pro-inflammatory cellular response.
Initiation of NF-κB can induce the production pro-inflammatory
mediators and influence differentiation of innate and adaptive immune cells towards an inflammatory state (Sen and Baltimore,
1986). NF-κB activation can increase paracellular permeability
by promoting the internalization of tight junction proteins and
upregulating pore-forming claudin-2 in intestinal epithelial cells
(Kucharzik et al., 1998; Tang et al., 2010).
3.1.2. Myosin light-chain kinase
Myosin light-chain kinase (MLCK) serves as the conduit for cellular control epithelial barrier function via the actomyosin ring (Ulluwishewa et al., 2011). In active IBD, overexpression contributes
to a sustained reduction in barrier function, and therefore chronic
inflammation (Zolotarevsky et al., 2002). MLCK interacts with the
equatorial actomyosin ring by catalyzing the phosphorylation of
myosin II regulatory light chain (Blair et al., 2006). Subsequently,
the organization of occludin and ZO-1 at the TJ is altered, leading
to increased paracellular permeability (Shen et al., 2006).
3.1.3. Mitogen-activated protein kinases
The mitogen-activated protein kinase (MAPK) signal transduction
pathways are driven by serine/threonine specific protein kinases
which are associated with the initiation of chronic inflammation
in IBD (Broom et al., 2009). Elevated expression of extracellular-regulated kinase (ERK) 1/2 has been reported in IBD and its
activation increases significantly in the active state of the disease
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(Broom et al., 2009). ERK 1/2 can decrease epithelial permeability
via interaction with TJ proteins and the actin cytoskeleton and inhibit oxidative stress-induced barrier dysfunction in vitro (Basuroy
et al., 2006) Additionally, MAPK p38α expression is reported to
coincide with presence and severity of inflammation in active IBD
(Waetzig et al., 2002).
3.1.4. Cytokines affect barrier function through regulation of cellular immunity
Cytokines are a class of regulatory proteins that define the immune response and impact epithelial barrier function (Turner et
al., 2014). The cytokine profiles of IBD are characterized by an
imbalance favoring pro-inflammatory cytokines over their immunomodulatory counterparts. The proinflammatory cytokines tumor
necrosis factor-α (TNF-α), interferon-γ (IFN-γ), Interleukin-1β
(IL-1β), IL-17A, IL-6, IL-12, IL-18, IL-21, IL-23, IL-27, and IL32 are associated with inflamed tissue and common in both forms
of IBD (Nemeth et al., 2017; Velikova et al., 2017). The cytokine
profiles of CD and UC differ by the magnitude of Th1/Th2/Th17
inflammatory responses. While CD is associated with a Th1/Th17
pro-inflammatory response, UC is characterized by increased Th2associated cytokines (Nemeth et al., 2017).
Immunoregulatory cytokines, such as IL-10 and IL-22 are critical
in maintaining immune homeostasis and their dysregulation is associated with IBD pathogenesis. Reduction or dysfunction of these
immunomodulators contribute to abhorrent immune response and
therefore epithelial barrier function (Marlow et al., 2013). The interplay between barrier function and cytokines is complex and highly
dependent on the broader context of inflammation. A full-review of
our current knowledge of cytokine-induced inflammation and barrier dysfunction is beyond the scope of this review. We will instead focus on three well-characterized cytokines, TNF-α, IL-1β, and IFN-γ.
TNF-α
TNF-α is strongly associated with both UC and CD (Ahluwalia et
al., 2018). This cytokine has a marked effect on barrier function,
exerting its effects via activation of NF-κB and MLCK (Graham
et al., 2006; Ma et al., 2004). In a monolayer of colonic epithelial cells, TNF-α exposure for 24 hours reduced the transepithelial electrical resistance (TEER) by 80% (Schmitz et al., 1999).
In vitro experimentation has implicated the observed reduction of
ZO-1 and occludin, disassembly of TJ architecture, upregulation
of pore-forming claudins, and rearrangement of the actin cytoskeleton (Schmitz et al., 1999) (Figure 2).
IFN-γ
IFN-γ is a pro-inflammatory cytokine mostly associated with CD
(Stallmach et al., 2004). Excessive IFN-γ exposure results in the
reorganization and modified expression of TJ proteins (ZO-1, ZO2, and occludin) as well as modification of the actomyosin cytoskeleton (Bruewer et al., 2005). Furthermore, IFN-γ enhances
the barrier disrupting properties of TNF-α in vitro, doubling the
reduction in TEER induced with TNF-α alone (Fish et al., 1999).
IL-1β
IL-1α and IL-1β are mediators of the acute phase of IBD (Vounot-
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Figure 2. Mechanism by which TNF-α modulates tight junctions in epithelial cells. Abbreviations: MLCK, myosin light-chain kinase; IKK, IκB kinase; IκBα,
inhibitor of kappa B; TNFR: tumor necrosis factor receptor; TNF-α, tumor necrosis factor-α; ZO-1, zonula occludens-1; TEER, trans-epithelial electrical resistance. Adapted from Ulluwishewa et al. (2011) and Weber et al. (2010).

rypidis et al., 2013). In the context of IBD, IL-1α seems to be associated with CD, while IL-1β expression is enhanced in active
UC (Vounotrypidis et al., 2013). IL-1β induces the delocalization
of ZO-1 and occludin from the TJ, eliminating their effectiveness
in maintaining the intestinal barrier. This is accomplished via activation of MAPK ERK kinase kinase 1 (MEKK1), which in turn
activates NF-κB and MLCK (Kimura et al., 2009).
4. Impact of gut dysbiosis on chronic inflammation
In addition to the genetic factors of the host, the gut microbiome
plays an integral role in chronic inflammation and barrier dysfunction (Lane et al., 2017). The healthy gut maintains homeostasis
between the microbiota and mucosal immunity. Pathological alterations to the gut microbial ecology, or dysbiosis, trigger an excessive immune response in some individuals. In addition to the
subsequent disruption of intestinal barrier function, a heightened
immune response further alters the gut microbial populations
(Lane et al., 2017). These alterations may increase the relative
pathogenicity of the microbiome, contributing to further disease
progression (Shen et al., 2018).
Alterations in mucosal associated microbiota are apparent in a
subset of IBD cases (Morgan et al., 2012; Sepehri et al., 2007).
Several studies correlate a reduction in richness and evenness of
mucosal-associated microbial population with the active state of
disease (Manichanh et al., 2006; Ott et al., 2004; Sepehri et al.,
2007). Loss of species diversity, as well as loss of functional diversity within the microbiome correspond with IBD severity (Le
Chatelier et al., 2013; Morgan et al., 2012). IBD is also associated
with the decreased relative abundance and diversity within phylum
Firmicutes and may contribute to the initiation and/or progression
of disease (Manichanh et al., 2006).

5. Berry anthocyanins
Many berries are rich sources of anthocyanins. While the anthocyanin profile differs between berries, glycosylated cyanidins are
the prevalent anthocyanin reported in the literature (Rothwell et
al., 2013). Less prevalent berry anthocyanins includedelphinidin,
malvidin, pelargonidin, peonidin, and petunidin.
The most commonly consumed berries in the U.S. are blueberry,
strawberry, and red raspberry, which have 150–164, 73 , and 43 mg
anthocyanins per 100 g f.w., respectively (Rothwell et al., 2013).
Other underutilized berries such as aronia berry, elderberry, black
currant, and black raspberry have much higher anthocyanin content, >820 mg anthocyanin per 100 g f.w. (Rothwell et al., 2013).
6. Berries and anthocyanins for IBD
A growing number of studies have characterized the effects of anthocyanin-rich berries and their polyphenol isolates on IBD. Bilberries, raspberries, blueberries, blackberries, black currants, wine
extract, pomegranate, cranberries and grapes have exhibited therapeutic potential for IBD (Deiana et al., 2012; Jung et al., 2015;
Kim et al., 2017; Romier-Crouzet et al., 2009; Roth et al., 2016;
Xiao et al., 2015; Yu et al., 2011). Research approaches utilizing
cell culture, animal models, and human participants have helped
to elucidate the mechanisms by which anthocyanin-rich fruits may
prevent and ameliorate chronic intestinal inflammation.
6.1. Modulation of oxidative stress
Polyphenols may inhibit inflammation in the gut through direct or
indirect mechanisms that reduce oxidative stress. Reactive oxygen
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species (ROS) and reactive nitrogen species (RNS) are produced in
excess during chronic inflammation, disrupting redox homeostasis
(Tian et al., 2017). In IBD, intestinal epithelial cells along with
neutrophils and macrophages generate superoxide and nitrous oxide, potent ROS/RNS, in response to pro-inflammatory cytokines.
The dysregulation of homeostasis results in increased paracellular
permeability as well as direct cellular damage due to protein, lipid,
and nucleic acid oxidation. (Banan et al., 1999; Rao et al., 1999).
Early research described the ability of berries to inhibit the redox
dysregulation, therefore preventing the initiation of this disruptive
cascade. For example, Caco-2 cells exposed to tert-butyl hydroperoxide (TBH) simulates oxidative stress, resulting in a significant
decrease in TEER. Wine extracts inhibited the effects of TBH on
the cells, which led the authors to posit the direct antioxidant potential of polyphenol-rich supplements (Deiana et al., 2012). However,
direct antioxidant activity is expected to have a limited role in barrier function due to the low bioavailability, and stability, as well as
extensive biotransformation of anthocyanins (Hollman et al., 2011).
6.2. Modulation of cellular antioxidant function
Berries and their constituent polyphenols can improve antioxidant function of tissues via cellular mechanisms. For example,
Rubus fruits (blackberries, and black and Korean raspberries) improved the antioxidant function of cultured intestinal cells (Jung
et al., 2015). Cyanidin-3-glucoside (Cy3Glu)-rich rubus extracts
reduced inducible nitric oxide synthetase (iNOS) and cyclooxygenase-2 (COX-2), enzymes responsible for ROS/RNS production
in inflamed Caco-2 cells (Jung et al., 2015). Similarly, extracts of
blueberry and pomegranate were able to reduce the expression of
iNOS and COX-2 in mouse models of colitis (Kim et al., 2017;
Pervin et al., 2016). Administration of blueberry extract also reduced neutrophil infiltration in colonic tissue, further preventing
redox perturbation (Pervin et al., 2016).
6.3. Nuclear factor erythroid 2-related Factor (Nrf2)
Polyphenols may improve cellular antioxidant function via nuclear
factor erythroid 2-related factor (Nrf2) (Jung et al., 2015). Nrf2 is a
transcription factor which activates cellular antioxidant systems and
dysregulation of this protein is associated with increased inflammatory response (Gerstgrasser et al., 2017) Polyphenols, including
quercetin, rutin, and caffeic and ferulic acids, reversed depression
of Nrf2 activation by Kelch-like ECH-associated protein 1 (KEAP1) in hepatic cells (Bayele et al., 2016). After traumatic brain injury,
Nrf2-deficient mice experienced higher levels of NF-κB activation
resulting in increased intestinal permeability (Jin et al., 2008).
Purified anthocyanins also modulate cellular antioxidant function by activating Nrf2. Cy3Glu pretreatment reduced inflammation in Caco-2 cells exposed to TNF-α (Ferrari et al., 2016).
NF-κB inhibition and modulation of the of Nrf2 were identified as
possible mechanisms (Ferrari et al., 2016). Furthermore, Cy3Glu
exposure increased Nrf2 activation in HT-29 cells stimulated with
pro-inflammatory cytokines IL-1α, TNF-α, and IFN-γ (Serra et al.,
2016). The upregulation of Nrf2 decreased NF-κB activation and
inhibited cytokine induction of iNOS, COX-2 and IL-8 in HT-29
cells (Serra et al., 2016).
6.4. NF-κB
Depletion of Nrf2, antigen receptor activation and interaction with
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proinflammatory cytokines are factors which can initiate NF-κB
activation (Jung et al., 2015; Serra et al., 2016). Activation of Nrf2
in LPS-stimulated Caco-2 cells treated with polyphenol rich extracts of rubus fruits, also decreased activated NF-κB. Additionally, anthocyanins inhibited LPS-induced degradation of I-κBα(Jung
et al., 2015). NF-κB inhibitory potential of anthocyanin-rich berry
extracts has also been observed in human epithelial cell models
stimulated by proinflammatory cytokines (TNF-α, IL-1β, and
IFN-γ) (Kuntz et al., 2015; Nunes et al., 2013; Taverniti et al.,
2014).
6.5. Cellular kinases
Enhancement or protection of intestinal epithelial barrier function
by anthocyanins is dependent on the activities of cellular kinases. Anthocyanins isolated from Meoru, a Korean fruit, increased
TEER in HCT-116 human colon cancer cells via the activation of
p38-MAPK, a kinase which contributes to the sealing of epithelial
TJ (Shin et al., 2011). p38-MAPK activity is increased in patients
with IBD, and intestinal epithelial cells are susceptible to its direct or indirect effects (Feng and Li, 2011). Pomegranate extract
reduced the phosphorylation of ERK 1/2, another member of the
MAP kinase family, in IL-1β stimulated cells (Romier-Crouzet et
al., 2009). In a DSS-induced murine model of colitis, administration of an anthocyanin-rich extract of red raspberries reduced histological damage, as well as colitic wasting (Li et al., 2014). The
protective effects of anthocyanins were attributed to the modulation of c-Jun N-terminal kinase (JNK) (Li et al., 2014).
6.6. Modulation of cytokines
Through interaction with various inflammatory pathways, anthocyanins ultimately modulate cytokine expression and signaling.
Anthocyanin-rich extracts from pomegranate and red wine reduced expression of pro-inflammatory IL-8 in cytokine stimulated
epithelial cells in vitro (Nunes et al., 2013; Romier et al., 2008).
Pomegranate extract reduced levels of TNF-α, IL-1β, and IL-6 in
intestinal tissue in a DSS-colitis mouse model (Kim et al., 2017).
Blueberry extract reduced TNF-α, IFN-γ, and IL-12 and normalized IL-10 expression in the colonic mucosa of mice treated with
2,4,6-trinitrobenzenesulfonic acid (TNBS) (Yu et al., 2011). In UC
patients, consumption of an anthocyanin-rich bilberry extract reduced pro-inflammatory TNF-α and IFN-γ and increased immunoregulatory IL-10 in colonic tissue (Roth et al., 2016). IL-17A
and IL-22, potential immunoregulatory cytokines, production was
also upregulated in response to bilberry anthocyanins (Roth et al.,
2016). Anthocyanins may also antagonize cytokine receptors directly and modulate the downstream effects of cytokine signaling.
For example, cyanidin and its glycosides bind directly to the IL17 receptor and inhibit IL-17A signaling (Liu et al., 2017). These
results suggest that dietary anthocyanins may affect the intestinal
barrier in IBD by regulating the effects of cytokines on inflammatory pathways.
6.7. Inhibition gut microbiota dysbiosis
A majority of dietary phenolics reach the colonic microbiota intact,
where they are extensively catabolized by the resident microflora.
Reciprocally, dietary compounds can have a profound effect on the
makeup of these microbial communities. Polyphenol-rich foods
can modulate gut microbial populations ameliorating or prevent-
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ing dysbiosis in IBD (Willson and Situ, 2017). Although a comprehensive characterization of the gut microbiome in health and
disease has yet to be established, there are some trends that may
help in associating dietary changes to possible therapeutic benefits
(Mosele et al., 2015). Decreased diversity, reduction in functionality, and an imbalance in harmful and beneficial bacterial strains are
all associated with dysbiosis of the gut microbiota (Le Chatelier et
al., 2013; Mosele et al., 2015).
Polyphenols, and particularly anthocyanins, may be therapeutic to the dysbiotic gut by selectively inhibiting or enhancing the
growth of commensals. Glucosides of malvidin, cyanidin, delphinidin, and petunidin can enhance the relative abundance of bifidobacteria, enterococci and lactobacilli in vitro (Hidalgo et al.,
2012). Similar results were observed with a blueberry extract in
mice (Molan et al., 2009) and powdered blueberry drink in humans (Vendrame et al., 2011). Furthermore, pomegranate extract
improved symptoms in mice with DSS-induced colitis, which correlated with an increase in bifidobacteria, lactobacilli and members
of the genus Clostridium (Larrosa et al., 2010). It is likely that an
increased abundance of commensals upon polyphenol consumption limits the colonization and invasion of harmful or pathogenic
bacteria (Larrosa et al., 2010). The reciprocal action between diet
and gut microflora present a plausible mechanism of the anti-inflammatory potential of polyphenols.
7. Bioavailability and stability of anthocyanins
It is important to consider the metabolic fate of anthocyanins in the
context of its anti-inflammatory activity in the gut. Anthocyanins
are inherently unstable at pH > 3.5 and subject to spontaneous degradation in the gastrointestinal tract. Anthocyanins are metabolized
by intestinal epithelial cells and conjugated by phase II enzymes
upon absorption. Additionally, anthocyanins are readily catabolized by colonic microflora. Thus, anthocyanins are extensively
transformed throughout the intestine (De Ferrars et al., 2014). It
is widely accepted that due to poor bioavailability, and inherent
instability that metabolites of anthocyanins may be responsible for
any curative properties that anthocyanin rich foods may impart,
rather than intact parent compounds (Fernandes et al., 2014; Wiczkowski et al., 2010).
7.1. Stability and bioavailability of anthocyanins in the stomach and small intestine
Anthocyanins are relatively stable in the stomach. The acidity in
this region favors the flavylium ion and hemiketal forms of anthocyanins, which do not degrade readily (Fleschhut et al., 2006).
Additionally, interaction with endogenous proteins and the food
matrix serve to further stabilize these molecules (Correa-Betanzo
et al., 2014; Fernandes et al., 2014). The half-life of anthocyanins
in the stomach is estimated at 120 minutes (He et al., 2009). Because transit to the small intestines occurs in approximately 20–30
min, a large proportion of ingested anthocyanins reach the small
intestine intact after ingestion.
Anthocyanins have been detected in the blood 30 min after aronia juice consumption, suggesting that anthocyanins are partially
and specifically absorbed in the stomach tract (Wiczkowski et al.,
2010). The absorption of intact anthocyanins by stomach cells has
been established in vitro and was attributed to a saturable transport
mechanism (Fernandes et al., 2012).
While anthocyanins can enter the blood stream via the stomach,

small intestine, and colon, the bioavailability of these compounds
is low. Several studies have found the bioavailability of anthocyanins to range from 0.4–2%, which is quite low relative to other
flavonoids (2.5–18.5%) (Kay et al., 2005; Manach et al., 2005;
Miyazawa and Nakagawa, 1999). Czank et al. (2013) established a
much greater minimum relative bioavailability of C13-labeled Cy3Glu in humans of 12.4 ± 1.4%. The disparity in results may be a
consequence of the administration of pure Cy3Glu as opposed to
anthocyanins from a food matrix. The high interindividual variability of anthocyanin metabolism and bioavailability also play a
role in studies of this type (Czank et al., 2013). Interindividual
variability in anthocyanin metabolism and uptake has been well
documented and is affected by intestinal enzyme activity, transit
time, and gut microbes (He et al., 2009; Xie et al., 2016).
Glycosylation and acylation affect stability of anthocyanins
in the upper GI tract. Acylation tends to impart stability to these
molecules. Anthocyanin monoglucosides are more stable than corresponding aglycones, but further glycosylation reduces stability
in diglucosides. For example, anthocyanins from blueberries were
more readily recovered than those derived from pomegranates after in vitro simulated digestion (Correa-Betanzo et al., 2014; Pérez-Vicente, et al., 2002). This may be partially due to the greater
quantity of 3-monoglucosides and 3,5-acylated anthocyanins present in blueberries (Correa-Betanzo et al., 2014; Pérez-Vicente et
al., 2002).
It is estimated that 20 to 70% of anthocyanins pass through the
small intestine intact, depending on interindividual variability, anthocyanin profile, food matrix, and sugar moiety (Bermúdez-Soto
et al., 2007). When chyme enters the small intestine, pancreatic
secretions increase luminal pH to 7.5–8.0 (Fernandes et al., 2014)
Anthocyanins tend to form quinoid bases (pH = 6–8) and chalcones (pH = 7–8) at physiological pH resulting in a rapid decrease
in stability of the parent anthocyanins (Ozdal et al., 2016) (Figure
3). Thus, anthocyanins are susceptible to ring fission yielding aldehydes and phenolic acids derived from the A and B rings of the
parent anthocyanin (Fleschhut et al., 2006).
Anthocyanin glycosides can be enzymatically hydrolyzed during transit through the small intestine (Figure 4). The β-glucosidase,
lactase phlorizin hydrolase (LPH) is produced in the brush border
of the small intestinal cells and liberates aglycones from polyphenol glycosides (Dueñas et al., 2015). As the concentration of microbiota increases along the small intestine, microbial β-glucosidases
can also significantly contribute to anthocyanin hydrolysis (Miyazawa and Nakagawa, 1999).
7.2. Gastrointestinal absorption of anthocyanin glycosides
Anthocyanins are absorbed to portal blood primarily by intestinal epithelial cells. It is estimated that ∼7% of the initial Cy3Glu
anthocyanin dose can be absorbed in the small intestine (He et
al., 2009; Wu et al., 2017; Yi et al., 2006). Glucose transporters,
GLUT1 and GLUT3, as well as organic anion membrane carrier
bilitranslocase contribute to the gastric absorption of intact anthocyanins (Oliveira et al., 2019; Passamonti et al., 2002). Active transporters such as GLUT2 and sodium-dependent glucose
transporter (SGLT1) are responsible for transport of anthocyanin
glycosides in intestinal epithelial cells (Faria et al., 2009; Wiczkowski et al., 2010). The type and orientation of glycosyl moieties
of anthocyanins determine anthocyanin transport either through direct interaction with transporters or inhibition via stearic hindrance
(Wiczkowski et al., 2010; Passamonti et al., 2002). Dietary glucose
reduces anthocyanin excretion in vivo, most likely by saturating
glucose transporters (Mülleder et al., 2002). Additionally, chronic
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tion of cytochrome P450 and glucosidases (Rechner et al., 2004).
7.4. Colonic anthocyanin metabolism

exposure to anthocyanins increases the expression of GLUT2 in
Caco-2 cells (Faria et al., 2009). Therefore, food matrix and diet
play a role in determining the bioavailability of anthocyanins.

After transit through the small intestine, the remaining anthocyanins enter the colon intact where they are readily catabolized by
gut microbiota. Although ∼50% of the anthocyanins enter the large
intestine, only 2–3% of are excreted in the feces (Correa-Betanzo
et al., 2014). Although some anthocyanins are absorbed by colonic
enterocytes, microbial catabolism accounts for the majority of colonic anthocyanin loss (Bermúdez-Soto et al., 2007).
The first step in microbial catabolism is the hydrolytic deglycosylation of the anthocyanin (Figure 4). The resulting anthocyanidin spontaneously degrades into phenolic acids and phloroglucinol
aldehyde at the neutral to basic pH of the colon (Woodward et
al., 2009). Anthocyanidins exist mainly as quinoid bases at pH =
8, which form α-diketone intermediates before scission of the adjoining C-ring (Fleschhut et al., 2006). Once liberated, the smaller
phenolic acids can be readily absorbed by enterocytes, evidenced
by the predominant appearance of catabolites after the parent anthocyanin maximum concentration (Cmax) in serum (Czank et al.,
2013).
Enterohepatic recirculation promotes further microbial catabolism of anthocyanins. Anthocyanins and their metabolites
are enriched in bile and the liver after ingestion (Felgines et al.,
2010). Enterohepatic recirculation appears to be a primary elimination pathway for anthocyanin catabolites. For example, after
Cy3Glu consumption, the primary compounds recovered in urine
and serum during the first 6 hours were phase II metabolites of
protocatechuic acid (PCA) (Czank et al., 2013). Anthocyanin biotransformation occurs rapidly, as PCA phase II metabolites have
been detected in serum as early as 30 minutes after anthocyanin
consumption (Czank et al., 2013). Furthermore, phase II metabolites of hippuric, phenylacetic, and phenylpropionic acid were the
predominant anthocyanin catabolites observed after 24 h in serum
(Czank et al., 2013). Considering the significance of enterohepatic
recirculation in anthocyanin metabolism, it is important to consider that the ingested anthocyanin profile will be largely catabolized.

7.3. Biotransformation of anthocyanins

7.4.1. Proposed metabolic pathways

Anthocyanins may be initially transformed by phase II enzymes
in the epithelial cells. Glucuronidation, sulphation, and methylation occur in enterocytes (Fernandes et al., 2014; Kamiloglu et
al., 2015). Subsequently, anthocyanins are distributed to the portal blood and are further metabolized by phase II enzymes in the
liver. Hepatic phase II metabolism of polyphenols occurs via UDPglucuronosyl transferases, catechol-O-methyl transferases, sulfotransferases, and glutathione transferases (Rechner et al., 2004).
Hepatocytes also catalyze hydrolysis and oxidation due to the ac-

Considering the diversity of dietary polyphenols, the gut microbiota reduces a large number of parent polyphenolic compounds
into a narrower range of catabolites (van Duynhoven et al., 2011).
Cy3Glu is catabolized to benzoic acids, phenylpropionic acids,
phenylacetic acids, benzaldehydes, PCA, coumaric acid, vanillic
acids, caffeic acid, syringic acid and ferulic acid (Chen et al., 2017;
Correa-Betanzo et al., 2014; Fleschhut et al., 2006; Xie et al.,
2016). On the basis of these prior reports, the putative metabolic
pathways of catabolites most abundant in the feces are depicted in

Figure 3. pH dependence of cyanidin and its degradation products.
Adapted from: Fleschhut et al. (2006).

Figure 4. Deglycosylation of cyanidin-3-glucoside.

24

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

Valdez et al.

Anthocyanins and intestinal barrier function

Figure 5. Colonic catabolites of cyanidin. Adapted from: De Ferrars et al. (2014), Fleschhut et al. (2006) and Xie et al. (2016).

Figure 5 (De Ferrars et al., 2014; González-Barrio et al., 2011; Xie
et al., 2016). PCA was initially regarded as primary anthocyanin
catabolite, but it is likely quickly subjected to further transformation. It is now recognized that the catabolic pool of anthocyanin
varies by individual, food matrix, and background diet (De Ferrars
et al., 2014).
8. Bioactivity of anthocyanin catabolites
Given the predominance of microbial-derived anthocyanin catabolites, it is important to consider the contribution of these compounds to bioactivity upon anthocyanin consumption. Pharmacokinetic and pre-clinical studies suggest a number of anthocyanin
catabolites possess inherent anti-inflammatory activity, particularly in the intestine.
8.1. Protocatechuic acid (PCA)
Protocatechuic acid or 3,4-dihydroxy benzoic acid (3,4-DHBA)
has been identified as the major degradation product of cyanidintype anthocyanins in several studies (Esposito et al., 2015; Felgines et al., 2003; Hanske et al., 2012; Vitaglione et al., 2007). A
pharmacokinetic study in humans (n = 6) reported that consumption of blood orange juice (71 mg/L cyanidin glucosides) resulted
in recovery of <2% of the parent anthocyanin in serum and urine,
while the PCA catabolite pool accounted for 72.5% of the ingested
cyanidin (Vitaglione et al., 2007). PCA is formed via scission of the
cyanidin aglycone or dehydroxylation of dihydroxyphenylacetic
acid (Vitaglione et al., 2007; Xie et al., 2016). Subsequently, PCA
is rapidly transformed by metabolic processes, suggesting a high
variability of exposure (De Ferrars et al., 2014; He et al., 2009).
PCA can directly inhibit intestinal inflammation. In a DSSinduced colitic rats, 10 mg/kg PCA added to the drinking water
inhibited colitis-induced wasting, improved histopathology scores,

decreased plasma IL-6, IL-1β, and TNF-α, and reduced colonic
COX-2 and iNOS relative to the control (Farombi et al., 2016).
Intraperitoneal injection of 30 or 60 mg/kg PCA in TNBS-induced
colitic mice resulted in a similar global improvement of colitis progression and improvement in markers of oxidative stress including glutathione (GSH), superoxide dismutase (SOD), and catalase
(Crespo et al., 2017). The suppression of TNBS-induced oxidative
stress was attributed to elevated colonic Nrf2 in PCA-treated mice
(Crespo et al., 2017). High conversion rates and bioactivity suggest PCA may contribute in-part to the anti-inflammatory activity
of anthocyanin consumption.
8.2. Ferulic acid (FA)
Ferulic acid (FA or 4-hydroxy-3-methoxycinnamic acid) is a member of the hydroxycinnamic acid family of phenolics that is derived
from the Cy3Glu A- or B-ring (Janicke et al., 2005). Ferulic acid
can be formed by the rapid methylation of caffeic acid after absorption. FA was present in serum and urine within 4 hours of a
500 mg 6,8,10,3′,5′-13C5-Cy3Glu bolus dose in healthy humans
(De Ferrars et al., 2014). Colonic epithelial transport of FA (freeform and conjugated) via a monocarboxylate, multidrug resistance
protein, and P-glycoprotein transporters was observed in Caco-2
cells as well as ex vitro in rat everted colonic sacs (Poquet et al.,
2008). FA is abundant in the feces after anthocyanin consumption,
a result of multiple convergent pathways and a relatively long halflife (De Ferrars et al., 2014).
FA also inhibits colitis in rodents. Intrarectal administration of
FA (20 and 40 mg/kg) in a mouse model of TNBS-induced colitis 14 days after challenge reduced disease severity (Sadar et al.,
2016). FA significantly improved histopathological indices of inflammation, protected intestinal mucosal cells from apoptosis, and
reduced colonic oxidative stress (Sadar et al., 2016). FA administration also inhibited the pro-inflammatory cytokines IL-1β, IL-6,
and TNF-α and increased immunoregulatory IL-10 (Sadar et al.,
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2016).
FA appears to inhibit colitis via a mechanism similar to 5-aminosalicylic acid, a metabolite of common IBD drug, sulfasalazine.
Administration of intrarectal sodium ferulate at 800 mg/kg b.w.
was as effective as 100 mg/kg b.w. of 5-aminosalicylic acid in preventing colonic mucosal injury due to acetic acid-induced colitis
in Sprague-Dawley rats (Dong et al., 2003). FA consumption (20
and 40 mg/kg) also inhibited acetic acid induced colitis in rats via
modulation of the production of cellular antioxidants, specifically
superoxide dismutase (SOD) and glutathione (GSH), via an Nrf2dependent pathway (Kandhare et al., 2016).
The anti-inflammatory effects of FA administration can also
modulate intestinal barrier function in cultured cells. Caco-2 cells
pretreated with ferulic acid (5 or 15 μM) resisted the reduction
in TEER from a TNBS challenge (He et al., 2018). FA improved
intestinal permeability by reducing apoptosis and increasing the
tight junction proteins ZO-1 and occludin (He et al., 2018). Due to
the oxidative damage caused by TNBS, it was suggested that the
apparent effect of FA on barrier function was due to either direct or
indirect antioxidant function (He et al., 2018).

in maintaining chronic inflammation in IBD. Anthocyanins and
anthocyanin metabolites inhibit colitis and improve intestinal barrier function by a number of interconnected mechanisms. These
bioactives modulate oxidative stress and inflammation directly in
intestinal epithelial cells, but also modulate gut microbiota, affect
activation of immune cells, and modulate cytokine activity.
Despite the promising nature of anthocyanins for IBD, a number of gaps in knowledge remain. The distribution and catabolic
fate of anthocyanins has significant variability between individuals and the food matrix. It is currently unclear how the inter-individual variability in anthocyanin catabolism affects anti-colitic
efficacy. The food matrix also is expected to affect the distribution
of anthocyanin and catabolites in the colon. Experiments utilizing
gnotobiotic rodents colonized with defined microbial communities
could help resolve these gaps. However, the differences in efficacy
between juice, whole fruit, and anthocyanin-rich berry extracts
remains unresolved. Efforts to resolve these questions utilizing
rodent and cell models should consider the metabolic fate of anthocyanins to maximize translation to human intervention studies
using berry bioactives for IBD.

8.3. Vanillic acid (VA)
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In humans, VA was a predominate catabolite in the serum after
ingestion of 500 mg of 13C5-Cy3Glu, however its conversion rate
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VA also possesses intrinsic anti-inflammatory activity. VA inhibited NF-κB activation and suppressed the phosphorylation of
MAPK in the human mast cell line HMC-1 (Jeong et al., 2017).
VA consumption inhibited DSS-induced colitis in mice and reduced IL-6, COX-2, and NF-κB activation in colon tissue (Kim
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potential of the phenolic compound was demonstrated in chemically-induced (acetic acid, phenyl-p-benzoquinone, carrageenan,
formalin, and complete Freund’s adjuvant) paw edema in mice
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9. Conclusion
Consumption of anthocyanins and anthocyanin-rich berries consistently inhibit IBD in rodent models of colitis. Although data
from human intervention studies is limited, additional human intervention studies for inhibiting IBD with anthocyanin-rich berries are warranted. Intestinal barrier function is a central factor
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Abstract
Phospholipids are important ingredients in milk. They serve as bioactive components with processing functionalities, despite representing only a small proportion of total milk lipids. There has been increasing interest in
vesicle properties and health effects of milk phospholipids. However, there are limited reports on industry-scale
manufacturing of related commercial products. This contribution aims to elucidate the industrial processes of
manufacturing milk phospholipid products including phospholipid extraction and fraction as well as summarizing
determination assays of milk phospholipids. In addition to industrial production, this review elaborates on application aspects, such as the biological properties of milk phospholipids and their technical importance as delivery
vesicles of liposomes and phytosomes. In addition, new insights on large-scale production of milk phospholipids
and new applications such as phytosomes and antioxidant properties are discussed.
Keywords: Milk phospholipids; Solvent extraction; Liposome; Phytosome; Health effects; Vesicle properties.

1. Introduction
Milk contributes about one third of human dietary lipid intake
(USDA, 2017). Milk phospholipids have been used as materials
for nutrient carriers since the early 2000s. Thompson (2005) first
used milk phospholipids to fabricate three kinds of liposome to
encapsulate bioactive compounds. Since then, milk phospholipidbased liposomes have been prepared to encapsulate ascorbic acid
(Farhang et al., 2012) and lactoferrin (Liu et al., 2013). More recently, milk phospholipid liposomes were applied to improve the
storage stability of encapsulates (Gulseren and Corredig, 2013),
the encapsulate solubility and encapsulation efficiency (Jin et
al., 2016; Liu et al., 2012) and the bioavailability of encapsulate

(Maswadeh et al., 2015), showing better efficiency than soy lecithin (Liu et al., 2012). Furthermore, in terms of biological effects,
several review papers have summarized various health benefits of
milk phospholipids, with emphasis on therapeutic aspects (CastroGómez et al., 2015), infant’s gut development and cognitive functions (Ortega-Anaya and Jimenez-Flores, 2018), and physiological
functionalities (Verardo et al., 2017).
This contribution aims to summarize the industrial processes
of manufacturing milk phospholipids, to update last five-year results on using phytosomes or liposomes to enhance bioavailability
of bioactive compounds. It also reports on the recent trends on
biological activities of milk phospholipids including antioxidant
potential.

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
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2. Structure, composition and occurrence

et al., 2014).

2.1. Molecular structure

2.3. Occurrence

Milk phospholipids include two subclasses, glycerophospholipids and sphingolipids. Glycerophospholipids consist of a glycerol
moiety with two fatty acids (lipophilic) esterified at positions of
sn-1 and sn-2 and a hydroxyl group at sn-3 position, linked to a
phosphate group and a hydrophilic residue. The structural details
of the latter determine the types of glycerophospholipids, namely
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidyl-glycerol (PG), and phosphatidic acid (PA) (Verardo et al., 2017). The
amphiphilic structure (lipophilic tail and hydrophilic head) provides milk phospholipids with emulsification properties.
Sphingolipids consists of sphingosine backbone (2-amino-4-octadecene-1,3-diol), linked to a fatty acid through an amide bond
and a polar head. Sphingomyelin (SM) is a prominent subclass
of sphingolipids, having a phosphocholine head group. A minor
constituent of sphingolipids in milk is glycosphingolipid, whose
polar group comprises carbohydrate groups (glucose, galactcose,
and lactose) (Ortega-Anaya and Jimenez-Flores, 2018).

In intact raw bovine milk, phospholipids take the form of milk fat
globule membrane (MFGM: 0.1–20 μm in diameter, 10–50 nm in
thickness (Arranz and Corredig, 2017)). The triple-layer membrane
consists of a surface-active inner monolayer enveloping triacylglycerols (TAG) in the center and an outer bilayer in contact with
the aqueous phase of milk (Castro-Gómez et al., 2015). The milk
fat globule membrane is composed of polar lipids, proteins, glycoproteins, enzymes and minor neutral lipids (Zhao et al., 2019).
In dairy products, the triple-layer membrane structure becomes
disrupted during processing and milk phospholipids redistribute into such products as buttermilk (BM) and beta serum powder (BSP, >60% lipid), which is an aqueous dairy stream through
phase inversion from an oil-in-water to a water-in-oil emulsion
(Fletcher et al., 2006).

3.1. Phospholipid extraction from dairy products

2.2. Composition
Milk lipids represent approximately 4% of bovine milk (Bylund,
2015). Among total milk fat, only 0.32–1% represents phospholipid compounds (Le et al., 2015). Thus, it takes 2.5–8 liters of
raw milk to produce one gram of phospholipids. Phospholipids are
structured, functional lipids (Jala and Kumar, 2018). In all the three
phospholipid sources, PC and PE contributes to the major proportion (52, 55 and 90% for milk, soy and egg yolk, respectively) of
polar lipids. Compared to soy lecithin and egg yolk lecithin, milk
phospholipids have a more balanced distribution in each subclass.
SM and PS (24 and 12% in milk phospholipid profile, respectively), being regarded as functional ingredients for brain development
(Castro-Gómez et al., 2015; Higurashi et al., 2015), are virtually
absent in other sources, such as soy (0 and 0.5%, respectively) and
egg yolk lecithin (1.5 and 0%, respectively) (Li, 2014).
Apart from SM and PS profile, milk phospholipids have advantages over the other two sources due to their natural origin,
oxidative stability and color compatibility. Milk phospholipids
have lower content of polyunsaturated fatty acids (PUFA 7.2–
7.9% (Lopez et al., 2008)) than soy lecithin (60.37% (Imran et al.,
2015)) and egg lecithin (23.2% (Asomaning and Curtis, 2017)).
Unsaturated fatty acids had a proportion of approximately 46.14%
for mature bovine milk phospholipids (Zou et al., 2015), and 33–
44.8% for two kinds of bovine milk polar lipids fed on maize silage and linseed (Lopez et al., 2008), while for the lecithin of soy
and egg yolk, this percentage was 79.58 (Imran et al., 2015) and
54.6 (Asomaning and Curtis, 2017), respectively. Thus, milk phospholipids are more resistant to oxidation than other phospholipids
and they also have less color intensity for this kind of fatty acid
profile (Ireland, 2014).
In terms of fatty acid profile of phospholipids, bovine milk, soy
and egg yolk all have predominant distribution of long chain fatty
acids (LCFA 13–21), and the abundance of their LCFA is above
90% (Asomaning and Curtis, 2017; Butina et al., 2017). The top
two prominent fatty acids of phospholipids for milk and egg yolk
are oleic and palmitic acids, which together account for more than
60%. The principal fatty acids of soy lecithin are linoleic and palmitic acids, contributing to 63.4 and 16.4%, respectively (Lopez
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3. Industrial manufacturing

Milk phospholipid concentrated streams are related to butter processing, anhydrous milk fat (AMF) or whey fraction. Commercial
milk phospholipid products are usually derived from dairy products, such as butter serum AMF, buttermilk, or acid butter whey.
The level of phospholipids in these streams can be as high as
11.54, 2.03 and 1.84%, respectively (Le et al., 2015). Butter serum
powder represents the highest level of phospholipid concentrate
among those dairy streams. Therefore, it is a preferred feed for
making milk phospholipid.
AMF, derived either from fresh cream or butter, contains purified milk fat (>99.8%) with removal of water and non-fat solid
(Bylund, 2015). Butter serum AMF consists of highest proportion
of phospholipids, with 11.54, 1.25 and 48.4% in terms of dry matter
(DM), wet base and lipid base, respectively (Pimentel et al., 2016;
Smithers and Augustin, 2013). Buttermilk, a product of churn process, is the serum of butter, containing the most of original milk
whey proteins and less fat than butter (Chandan and Kilara, 2010).
Buttermilk phospholipids are less abundant than those of butter
serum, with 2.03% of dry matter (DM) content. Acid buttermilk
whey has a DM-based protein percentage of approximately 84.7%,
containing 1.84 and 0.1% phospholipids for dry and wet products,
respectively (Smithers and Augustin, 2013). Intact milk fat globule
membrane contains 30–70% polar lipids. However, it is generally
only regarded as a laboratory source of phospholipids (Holzmüller
and Kulozik, 2016; Lu et al., 2016).
Solvent extraction is one of the common methods to isolate milk
phospholipids from dairy lipid concentrates. Ethanol is the most
used solvent to extract milk lipids, for instance, hot alcohol (90%)
extraction at 70 °C rendered around 90% recovery rate (Price et
al., 2018). Ethanolic extraction of lipids from proteins resulted in
high purity (75%) phospholipids (Burling and Graverholt, 2008).
In a laboratory up-scaling test, supercritical carbon dioxide and
20% ethanol was utilized to extract lipids and final product had a
purity of 56.24 ± 0.07% (Barry et al., 2017). Supercritical carbon
dioxide can only dissolve triacylglycerols without phospholipids,
but together with near-critical dimethyl ether, it extracts both neutral and polar lipids (Fletcher et al., 2006). Hexane is also a solvent
that is occasionally used for lipid extraction (Shulman et al., 2011).
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oil capsule was formulated to alter the flavor of PS. PS20/60 are
physically unstable, and as they come from impure origin, these PS
products (PS 20/60) were restricted by the public health authorities
as described in WO2006-128465A1 (Table 1).
3.2. Available commercial products and related patents

Figure 1. Block process flow diagram to illustrate a typical routine of milk
phospholipid (PL) isolation and purification.

Phospholipids are acetone-insoluble, but triacylglycerols dissolves
in acetone. This selectivity in solubility also provides an approach
to purify milk phospholipids (Le et al., 2015; Zou et al., 2015).
To obtain a high purity of phospholipids, lactose and protein
(casein and whey protein) need be isolated from lipids. Proteins
can be denatured thermally or in acid solution (pH 4.6) (Ferreiro
et al., 2016; Price et al., 2018), the aggregated particles are then
sieved by subsequent filtration. Starting with whey protein phospholipid concentrate, ethanol at 60–80 °C denatures proteins, resulting in phospholipid concentration of ca. 45.8% in the filtrates
(Price et al., 2018). Proteolysis is also a viable way to remove proteins, in which whey and casein break into peptides and amino
acids. Then the small molecules enter permeate after ultrafiltration
(UF) or microfiltration (MF) operation (Barry et al., 2017; Konrad
et al., 2013). Alcalase (E.E. 3.4.21.62), a serine type endoprotease
with esterase activity, catalysed amino esters at pH 7.5 and 35–60
°C (Barry et al., 2017), while tryptic and peptic hydrolysis may be
carried out at 42 °C for 2–16 h, with pH at 7.7 and 2.0, respectively
(Konrad et al., 2013). Lactose is a smaller molecule than lipid ant
it also goes into permeate (Levin et al., 2016).
The process flow diagrams of industrial milk phospholipid manufacturing are not available due to commercial confidence. However, according to previous research reports, a block diagram was
proposed to illustrate the principle of typical industrial production
processes of milk phospholipids (Figure 1). Starting from butter serum or buttermilk, milk phospholipid concentrate can be refined by
sequential unit operations of delactosing, deproteinising, and defatting (Fletcher et al., 2006; Ireland, 2014; Zou et al., 2015).
Apart from the combined methods of solvents, filtration and
centrifugation, milk phospholipids can be synthesized by using
lecithin phosphatidylcholine and milk L-serine (WO2005027822).
First, the choline group of soy PC is cleaved with Phospholipase
D, and replaced with an L-serine group in the presence of calcium
salt. The synthesized PS 20/60 (21 and 62% PS, respectively) can
acquire an unpleasant taste and may become undrinkable. Thus,

Among the milk phospholipid portfolio of Fonterra Co-operative
Group Ltd, Phospholac 600 consists of approximately 75% phospholipid, representing one of the most concentrated milk phospholipids in large-scale commercial products (Li, 2014). Its Phospholac 500/600/700 and Gangolac 600 have a phospholipid content
of 34, 70, 62, and 15%, respectively (Li, 2014; Thompson, 2005).
Additionally, Arla Foods amba have commercialized a series of
phospholipid rich dairy milk concentrated (PRDMC) products,
including Lacprodan® MFGM 10 and Lacprodan® PL 20/75.
Lacprodan® MFGM 10 has been claimed to support physiological
development of infant gut and provide infants with similar phospholipid benefits as breastfed infants because the fatty acid profile
of Lacprodan® is similar to that of human milk (Sokol et al., 2015).
In addition, PL 20 is made out of serum phase of butter oil product
(AMF) with membrane filtration, yielding over 20% phospholipids
in total solids, which is a pure-natural nutraceutical with properties
that is not discovered in conventional phospholipid sources including soy. PL 75 is a further ethanolic extract from PL 20, with 75%
of phospholipids and protein-free. PL 20 and 75 targets infant milk
formula and skin care, respectively (Arla, 2018).
As illustrated in Table 2, ethanol has frequently been used to extract milk lipids during industrial processes of manufacturing milk
phospholipids. To further purify phospholipids, acetone (or dimethyl ether) is a common solvent to dissolve triacylglycerols. Most
industrial milk products are generated from buttermilk (BM) and
butter serum powder (BSP), except for some other origins such as
whey protein concentrate (WPC) by Morinaga Milk Industrial Co
Ltd. Tatua Co-operative Dairy Company produces a milk phospholipid concentrate from beta serum powder, an aqueous dairy ingredient separated from dairy streams comprising more than 60% lipids
which has been made by phase inversion from an oil-in-water to a
water-in-oil dispersion (Tatua, 2018). For instance, Lipidex, a derivative from beta serum powder by Synlait Milk Limited, contains
5–7% phospholipids and 26.6% fat in total (Moukarzel, 2016). Bovine milk SM (#860063, 25–200 mg) by Avanti has a purity of 99%
(Lopez et al., 2014). Lecico Lipamine M20 comprises 20% of phospholipids including sphingomyelin, ceramides and ganglioside. This
product has been produced with a special membrane technology,
which used only water without using other solvents (Lecico, 2018).
3.3. Analysis: sample preparation, fractionation and chromatography
For analysis proposes, milk lipid samples are usually prepared

Table 1. Phospholipid composition of three typical dairy products

Product

PL on product
(g/100g)

PL on DM
(g/100g)

PL on fat
(g/100g)

Protein on
Protein on
product (g/100g) DM (g/100g)

Butter serum AMF

1.25

11.54

14.8–48.4

2.91

32.71

(Lopez et al., 2017; Smithers
and Augustin, 2013)

Sweet buttermilk

0.16

2.03

4.49–33.1

3.31

32.95

(Smithers and Augustin, 2013)

Acid buttermilk whey

0.1

1.84

25.4

0.99

84.7

(Pimentel et al., 2016)
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with solvent extraction. The Folch and Bligh extraction method
using both chloroform and methanol, a common formula to dissolve milk lipids. Though dichloromethane (DCM, less toxic than
chloroform) has recently been introduced to replace chloroform
(Claumarchirant et al., 2016), the principal methods of lipid extraction remain to be the Folch extraction (Bourlieua et al., 2018),
the Bligh method (chloroform:methanol:water is 1:2:0.8, v/v/v)
(Cheema et al., 2017) or the Röse-Gottlieb extraction of ammoniacal ethanolic solution of milk samples with diethyl ether and light
petroleum (Barry et al., 2016; Ferreiro et al., 2016). Total lipids of
samples may be measured using gravimetric determination, Gerber-van Gulik butyrometer, infrared spectral method specified in
International Dairy Federation (IDF) (Ferreiro et al., 2016), or gas
chromatograph equipped with a flame ionization detector (FID)
(Rodríguez-Alcal et al., 2015).
Milk phospholipid fractions are usually further purified by a
solid-phase extraction (SPE) before a determination assay of phospholipids and their subclasses, as illustrated in Table 3. Silica gel
bonded cartridge is the most used SPE column to fractionate phospholipids from neutral lipids. First, the column is conditioned with
hexane, then it is eluted by hexane (C6) and diethyl-ether (DEE)
mixture to separate triacylglycerols. After that, another elution
with chloroform, methanol and water will bring phospholipids out
of the SPE column, which will be collected for solvent evaporation by using rotary evaporation. The final product (phospholipids)
after solvent drying is stored at -20 °C before using (Haddadian et
al., 2018). In addition, chloroform and methanol have been used
as SPE conditioning and elution solvents (Walczak et al., 2016).
Some SPE was performed with silica gel plate instead of silica gel
bonded cartridges (Zou et al., 2015). Total phospholipids in milk
samples can be determined by IDF molybdate assay (Vilamarim et
al., 2018), Fourier transform infrared (FTIR) spectroscopy (Kala
et al., 2018) or enzymatic method measuring the choline content
(Shrestha et al., 2017).
Nuclear magnetic resonance (NMR) using 31P is a standard assay to quantify milk phospholipids and their subclasses (Hickey et
al., 2017; Xu et al., 2015). However, chromatography is the more
common assay to determine milk phospholipids. Thin layer chromatography (TLC) is a convenient assay without sophisticated
instruments. A formula of TLC elution solvent mixture containing hexane, diethyl ether and acetic acid (80:20:1, v/v/v) has often
been applied on a silica gel plate. The fractionated subclasses are
then visualized on the plate with iodine vapor (Fuller et al., 2012;
Zou et al., 2015).
High-performance liquid chromatography (HPLC) remains
the most commonly used method, because it can accurately quantify the total phospholipids and each of their subclasses than TLC.
For each HPLC assay, 5–10 µL sample (approximately 5–100 μg/
mL) is the necessary amount to perform chromatographic analysis (Cheema et al., 2017). As shown in Table 3, HPLC was usually coupled with such detectors as ultraviolet (UV) absorbance,
evaporative light-scattering detector (ELSD) and mass spectroscopy (MS). Due to the polarity of milk phospholipid, silica
column has often been used to separate the subclasses of milk
phospholipids. To further fractionate the species of specified milk
phospholipid subclasses, reverse phase (RP) HPLC with C18 column can be employed (Dugo et al., 2013). The binary solvents
of chloroform and methanol or acetonitrile and ammonium acetate are frequently used as an elution medium. The change of
formula of elution solvents leads to the different detection order
of phospholipid subclasses in the chromatogram, as illustrate in
Table 3. In some cases, pH of mobile phase was modulated by
trimethylamine or ammonia hydroxide (pH 3 and 6, respectively)
and formic acid has shown benefits in providing a flat baseline

(Ferreiro et al., 2014).
4. Vesicle properties
4.1. Liposomes
Milk phospholipid concentrate has good emulsification properties
due to its amphiphilic molecular structure. Milk phospholipids can
also be used to deliver nutraceuticals and bioactive compounds in
food and bio-pharmaceutical industries, achieving better stability, solubility and bioavailability of the encapsulate (Livney et al.,
2016). In a recent report, the vesicle properties of milk phospholipids was thoroughly reviewed (Arranz and Corredig, 2017).
Milk phospholipids-based liposomes have been proven to deliver lipophilic or hydrophilic components to improve the bioavailability of encapsulates, in either pharmaceutical or food industries.
In the cosmetic area, liposomes have been used to facilitate dermal
absorption of active compounds. Milk phospholipids-based liposomes have been applied to co-deliver beta-carotene within the
membrane and ascorbic acid in the inner phase (Farhang, 2013).
The complexing index increased when milk phospholipid concentration was improved from 5 to 10%, then plateaued at 26 ± 0.5%
when milk phospholipid concentration was 10–15%. The size of
carriers was 120 ± 2 nm using micro-fluidization unit. Due to the
limited physical stability, the produced liposomes aggregated and
stratified in one day (Farhang et al., 2012). The liposome carriers
based on milk phospholipids were shown in Table 4.
4.2. Phytosomes
As illustrated in Table 4, phytosome carrier can also deliver bioactive compounds, both lipophilic and hydrophilic, in order to
enhance oral bioavailability (Lu et al., 2018). Phytosomes are a
durable complexes, with a simple manufacturing process (Gnananath et al., 2017). Complexing reaction of milk phospholipids and
encapsulate (molecular ratio 1–5) was realized in either ethanolic
or methanolic solution of 55°C. As a result, the bioavailability of
encapsulate was enhanced by 3–5-fold (Freaga et al., 2018; Yu et
al., 2016), while the solubility of 36-fold increase was evidenced
(Telange et al., 2017).
Both milk phytosomes and liposomes are derived from milk
phospholipids. Liposomes encapsulate bioactive compounds in
either the core of phospholipid globule or in the phospholipid bilayer, whereas phytosomes are different from liposomes because
phospholipids conjugate with encapsulates, hence they are more
durable and efficient than liposomes (Karimi et al., 2015). Currently, the milk phospholipid-based phytosomes are not yet explored,
and it should provide a prospective area to study.
4.3. Gastrointestinal digestion and absorption
Milk phospholipids do not hydrolysis in lingual and gastric tract,
thereby they can be carriers of bioactive compounds (CastroGómez et al., 2015). Their digestion occurs in lumen, the upper
part of intestinal gut. Phospholipase A/B/C/D acts on either sn-1 or
2 acyl (A), both sn-1 and 2 acryl (B), sn-3 phosphoric base (C) and
sn-3 polar head (D), respectively (Gurr et al., 2002)). In human being, pancreatic phospholipase A2 (EC 3.1.1.4 (Venuti et al., 2017))
can act upon sn-2 position of phospholipids, resulting in lysophospholipids and fatty acids. The fatty acid group of lysphopholipids
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et al., 2016)
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(Zheng et
al., 2014)
(Luo et al.,
2018)
(Liu et al.,
2017; Liu et
al., 2015)
(Lopez et
al., 2014)
(Lu et al.,
2016)
(Ma et al.,
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2014; Ferreiro
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Table 3. HPLC assays to determine milk phospholipids
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Table 4. Milk phytosomes and liposomes as bioactive compound carriers

Encapsulate

Phospholipid

Vesicle

Bioavailability

Reference

Celastrol (CST)

Soy PC

Phytosomes

4–5-fold increase

(Freaga et al., 2018)

Apigenin

Soy PC

Phytosomes

Up to 82%

(Telange et al., 2017)

Berberine (BER)

Soy PC

Phytosomes

3-fold increase

(Yu et al., 2016)

18β-glycyrrhetinic acid

Soy lecithin

Phytosomes

Extended storage to 30–90 days

(Djekic et al., 2016)

Curcumin

Milk PL

Liposomes: Sonication

More efficient and stable
than soy lecithin

(Jin et al., 2016)

Lactoferrin (LF)

Milk PL

Liposomes: Ethanol
injection

Gastric stable and slow
intestinal hydrolysis

(Liu et al., 2013)

Tea phenolic

Milk PL

Liposomes: Microfluidization

More efficient than soy lecithin

(Gulseren and Corredig, 2013)

β-carotene and
ascorbic acid

Milk PL

Liposomes Microfluidization

Poor physical stability
upon storage

(Farhang, 2013)

Silybin

Milk PL

Reverse phase
evaporation (RPE)

10-fold increase

(Siegel et al., 2014)

can be further cleaved by lysophospholiase (EC 3.1.1.5) (Winrow
et al., 2003). Moreover, the pancreatic lysophospholipase of human
being is most likely non-specific phospholipase, but carboxyl ester
hydrolase (EC 3.1.1.1) (Duan and Borgström, 1993). In addition,
sphingomyelinase (alk-SMase, EC 3.1.4.12) acts on phosphoric
di-ester bond of sphingomyelin, generating ceramide and phosphocholine (Nilsson and Duan, 2019). Ceramide will be further split
by mucosal ceramidase (N-CDase EC 3.5.1.23) (Mao and Obeid,
2008). The lipolysis products then cross the border of epithelial
cells (mucosa) and enter the enterocyte to synthesize new phospholipids, which are then incorporated into chylomicrons (CM). After
that, in approximately five hours postprandial, CM will enter into
the lymph and blood circulation. Apart from absorption of hydrolysate of phospholipids (lyso-PLs and fatty acids), approximately
20% of phospholipids are passively absorbed in the intestinal lumen (Castro-Gómez et al., 2015). In addition, indigenous phospholipid excretion into bile is 10–20 g per day (Cohn et al., 2010),
which was much higher than endogenous phospholipids (2–8 g
phospholipid ingestion per day) (Lecomte et al., 2015). Therefore,
phospholipids are not essential lipids though they are critical.
5. Health impacts
The nutraceutical value of milk polar lipids has previously been
reviewed, including the efficacy for modification of the trajectory
recession of cerebral structure in old age (Reddan et al., 2018),
the roles in the growth of infant brain and gut (Ortega-Anaya and
Jimenez-Flores, 2018), the effects of immune-mediated anti-carcinogenic effects and anti-inflammatory activity (Verardo et al.,
2017), and the relevance to hepatoprotection and cardiovascular
diseases (Castro-Gómez et al., 2015). Moreover, milk phospholipids consequently reduced the waist circumference of the participants in this trial, compared with soy lecithin in a clinical trial,
although the blood lipid concentrations of the attendants in the
trial was not altered (Weiland et al., 2016). In addition, the effects
of Lacprodan® PL-20 on supporting infant intestinal maturation
(Arla, 2019) and a healthy microbiota (Nejrup et al., 2017) have
been clinically demonstrated. Furthermore, buttermilk and krill oil
phospholipids were associated with the improvement of synaptic

signalling in aged rats (Tomé-Carneiro et al., 2018).
5.1. Neurocognitive effects
The nutritional value of milk polar lipids includes gut development
(SM), neurocognitive development (SM), liver protection (PC),
bacteria inhabitation (lyso-phospholipids), maintaining homeostasis (PE), cell signalling (PI) and memory restoration (PS), as
reviewed in previous reports (Gallier et al., 2014; Le et al., 2014;
Le et al., 2015). It has been documented that milk phospholipids
can enhance the neurocognitive development in the trials. For example, the research has shown that sphingolipid supplementation
improved the myelination of central nervous system and was responsible for the normal brain weight of rat infants (Castro-Gómez
et al., 2015). L-serine is essential for the synthesis of sphingolipids
and phosphatidylserine (PS) in particular types of central nervous
system neurons (Hirabayashi and Furuya, 2008). Additionally, the
cognitive performance benefits of dietary milk phospholipid have
been evidenced with the clinical trial (Boyle et al., 2019), the rats
model (Schipper et al., 2016), and the piglet model as well (Liu et
al., 2014).
Present results appertaining the cognitive functions of milk
phospholipids, from either ex vivo models or in vivo models are illustrated in Table 5. Most tests conferred the benefits of milk phospholipids on brain function, however one examination showed that
it might be due to the combined effects of membrane proteins and
polar lipids (Timby et al., 2014). In terms of commercial application, milk phospholipids are well-recognized ingredients for infant
milk formula (IMF), which represent the world’s fastest growing
functional food in recent years (Ireland, 2014).
5.2. Skin care
Skin parameter enhancement examination has been performed in
both in vivo and ex vivo, yielding positive results except for a noneffectiveness report under the set conditions (Keller et al., 2014),
as illustrated in Table 5. Some of these benefits appear to be related
to phospholipids, altering the hydration of skin and therefore increasing elasticity and resilience.
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Milk PL

Milk PL

Milk PL

MFGM rich diet

Milk SM diet

Milk SM diet

Milk PL extract

MFGM

Skincare

Skincare

Skincare

Skincare

Antiinflammatory

Antiinflammatory

Antiinflammatory

Antiinflammatory

Antiinflammatory

MFGM

Milk PL coated
dietary lipid

Ganglioside

Cognitive

Cognitive

Cognitive

Milk SM

Milk PL

Ex vivo: Suckling rat pups

MFGM

Cognitive

Cognitive

Cognitive

Ex vivo: Neonatal piglet

Lacprodan® PL-20

Cognitive

In vivo: Healthy elderly
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Ex vivo: Rat pups

In vitro: MA-104 cells
of embryonic African
green monkey kidney

Ex vivo: high-fat-dietinduced mice

Ex vivo: high-fat-fed mice

Ex vivo: Mice

Ex vivo: Mice

In vivo: Atopic
dermatitis patients

In vivo: Healthy adults
aged 20 to 39 year

Ex vivo: Dog with
allergic skin disorders

Ex vivo: Healthy male mice

In vivo: 54 healthy,
non-obese adult men

In vivo: Infant and Toddler

In vivo: 6-months infants

In vivo: Low birth
weight infants

Ex vivo: Rats

Lacprodan® PL-20

MFGM

In vivo: Healthy elderly

Cognitive

PL PUFA

Cognitive

Model

Cognitive

Dietary supplementary

Functionality

Table 5. Health effects of milk phospholipids

(Keller et al., 2014)

(Higurashi et al., 2015)

(Karasawa et al., 2017)

(Schipper et al., 2016)

(Boyle et al., 2019)

(Timby et al., 2014)

(Gurnida et al., 2012)

(Tanaka et al., 2013)

(Brink and Lönnerdal, 2018)

(Liu et al., 2014)

(Moukarzel et al., 2018)

(Scholey et al., 2013)

(Konagai et al., 2013)

Reference

(Bhinder et al., 2017)

(Fuller et al., 2012)

Polar lipids displayed effects of anti-rotavirus
activity by focus-forming unit (FFU) assay
Protective and replenishing effects on neonatal intestinal
epithelium caused by clostridium difficile toxin; milk
PL deficiency led to defect of GI development

(Norris et al., 2017)

(Norris et al., 2016)

(Snow et al., 2010)

Suppressed metabolic indicator of obesity

Altered distal gut microbiota and lowered serum LPS

Attenuated the inflammatory response to a
systemic LPS challenge; cut gut permeability.

Modulated epidermal covalently bound ceramides associated with (Morifuji et al., 2015)
formation of lamellar structures and alleviated skin inflammation

Not effective

Skin elasticity in the region below the eye increased

Enteric improvement and better skin conditions

T-maze test: Increased to 87% from 74% in short-term
memory tests; while same in long-term memory

Cognitive performance was improved under conditions of
psychosocial stress but failed to moderate cortisol response

The diet led to similar cognitive score to breastfed infants
but showed higher score to pure polar lipids fed infants

Cognitive score increased

SM activated prefrontal cortex of the brain, yield better
score on visual evoked potential, attention, and memory

Related genes expression was promoted

Spatial ability was enhanced

MFGM altered brain lipid

Set protocols to assess Lacprodan® PL-20

Cognitive function was activated

Result
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5.3. Anti-inflammatory in gastrointestinal development
Milk phospholipids have proven to be able to modulate inflammatory reaction and to protect against gastrointestinal leakiness,
as illustrated in Table 5. Animal models and cell models have
shown that the polar lipids fraction from MFGM affects infant
gastrointestinal development. Milk phospholipids diet decreased
gut permeability (Snow et al., 2010), altered distal gut microbiota
and reduced serum lipopolysaccharide (LPS) (Norris et al., 2016),
inhibit infectivity of rotavirus (Fuller et al., 2012), and regulate
the neonatal gut microbiome and promote intestinal development
(Bhinder et al., 2017).
5.4. Antioxidant activity
Milk phospholipids act as both antioxidants and a pro-oxidants
and sometimes are used to alleviate food oxidation. Anti-oxidative
activity of phospholipids might be due to such mechanisms as metal-chelation, alteration of the location of other antioxidants, and
regeneration of other primary antioxidants. However, phospholipids can also act as primary antioxidants and pose significant antioxidant activity to biological membranes (i.e. meats), owning to
their unsaturated fatty acids and negative charge (Cui and Decker,
2016). Phospholipid supplementation to soybean oil significantly
retarded the oxidative process, extending oxidative stability index
(OSI) from 7.62 to 12.96 h. However, phosphatidylcholine addition caused trimethylamine (TMA, fishy off-odor) generation (Jiang et al., 2016). Marine lecithin (i.e. krill oil) consists of a natural antioxidant (astaxantin) and phospholipids bound LC-PUFA,
which inhibits oil peroxidation during its shelf life (Ben-Dror et
al., 2018). Αlpha-tocopherol enhanced the oxidative stability of
marine phospholipid emulsions (Lu, 2013).
6. Conclusion
In this review, milk vesicle properties and health impacts were addressed. As an emerging material of vesicles in nutraceutical and
bio-pharmaceutical, milk phospholipids show advantages over
lecithin of soy and egg yolk in encapsulation efficiency. Recently,
various kinds of liposomes have been fabricated for enhancing the
solubility and bioavailability of encapsulates. Phytosomes, more
stable carriers than liposomes, should provide a further area to
study. In recent reports, milk phospholipids have been proven to
support cognitive development owning to their balanced distribution in phosphatidylserine and sphingomyelin, which was almost
absent in soy and egg yolk lecithin. Apart from brain function,
milk phospholipids have a role in skin care, due to their more saturated fatty acids, which lead to milky-white color and stability.
In conclusion, milk phospholipids have prospective applications in nutritional delivery, infant formula and cosmetic for their
vesicle properties and biological functionalities. As potential alternatives to traditional polar lipids from egg yolk and soy, milk
phospholipids need to be efficiently produced in large-scale. Ethanolic extraction remains the most used lipid extraction process in
dairy industry. Defat with supercritical carbon dioxide or acetone
are frequently used to further refine phospholipids from lipids.
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Abstract
Chronic inflammation and dysregulation of apoptotic pathways leading to free radical-induced tissue damage
are widely recognized as major underlying causes of major degenerative diseases, including cancer, diabetes,
neurological and cardiovascular disorders. Citrus fruits are rich sources of polyphenolic flavonoids well known
for their wide range of pharmacological properties. Rutin (quercetin-3-O-rutinoside) and diosmin (diosmetin 7-Orutinoside) are two major polyhydroxyflavone glycosides abundantly found in citrus peels and, to a lesser extent,
in pulp of a variety of different citrus species. During digestion, hydrolysis by intestinal enzymes and gut microbiota lead to the release of their corresponding bioactive aglycones (e.g., quercetin or diosmetin). Data obtained
in cell-based, animal and clinical studies demonstrated strong preventive and/or therapeutic effects of rutin and
its aglycone flavone quercetin. Although lesser studies available, our recent literature review suggests diosmin
as promising citrus fruit polyhydroxyflavonoids, effective against various diseases associated with chronic inflammation.
Keywords: Citrus polyhydroxyflavones; Rutin; Diosmin; Chronic inflammation; Degenerative diseases.

1. Therapeutic effects of citrus fruit polyphenolic flavonoids
against degenerative diseases
Chronic inflammation is widely recognized as a major underlying
cause of various degenerative diseases. The accumulation of free
radicals such as reactive oxygen species (ROS) or reactive nitrogen
species (RNS) and inflammatory mediators (e.g. NO, prostaglandins, leukotrienes, thromboxanes) generated by immunocompetent
leukocytes (e.g. macrophages and eosinophiles) is responsible for
damaging effects on cells, tissues and organs (Aggarwal et al.,
2012; Gosslau et al., 2011; Ley, 2001; Liu et al., 2018; Robbins
et al., 2010; Roberts et al., 2009). It is generally believed that during severe chronic inflammation, accumulation of cell destruction
is caused by these electrophilic species which oxidize—and thus
damage—virtually all macromolecular compounds of the cell.

Moreover, an activation by proteolytic metalloproteinases is coupled to even more cell damage leading to pathological conditions
of various degenerative diseases (Aggarwal et al., 2012; Coussens
and Werb, 2002; Kundu and Surh, 2008; Ley, 2001; Robbins et
al., 2010). The antioxidative capacity of flavonoids is well documented to be effective on different layers such as radical scavenging, metal ion chelating, replenishing of endogenous antioxidant
enzymes, inhibition of free radical generating enzymes as well as
preventive and inhibitory effects on lipid peroxidation, DNA damage and protein modification caused by free radicals (Barreca et
al., 2017; Panche et al., 2016; Tripoli et al., 2007).
Activation of NFκB plays a central role to initiate and promote
the inflammatory response (Baud and Karin, 2009; Karin et al.,
2002). The impact of chronic inflammation in carcinogenesis is
well established (Coussens and Werb, 2002; Kundu and Surh,
2008; Liu et al., 2018). For a variety of different flavonoids, an
inhibition of NFκB signaling via IKK to decrease iκB phospho-
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rylation has been reported (Baud and Karin, 2009; Mena et al.,
2014; Panche et al., 2016; Prasad et al., 2010; Spagnuolo et al.,
2018). Other major pathways reported to be suppressed by flavonoids, thus decreasing inflammation, include mitogen activated
protein kinases (MAPK), peroxisome proliferator-activated receptors (PPAR), c-Jun N-terminal kinase (JNK) and p38 (Hasan et al.,
2017; Liu et al., 2017; Panche et al., 2016; Spagnuolo et al., 2018).
Our studies have shown significant anti-inflammatory effects of
flavonoid-enriched orange peel extracts as validated in cell-based
and in vivo models for inflammation (Gosslau et al., 2014; Gosslau
et al., 2011; Gosslau et al., 2018; Lai et al., 2015; Li et al., 2007;
Sergeev et al., 2007; Wang et al., 2016). Chronic inflammation is
also a key pathologic link between obesity and type 2 diabetes
(T2D). The accumulation of free radicals released by immunocompetent cells, or derived from conditions of hyperglycemia and
dyslipidemia, are responsible for progression of T2D. In a vicious
cycle, more reactive radicals formed by high glucose expedite an
impairment of the insulin receptor, causing a further disconnection of the insulin cascade, thus leading to chronic hyperglycemia and insulin resistance (Bluher, 2016; Boutens and Stienstra,
2016; Calle and Fernandez, 2012; Chawla et al., 2011; Donath,
2014). Antidiabetic effects of flavonoids are well documented to
be based on biological activities against obesity, hyperglycemia,
dyslipidemia and inflammation as extensively reviewed (Babu et
al., 2013; Chen et al., 2016b; Leiherer et al., 2013).
The loss of essential cells in postmitotic tissues due to enhanced
apoptosis play an important role in cardiovascular and neurological
diseases (Loh et al., 2006; Moe and Marin-Garcia, 2016). Besides
their inhibitory impact on the inflammatory cascade, therapeutic
effects of flavonoids against cardiovascular and neurological disorders are believed to be based on suppression of apoptotic pathways,
thus protecting endothelial, myocardial and nervous tissue (Barreca et al., 2017; Kumar and Pandey, 2013; Panche et al., 2016;
Spagnuolo et al., 2018; Wang et al., 2018). For many cancers, on
the other hand, an activation of apoptotic signaling can be considered as a pro-active self-defense mechanism of a living organism
to weed out dysfunctional cells such as the precursors of metastatic
cancer cells without creating secondary oxidative stress due to inflammation (Gosslau and Chen, 2004; Hassan et al., 2014; Wong,
2011). Activation of apoptotic signaling pathways by flavonoids,
either intrinsically mediated by mitochondria or extrinsically via
receptors are well documented and reviewed elsewhere (Meiyanto
et al., 2012; Panche et al., 2016; Sharma et al., 2017). A crosstalk
between apoptotic and inflammatory pathways is indicated by several studies which demonstrated that inhibition of NFκB signaling correlated with an induction of apoptosis (Nakano et al., 2006;
Oeckinghaus et al., 2011). The anti-apoptotic role of NFκB in carcinogenesis is apparent by a hyperactivity of NFκB observed in
certain type of cancers (Baud and Karin, 2009; Karin et al., 2002).
In fact, the inhibition of NFκB signaling by many flavonoids is in
accordance with their proapoptotic effects demonstrating the close
link between oxidative stress, chronic inflammation, and cancer. In
accordance to its anti-inflammatory and antioxidant effects as well
as their capacity to modulate apoptotic pathways, several studies
have demonstrated the effects of citrus flavonoids against diseases
related to chronic inflammation such as cardiovascular, neurological and immunological disorders, diabetes, arthritis and different
cancers which have been extensively reviewed elsewhere (Barreca
et al., 2017; Kumar and Pandey, 2013; Panche et al., 2016; Prasad
et al., 2010; Spagnuolo et al., 2018; Wang et al., 2018).
Flavonoids comprise a large group of natural compounds with
variable structures commonly found in pulp and peel of different
citrus fruits. Citrus plants belong to the family of Rutaceae which
comprises many species such as citrus sinensis (sweet orange), cit-
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rus aurantium (sour oranges), citrus reticulata (mandarin), citrus
limon (lemon), citrus medica (citron), citrus aurantifolia (lime)
and citrus paradisi (grapefruit). In citrus fruits, the inner layer of
the pericarp (e.g., meso- and endocarp) contains a multitude of
juice sacs, as major site for flavonoid synthesis. When the distal
part enlarges, it will break down and fill edible pulp with liquid,
the juice of citrus fruits which contains a variety of different flavonoids (Garcia-Luis et al., 2001; Iglesias et al., 2007; Kimball,
1999). In 1930, the first flavonoid, later characterized as rutin,
was isolated from oranges (Kumar and Pandey, 2013). Since then,
many more flavonoids were identified and characterized as bioactive compounds in peels and juice of citrus fruits (Gattuso et al.,
2007; Meiyanto et al., 2012; Nair et al., 2018; Nogata et al., 2006;
Putnik et al., 2017). In citrus fruits, polyhydroxylated flavonoids
(PHFs) and polymethoxylated flavonoids (PMFs) are considered
as major bioactives (Barreca et al., 2017; Lai et al., 2015; Li et al.,
2009; Zhao et al., 2018). It is generally believed that antioxidant
and anti-inflammatory activities are the main underlying mechanisms for the health-promoting effects of PHFs and PMFs. In light
of the beneficial effects of PHFs and PMFs as main bioactives of
citrus fruits, we noted strong effects of hydroxylated PMFs (OHPMFs) against disorders related to chronic inflammation such as
diabetes and cancer (Gosslau et al., 2011; Gosslau et al., 2018; Lai
et al., 2011).
Both rutin and diosmin are naturally occurring as flavone glycosides. Their aglycone moiety (e.g., quercetin for rutin and diosmetin for diosmin) is covalently linked via an O-glycosidic bond to
their corresponding disaccharide (rutinose). Several reports have
highlighted the structure-activity relationship of O-glycosylation
on bioactivity. For rutin and diosmin, but also other flavonoid glycosides, it had been demonstrated that O-glycosylation reduces
most bioactivities of their corresponding aglycones (Kumar and
Pandey, 2013; Rice-Evans et al., 1996; Wang et al., 2018; Xiao,
2017). Usually, high amounts of rutin and diosmin are found in
citrus peel and to a lesser extent in fruit juice (Kumar and Pandey,
2013; Li et al., 2009; Manthey and Grohmann, 2001; Panche et
al., 2016; Wang et al., 2018). A comparison throughout different
citrus species revealed a big difference of their contents in peels
or juice (Gattuso et al., 2007; Nogata et al., 2006). Due to their
covalent bond but also their lipophilic nature, the aglycone moiety (e.g., quercetin and diosmetin) occurs less frequently in citrus
juice. Pharmacokinetic studies demonstrated that respective aglycones (e.g., quercetin and diosmetin) are responsible for strong
bioactivity of rutin and diosmin. In fact, most studies on glycoside flavonoids revealed a strong bioactivity of their aglycones. It
is well documented that rutin and diosmin are metabolized in the
intestinal tract by β-glucosidases derived from intestinal cells and
microbiota with a high absorption rate of the aglycones and their
corresponding sugars (Hostetler et al., 2017; Marin et al., 2015).
Quercetin has an impressive pleiotropic pharmacological profile,
on levels of free radical-scavenging, antioxidant, anti-inflammatory, antiproliferative and modulatory bioactivities on apoptosis
without showing severe side effects. After absorption, the liver is
a major site for biotransformation to produce glucuronidated, sulfated, and methylated metabolites through mechanisms of phase II
enzymes and bacterial enzymes from gut microbiota (Shahidi and
Peng, 2018). Also for diosmin, it is well established that diosmetin
represents the bioactive aglycone responsible for a variety of therapeutic effects. However, certain types of biological benefits have
been demonstrated for some flavonoid glycosides (Kumar and
Pandey, 2013; Rice-Evans et al., 1996; Wang et al., 2018; Xiao,
2017). A large number of studies have demonstrated the therapeutic effects of rutin and its aglycone quercetin (6267 and 17109
publications in PubMed as of February 2019 when searching for
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Figure 1. Chemical structures of rutin and diosmin and their aglycones.

“rutin” or “quercetin”, respectively). In comparison, a lesser number of studies have been performed for diosmin and diosmetin (516
or 269 publications in PubMed for “diosmin” and “diosmetin”, respectively). Nonetheless, recent studies and knowledge gained by
therapeutic application of a micronized purified flavonoid fraction
((Daflon®), a combination of 90% diosmin and 10% hesperidin)
revealed a strong therapeutic potential for diosmin in a variety of
disorders related to chronic inflammation.
2. Chemistry of polyhydroxyflavones (PHFs)
Flavonoids represent the most common and widely distributed
polyphenolic group comprised of more than 6000 compounds
(Barreca et al., 2017; Kumar and Pandey, 2013; Panche et al.,
2016; Wang et al., 2018). A common feature of flavonoids is the
phenylbenzopyrone structure, two benzene rings joined by a linear
three carbon chain (C6-C3-C6). They are categorized according
to the saturation level of the central pyran ring and the existence
of 3-OH group, mainly into flavones, flavanols, isoflavones, flavonols, flavanones, and flavanonols. Polyhydroxylated (PHFs) and
polymethoxylated flavonoids (PMFs) are considered as major bioactives in citrus fruits (Barreca et al., 2017; Lai et al., 2015; Li et
al., 2009; Zhao et al., 2018).
Polyhydroxyflavonoids are typical flavonoids in conventional
concept, i.e. a core skeleton of C6-C3-C6 chrome with one or more
hydroxyl groups on the ring, particularly on the A-ring and B-ring.
These hydroxyl groups have net electron donating capacity to conjugated flavones or to the A-ring of a flavanone core. Electron donating property enables the strong and effective antioxidant activity of flavonoids, a subclass of polyphenols. At the initial stage, a
quinone is formed after the oxidation of a polyphenol. Flavonoids
are also effective radical scavengers because their stabilized conjugation system can catch reactive radicals and form relatively stable
and less detrimental radicals. Hence, flavonoids or other polyphenols are the first line of the defense system against detrimental in
vivo oxidizers and/or reactive radicals. Flavones are characterized
by a double-bond in the ring structure between C-2 and C-3. Two
major flavones found in citrus fruits are rutin and diosmin (Figure 1). Both are naturally occurring as flavone glycosides. Via an
O-glycosidic bond, their aglycone moiety (e.g., quercetin for rutin and diosmetin for diosmin) is covalently linked to their corresponding disaccharide rutinose. The chemical structures of the
two citrus flavonoids and their aglycones covered in this review

are illustrated in Figure 1.
3. Bioactivity of glycosylated PHFs derived from citrus fruits
and their corresponding aglycones
3.1. Rutin and quercetin
Rutin (quercetin-3-O-rutinoside) represents the glycoside of the
flavone quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy4-chromen-4-one) linked via 3-O glycosidic bond to the disaccharide rutinose (rhamnose-glucose) (Figure 1). Rutin occurs naturally
in high amounts in peels of different citrus fruits species, whereas
the amount in citrus juice is usually lesser. A comparative study
throughout major citrus fruits revealed the occurrence of rutin only
in juice of Citrus paradisi (Gattuso et al., 2007). A larger study
which encompassed 42 species of the Citrus genus showed specific
differences in amount and occurrence of rutin in different parts of the
fruits depending on the species (Nogata et al., 2006). Early studies
showed that both quercetin and rutin can attach to and traverse the
small intestine of rats and humans with higher absorption rates for
quercetin as compared to rutin (Carbonaro and Grant, 2005; Erlund
et al., 2000; Manach et al., 1997). Pharmacokinetic studies demonstrated that rutin is deglycosylated to release the aglycone quercetin
(Figure 1) by enzymatic hydrolysis upon entering the digestive tract
by actions of intracellular β-glucosidases released from intestinal
cells. Thereafter, quercetin undergoes biotransformation reactions to
form glucuronidated, sulfated, and methylated metabolites through
mechanisms of phase II enzymes but also enzymes from gut microbiota (Amaretti et al., 2015; Carbonaro and Grant, 2005; Erlund et
al., 2000; Manach et al., 1997; Massi et al., 2017).
Among polyphenols, quercetin is considered to be one of the
most potent bioactives found in plants. In excellent reviews, the
impressive pharmacological profile of quercetin has been presented. The bioactivities of quercetin are pleiotropic on levels of
free radical-scavenging, antioxidant, anti-inflammatory, antiproliferative and modulation of apoptosis without having severe side
effects. It is generally accepted that antioxidant and anti-inflammatory effects are the underlying basis for most of chemopreventive
and therapeutic effects of quercetin against degenerative diseases
as demonstrated in a vast of cell-based in vitro, animal in vivo and
human clinical settings (Cai et al., 2013; Gupta et al., 2016; Massi
et al., 2017; Rani et al., 2015; Wang et al., 2018) (See Table 1 for
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Table 1. Studies on anti-disease effects of rutin and diosmin and their aglycones quercetin and diosmetin

Disease

Mechanism

Experimental model

Reference

Rutin decreased formation of focal areas of dysplasia
via increased apoptosis in colonic crypts

Azoxymethaneinduced colon cancer
mouse model

(Yang et al.,
2000)

Rutin increased apoptosis and expression of
TNF-α and glycogen synthase kinase-3β

Human lung A549
carcinoma cells

(Wu et al., 2017)

Rutin decreased tumor volume and CEA levels; exerted antioxidant
action in vivo and induced apoptosis in MCF-7 and Panc-1 cells

Ehrlich ascites breast
(Saleh et
cancer mouse model; al., 2019)
human breast (MCF-7)
and prostate (PANC1) carcinoma cells

Rutin inhibited leukemia tumor growth

Leukemia HL60 xenograft
mouse model

(Lin et al., 2012)

Rutin induced apoptosis via mitochondria-mediated
pathways through increased Bax/Bcl-2 ratio and
activation of caspase-3, -8, -9 and PARP

Human colon
cancer HT-29 cells

(Guon and
Chung, 2016)

Rutin induced apoptosis via increase of Bax/Bcl-2 ratio
and inhibition of TNF-α expression and secretion

Human
neuroblastoma
LAN-5 cells

(Chen et al.,
2013a)

Rutin improved memory; decreased oligomeric
β-amyloid levels, lipid peroxidation, IL-1β and IL6; increased antioxidant enzymes and GSH

Alzheimer’s disease
mouse model

(Xu et al., 2014)

Rutin prevented cognitive deficits and
morphological changes in hippocampus; attenuated lipid
peroxidation, COX-2, GFAP, IL-8, iNOS and NFκB

Rat model of
sporadic dementia

(Javed et
al., 2012)

Rutin prevented memory deficits and ameliorated
oxidative stress, apoptosis and neurite growth

Rat model for
cognitive dysfunction

(Ramalingayya
et al., 2017)

Rutin prevented apoptosis via decreased oxidative stress, Bax/
Bcl-2, caspase-3 and -9 and c-Jun and p38 phosphorylation

Dopaminergic
cell model

(Park et al.,
2014)

Rutin decreased oxidative stress and lipid peroxidation by increase
of antioxidant enzyme activities and decrease of TNF-α and IL-1β

Alzheimer’s disease
cell model

(Wang et
al., 2012)

Rutin improved memory; decreased oxidative stress,
lipid peroxidation and GFAP; increased antioxidant
enzyme and acetylcholine esterase activities

Huntington’s
disease rat model

(Suganya and
Sumathi, 2017)

Rutin upregulated antiapoptotic and genes relevant in
dopamine biosynthesis; decreased caspase-3 and -9

Parkinson’s
disease cell model

(Magalingam
et al., 2015)

Rutin improved cognitive deficits and reversed β -secretase,
p-STAT3 and post-synaptic density protein 95 to normal levels

High fat diet rat model (Cheng et
al., 2016)

Rutin induced cardiovascular protection against oxidative stress
and apoptosis via decreased Bax/Bcl-2, caspase-3, TNF-α and IL-6

Streptozotocininduced diabetic
rat model

(Wang et
al., 2015)

Rutin showed effects against atherosclerosis by
lowering triacylglycerols and cholesterol

Hyperlipidemia
rat model

(Santos et
al., 1999)

Rutin lowered triacylglycerols but had no effect
on total cholesterol and HDL levels

Hypercholesterolemia
hamster model

(Kanashiro et
al., 2009)

Rutin suppressed mitochondrial-mediated
apoptosis via decrease of oxidative stress

Endothelial cell model

(Gong et
al., 2010)

Rutin decreased reactive oxygen species, advanced glycation
end-product precursors, and inflammatory cytokines; increase
of tissue glucose uptake, stimulation of insulin secretion

Obese rat models

(Ghorbani, 2017)

Rutin
Cancer

Neurodegenerative
disease

Cardiovascular
disease

Diabetes
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Table 1. Studies on anti-disease effects of rutin and diosmin and their aglycones quercetin and diosmetin - (continued)

Disease

Mechanism

Experimental model

Rutin decreased hepatic triacylglycerol, total
cholesterol and body fat; decreased oxidative stress
via improved antioxidant enzyme activities

High fat diet rat model (Hsu et al., 2009)

Reference

Rutin protected against diabetic cardiomyopathy
by decreasing oxidative stress and apoptosis via
decreased Bax/Bcl-2, caspase-3, TNF-α and IL-6

Streptozotocininduced diabetic
rat model

(Wang et
al., 2015)

Quercetin decreased formation of aberrant crypt foci which
correlated with induction of mitochondrial-mediated apoptosis

Azoxymethaneinduced colon
cancer rat model

(Volate et
al., 2005)

Quercetin showed preventive effects against hepatic
cancer via a decrease of oxidative stress affecting p53

N-Nitrosodiethylamine- (Seufi et al., 2009)
induced rat
hepatocellular
carcinoma model

Quercetin induced apoptosis via Increased cytochrome c
release, up-regulation of Bax and activation of caspase-3

Human lung NCI-H209 (Yang et al.,
carcinoma cells
2006)

Quercetin induced apoptosis through mitochondria-mediated
pathways via increase of Bax, AIF, caspase-3-, -8, and -9

Human breast
MDA-MB-231
carcinoma cells

(Chien et
al., 2009)

Quercetin induced apoptosis via caspase-3
activation and survivin expression

Human renal
adenocarcinoma
cell line

(Han and
Zhang, 2016)

Quercetin induced tumor regression in mice;
induced apoptosis in tumor tissues and cancer cell
lines via mitochondria-mediated pathways

Mouse model
for breast
adenocarcinoma
and different
leukemic and breast
cancer cell lines

(Srivastava et
al., 2016)

Quercetin induced mitochondria-mediated apoptosis
via caspase-3-, -8, and -9 in HL-60 cells and reduced
tumor growth in xenografts through ERK activation

Human HL-60
leukemia cells
and xenograft
mouse model

(Lee et al., 2015)

Quercetin induced apoptosis via inactivation of
NFκB and activation of the AP-1/JNK pathway

Human HepG2
hepatoma cells

(GranadoSerrano et
al., 2010)

Quercetin induced apoptosis via activation of the apoptosis
signal-regulating kinase (ASK-1) and p38 pathway

Human laryngeal
squamous
carcinoma cells

(Lee et al., 2010)

Quercetin attenuated β-amyloid induced lipid peroxidation,
protein oxidation and apoptosis in neurons

Alzheimer’s disease
cell model

(Ansari et
al., 2009)

Quercetin decreased expression of IL-1β, IL-4, IL-6
and TNF-α and apoptosis in brain tissue

Rat model of
intracerebral
hemorrhage

(Zhang et
al., 2015)

Quercetin attenuated mitochondrial-mediated apoptosis
by a decrease of oxidative stress, cytochrome c
translocation, Bax/Bcl-2 ratio, p53 and caspase-3

Rat model for
neurodegeneration

(Sharma et
al., 2016)

Quercetin ameliorated β-amyloid induced learning and memory
deficits and reduced scattered senile plaques and mitochondrial
dysfunction; increased AMPK activity in hippocampus

Mouse model for
Alzheimer’s disease

(Wang et
al., 2014)

Quercetin inhibited okadaic acid-induced inflammasome
activation leading to attenuated tau phosphorylation
in neuroblastoma cells; increased AMPK activity and
improved cognitive disorder paralleled with a decrease in
tau phosphorylation in mice exposed to high fat diets

Cell and mouse
model for Alzheimer’s
disease

(Chen et al.,
2016a)

Quercetin
Cancer

Neurodegenerative
disease
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Table 1. Studies on anti-disease effects of rutin and diosmin and their aglycones quercetin and diosmetin - (continued)

Disease

Cardiovascular
disease

Diabetes

Mechanism

Experimental model

Reference

Quercetin protected against hydrogen peroxide and to a lesser
degree against β-amyloid induced neurotoxicity by preventing
mitochondrial dysfunction in hippocampal neurons

Mouse model for
Alzheimer’s disease

(Godoy et
al., 2017)

Quercetin inhibited apoptosis by suppressing of
oxidative stress via NO-guanylyl cyclase pathway

Endothelial
cell models

(Perez-Vizcaino
et al., 2006)

Quercetin reduced activation of NFκB via iκB stabilization
and decreased ERK and p38 phosphorylation

LPS-stimulated RAW
264.7 macrophages

(Cho et al., 2003)

Quercetin inhibited doxorubicin-induced apoptosis

Rat H9C2
cardiomyocytes

(Chen et al.,
2013b)

Quercetin decreased weight of whole body, liver and adipose tissue;
attenuated lipid peroxidation, cholesterol, triglycerides via altered
expression profiles of several lipid metabolism-related genes

High fat diet rat model (Jung et al.,
2013)

Quercetin decreased plasma levels of glucose,
triacylglycerols, cholesterol and TBARS; increased plasma
HDL, adiponectin and activities of antioxidant enzymes

Obese type 2 diabetes (Jeong et
mouse model
al., 2012)

Quercetin attenuated adipogenesis via decreased expression of
adipogenesis-related factors and enzymes through AMPK signaling;
induced apoptosis via decreased ERK and JNK phosphorylation

3T3-L1 preadipocyte
model

(Ahn et al., 2008)

Diosmin induced genotoxicity and apoptosis
via generation of oxidative stress

Human DU145
prostate
carcinoma cells

(Lewinska et
al., 2015)

Diosmin inhibited inflammatory markers (e.g., TNF-α,
COX-2), oxidative stress and caspase-3 expression

Acetic acid-induced
ulcerative colitis
rat model

(Shalkami et
al., 2018)

Diosmin reduced oxidative stress via decreased expression
of cell proliferation biomarkers and declined incidence
of squamous cell and esophageal carcinoma

N-methyl-Namylnitrosamineinduced esophageal
carcinogenesis
rat model

(Tanaka et
al., 1997a)

Diosmin reduced incidence and multiplicity of adenocarcinoma and
aberrant crypt foci as well as cell proliferation biomarkers declined

Azoxymethaneinduced colon
carcinogenesis
rat model

(Tanaka et
al., 1997b)

Diosmin reduced the frequency of tongue
carcinoma cell proliferation biomarkers

4-nitroquinoline
1-oxide-induced
oral carcinogenesis
rat model

(Tanaka et
al., 1997c)

Diosmin reduced bladder lesions, cell-proliferation activity
and frequency of bladder carcinoma and preneoplasia

N-butyl-N-(4hydroxybutyl)
nitrosamine-induced
urinary-bladder
carcinogenesis
mouse model

(Yang et al.,
1997)

Diosmin and diosmetin worked as agonist of the
hydrocarbon receptor; only diosmetin inhibited carcinogen
activation via decreased CYP1A1 enzyme activity

Human MCF-7
breast epithelial
carcinoma cells

(Ciolino et
al., 1998)

Diosmin alleviated neurological deficits; upregulated the
expression of pJAK2, pSTAT3 and Bcl-2 and downregulated Bax

Mouse cerebral
ischemia/
reperfusion model

(Liu et al., 2014)

Diosmin reduced cognitive impairment; decreased γ-secretase
activity, β-amyloid generation and tau hyperphosphorylation

Alzheimer’s disease
mouse model

(Sawmiller et
al., 2016)

Diosmin and Diosmetin
Cancer

Neurodegenerative
disease
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Table 1. Studies on anti-disease effects of rutin and diosmin and their aglycones quercetin and diosmetin - (continued)

Disease

Mechanism

Experimental model

Reference

Cardiovascular
disease

Diosmin improved cardiac functional recovery, antioxidant enzyme
activities and Bcl-2 expression; lowered lipid peroxidation

Ischemia/
reperfusion ex vivo
heart rat model

(Senthamizhselvan et
al., 2014)

Diosmin lowered hypertension and related biomarkers; decreased
oxidative stress via increased antioxidant enzyme activities

Deoxycorticosteroneinduced hypertension
rat model

(Silambarasan
and Raja, 2012)

Diosmin reduced pancreatic injury and decreased
inflammation (e.g., TNF-α, IL-1β, IL-6, iNOS and NFκB)

Cerulein-induced
acute pancreatitis
mouse model

(Yu et al., 2014)

Diosmin reversed pathological alterations and
decreased oxidative stress via activation of antioxidant
defenses and stimulation of PPAR-γ expression

Radiation-induced
hepatic fibrosis
rat model

(Hasan et
al., 2017)

Diosmin lowered symptoms of chronic venous
insufficiency by decreasing oxidative stress

Clinical study with
CVI patients

(Feldo et
al., 2018)

Diosmin reduced edema and pain symptoms
of chronic venous insufficiency

Clinical study with
CVI patients

(Batchvarov
et al., 2010)

Diosmin increased antioxidative enzymes and levels
of antioxidants and decreased lipid peroxidation

Streptozotocininduced diabetic
rat model

(Srinivasan and
Pari, 2012)

Diosmin decreased cholesterol, triacylglycerols,
free fatty acids, LDL and increased HDL

Streptozotocininduced diabetic
rat model

(Srinivasan and
Pari, 2013)

Diosmin decreased plasma glucose and
HbA1c and increased plasma insulin

Streptozotocininduced diabetic
rat model

(Pari and
Srinivasan, 2010)

Diosmin increased antioxidative enzymes and levels
of antioxidants and decreased lipid peroxidation

Alloxan-induced
diabetic rats

(Michael et
al., 2013)

Diosmin decreased levels of advanced glycation end products (AGEs)

Hyperglycemiainduced lens model

(Patil et al.,
2016)

Diabetes

anti-disease effects of quercetin and rutin). Anti-inflammatory effects of quercetin have been shown to systemically modulate various signaling pathways in the inflammatory cascade. A main target
of quercetin include NFκB signaling on level of interference with
IKK to decrease iκB phosphorylation (Chen et al., 2005; Cho et
al., 2003; Granado-Serrano et al., 2012). Other pathways leading
to anti-inflammatory activities of quercetin were demonstrated to
be regulated through reduced activation of extracellular signalregulated kinases (ERK) and p38 mitogen-activated protein kinase
(MAPK) and/or signal transducer and activator of transcription 1
(STAT-1) (Ahn et al., 2008; Chen et al., 2005; Cho et al., 2003;
Min et al., 2007). Suppression of the inflammatory cascade and
subsequent lesser free radical induced cell damage are believed to
be one of the major underlying molecular mechanisms of quercetin
against cancer. The impact of chronic inflammation in carcinogenesis is well established and strong anti-cancer effects of quercetin
are reflected by as many as 2700 publications in PubMed as of
February 2019 when combining “quercetin and cancer” in searches and reviewed elsewhere (Gibellini et al., 2011; Haque et al.,
2017; Kashyap et al., 2016; Khan et al., 2016; Nam et al., 2016).
Besides strong anti-inflammatory bioactivities, proapoptotic effects of quercetin are conceivably the basis for chemoprotective
and/or therapeutic effects in different cancers. The activation of
apoptotic pathways by quercetin in various cancers during different cell cycle stages has been documented in vitro as well as in

vivo (Gibellini et al., 2011; Granado-Serrano et al., 2010; Haque
et al., 2017; Lee et al., 2010). For adenocarcinoma, breast, colon,
lung and myeloid cancer, it has been demonstrated that apoptotic
signaling by quercetin is triggered via caspase-3 activation through
mechanisms of the mitochondrial-mediated pathway (Chien et al.,
2009; Han and Zhang, 2016; Lee et al., 2015; Srivastava et al.,
2016; Volate et al., 2005; Yang et al., 2006). Intriguingly, it has
also been demonstrated that quercetin can differentially induce
apoptosis in some cancer cells, but not in their normal counterparts
(Gosslau and Chen, 2004; Lugli et al., 2009; Matsuo et al., 2005).
As recently reviewed, epidemiological studies report that intake
of quercetin-rich food significantly reduced the risk of gastric, colon and lung cancer by 43, 32 or 51%, respectively. Noteworthy,
quercetin can alleviate severe side effects and thus potentiate the
efficacy of anti-cancer drugs (Haque et al., 2017).
The beneficial role of quercetin against cardiovascular problems
is also well documented. In contrast to cancer where proapoptotic
effects are considered to be beneficial, cardiovascular protection
by quercetin appears to be mediated by inhibition of apoptotic
pathways and repair of endothelial cells and cardiomyoctes (Chen
et al., 2013b; Dayoub et al., 2013; Jagtap et al., 2009). Protective
effects of quercetin against free-radical induced endothelial cell
damage and apoptosis leading to atherosclerosis had been shown
to be based on inhibitory effects on NO-guanylyl cyclase signaling (Perez-Vizcaino et al., 2006). Quercetin also showed protective

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

49

The role of rutin and diosmin

Gosslau et al.

effects against neurological disorders such as Alzheimer’s, Parkinson’s and Huntington’s disease as reviewed, recently (Budzynska
et al., 2017; Costa et al., 2016; de Andrade Teles et al., 2018; Omar
et al., 2017). The understanding of molecular mechanisms leading
to these neurodegenerative diseases is still poor, but in addition to
anti-inflammatory activities, a suppression of apoptotic signaling
in nervous tissue, either mitochondria- or receptor-mediated were
demonstrated to be one of the main underlying neuroprotective
mechanisms exerted by quercetin (Ansari et al., 2009; Sharma et
al., 2016; Zhang et al., 2015). Anti-apoptotic effects were reported
to be triggered via suppression of Bax and/or activation of Sirtuin-1 signaling (Costa et al., 2016; Suganthy et al., 2016). Accordingly, quercetin induced inhibition of NFκB and STAT-1 pathways
responsible for attenuation of neuroinflammation (Budzynska et
al., 2017; Chen et al., 2005; Suganthy et al., 2016). In addition,
quercetin stimulated NRF-2 dependent antioxidant responsive
elements (NRF2-ARE) as cellular antioxidative defense system.
Additional neuroprotective effects of quercetin may include activation of AMP-activated protein kinase (AMPK) signaling (Chen
et al., 2016a; Wang et al., 2014). In various models of neuronal
injury and neurodegenerative diseases, it had been demonstrated
that quercetin reversed cognitive impairment and improved learning performance. These effects by quercetin might be attributed to
a destabilization and clearance of β-amyloid peptides and hyperphosphorlyated tau, as demonstrated in animal models for Alzheimer’s disease (de Andrade Teles et al., 2018; Sabogal-Guaqueta et
al., 2015; Suganthy et al., 2016).
It is well established that low-grade inflammation in adipose
tissue leading to impairment of insulin signaling is a major cause
in type 2 diabetes (Bluher, 2016; Boutens and Stienstra, 2016;
Calle and Fernandez, 2012; Chawla et al., 2011; Donath, 2014;
Goldfine et al., 2011). In different models for diabetes, quercetin
showed strong anti-diabetic bioactivities in a metformin-like manner with increased insulin sensitivity and reduced hyperglycemia
and hyperlipidemia (Chen et al., 2016b; Jeong et al., 2012; Jung et
al., 2013; Yan et al., 2015). Additional anti-inflammatory and antiobesity effects of quercetin contribute to effects against diabetes
(Chen et al., 2016b; Leiherer et al., 2013). In the 3T3 preadipocyte
model, an inhibition of NFκB signaling corresponded to a suppression of adipogenesis by quercetin-induced apoptosis, mediated
through decreased phosphorylation of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) (Ahn et al.,
2008). These studies are in agreement with our recent study which
showed strong anti-inflammatory effects of an orange peel extract
enriched with flavonoids in an obese rat model for type 2 diabetes
(Gosslau et al., 2018).
Although to a lesser extent as compared to quercetin, several
studies also showed preventive and therapeutic effects of rutin
against cancer, diabetes, cardiovascular, and neurological disorders. This is in support of pharmacological studies demonstrating
intestinal hydrolysis of rutin to quercetin showing strong antioxidant, anti-inflammatory and differential regulation of apoptotic
pathways as described above. Besides inhibitory effects on the
inflammatory cascade, an induction of proapoptotic pathways in
cancer cells were demonstrated to be responsible for anti-cancer
effects of rutin (Perk et al., 2014; Sharma et al., 2013). In animal
and cell-based models, proapoptotic effects of rutin in neuroblastoma, colon, lung, breast and prostate cancers were shown (Chen
et al., 2013a; Guon and Chung, 2016; Saleh et al., 2019; Wu et al.,
2017; Yang et al., 2000). As observed for quercetin, neuroprotective effects of rutin had been demonstrated in various models including Alzheimer’s, Parkinson’s and Huntington’s disease which
had been reviewed, recently (Budzynska et al., 2017; Enogieru
et al., 2018). In different rodent and cell models for Alzheimer’s
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disease, rutin prevented cognitive deficits by decreasing neuroinflammation and apoptotic cell death in nervous tissue (Javed et
al., 2012; Park et al., 2014; Ramalingayya et al., 2017; Wang et
al., 2012; Xu et al., 2014). Neuroprotective effects of rutin has
also been demonstrated in a rat model for Huntington’s disease
(Suganya and Sumathi, 2017) and a cell-based model for Parkinson’s disease (Magalingam et al., 2015). Beneficial effects of rutin against cardiovascular diseases are reflected by lipid-lowering
bioactivities and effects against inflammation, atherosclerosis and
apoptosis (Gong et al., 2010; Kanashiro et al., 2009; Salvamani
et al., 2014; Santos et al., 1999; Wang et al., 2015). Furthermore,
the biological effects of quercetin against diabetes correspond with
studies on rutin which showed effects against hyperglycemia- and
dyslipidemia as well as inflammation in adipose tissue (Ghorbani,
2017; Hsu et al., 2009; Wang et al., 2015).
3.2. Diosmin and diosmetin
Diosmin (diosmetin 7-O-rutinoside) (Figure 1) was first isolated
from leaves of Scrophularia nodosa L., (Scrophulariaceae) in
1925. Later studies revealed that diosmin occurred abundantly in
the pericarp (Bogucka-Kocka et al., 2013; Patel et al., 2013; Singhal et al., 2017; Yao et al., 2018) but also in the pulp and juice of
different citrus fruits species (e.g., Citrus sinensis, C. clementina,
C. aurantium, C. limon, C. aurantifolia and C. bergamia (Gattuso
et al., 2007). A comparative study analyzing 42 Citrus species
showed specific differences in levels of diosmin in pericarp, pulp
and juice throughout the different species. However, for most of
the species analyzed, the amount and occurrence of diosmin were
higher in peel as compared to juice (Nogata et al., 2006). Diosmetin (3′, 5, 7-trihydroxy-4′-methoxyflavone) represents the aglycone part of diosmin linked via 7-O-glycosidic bondage to rutinose
(Figure 1). It should be noted that diosmetin contains one methoxy
group in addition to the three hydroxyl groups. In comparison,
the quercetin molecule contains five hydroxyl groups without any
methoxy group (Figure 1). Pharmacokinetic studies demonstrated
that diosmin was rapidly absorbed, followed by hydrolysis through
intestinal enzymes to release the aglycone diosmetin after an oral
administration of diosmin (Cova et al., 1992; Silvestro et al.,
2013). Diosmetin is then rapidly absorbed with a half-life in plasma ranging from 26 to 43 hours in humans (Cova et al., 1992). In
accordance, cell-based experiments demonstrated high permeation
rates and strong antioxidative bioactivities for diosmetin in contrast to diosmin (Serra et al., 2008; Villa et al., 1992). After intestinal absorption and biotransformation, metabolites are eliminated
in the urine, mainly as glucuronic acid conjugates. Diosmetin-3-Oglucuronide was identified as the major circulating metabolite of
diosmetin in plasma and in urine (Silvestro et al., 2013).
As compared to rutin and quercetin, lesser scientific research has
been conducted on diosmin, but in several cell-based, animal and
clinical settings, a wide range of biological activities were demonstrated for diosmin or diosmetin (Dumon et al., 1994; Feldo et al.,
2018; Hasan et al., 2017; Senthamizhselvan et al., 2014; Shalkami
et al., 2018; Silambarasan and Raja, 2012) (See Table 1 for antidisease effects of diosmin and diosmetin). Most of the bioactivities of diosmin are based on strong antioxidant effects on levels of
free radical scavenger activity to reduce oxidative stress. Strong
anti-inflammatory effects of diosmin (or diosmetin) were demonstrated by suppression of proinflammatory cytokines and mediators (e.g., TNF-α, IL-1β, IL-6, IL-17, iNOS and COX-2) (Imam et
al., 2015; Shalkami et al., 2018; Yu et al., 2014). The suppression
of the inflammatory cascade by diosmin is based, at least in part,
via inhibition of NFκB signaling (Shalkami et al., 2018; Yu et al.,
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2014). It was demonstrated that diosmin attenuated the canonical
NFκB pathway on levels of IκB kinase (IKK) to decrease IκB-α
phosphorylation (Imam et al., 2015). Another pathway affected by
diosmin to alleviate oxidative stress and inflammation may include
stimulation of the PPAR-γ pathway as demonstrated in a radiationinduced hepatic fibrosis rat model (Hasan et al., 2017).
Several studies have demonstrated that, due to its free radical
scavenging and anti-inflammatory effects, diosmin exhibits therapeutic effects against cardiovascular disorders. A reduction of
oxidative stress and apoptotic cell death in endothelial cells and
cardiomyocytes has been shown (Bogucka-Kocka et al., 2013;
Senthamizhselvan et al., 2014; Silambarasan and Raja, 2012). In
epithelial cells, it was demonstrated that diosmin suppressed oxidative damage and subsequent apoptosis in a dose dependent manner via a decrease of the Bax/Bcl-2 ratio, cytochrome c release
into the cytosol and subsequent inhibition of caspase-3. These
anti-apoptotic events were mediated through suppression of JNK
and p38 MAPK signaling (Liu et al., 2017). Anti-inflammatory and
anti-apoptotic effects by diosmin are also believed to decrease hypertension thus leading to an improvement of vascular problems.
Treatment of patients with chronic venous insufficiency (CVI) with
diosmin decreased free radical-induced cell damage and showed
beneficial effects such as increased lymphatic drainage, microcirculation, capillary resistance, vascular tonus, and vein elasticity
(Batchvarov et al., 2010; Feldo et al., 2018; Perrin and Ramelet,
2011). Noteworthy, the most significant changes in the alleviation of these CVI symptoms by diosmin were observed in smoker
patients (Feldo et al., 2018). Animal models demonstrated neuroprotective effects by diosmin. In a mouse cerebral ischemia/reperfusion model, diosmin alleviated neurological deficits (Liu et al.,
2014). A detailed analysis revealed anti-apoptotic signaling and an
activation of JAK2/STAT3 pathways in animals treated with diosmin. Although the mechanisms leading to Alzheimer’s disease are
only poorly understood, the pathology involves β-amyloid oligomerisation and tau-hyperphosphorylation. In a mouse model, an oral
administration of diosmin reduced cerebral β-amyloid oligomer
levels, tau-hyperphosphorylation and γ-secretase activity which
resulted in cognitive improvement (Sawmiller et al., 2016).
The accumulation of free radicals released by immunocompetent cells in adipose tissue is considered to be a key pathologic link
between obesity and type 2 diabetes. In a vicious cycle, reactive
free radicals formed during chronic conditions of hyperglycemia
and dyslipidemia are leading to insulin resistance resistance and
pathological conditions of T2D (Bluher, 2016; Boutens and Stienstra, 2016; Calle and Fernandez, 2012; Chawla et al., 2011; Donath, 2014). In various models for diabetes, anti-diabetic effects
of diosmin were demonstrated to be effective on different levels.
Diosmin decreased oxidative stress as indicated by increased activities of antioxidant enzymes such as glutathione peroxidase and
corresponding higher GSH levels as well as superoxide dismutase
(Michael et al., 2013; Srinivasan and Pari, 2012). Anti-hyperglycemic effects were indicated by higher insulin sensitivity leading
to declined levels of plasma glucose, HbA1c, reactive carbonyl
species (RCS), and advanced glycation end products (AGEs) (Pari
and Srinivasan, 2010; Patil et al., 2016). Lesser lipid peroxidation
and reduced levels of triacylglycerols, free fatty acids (FFAs), cholesterol and LDL induced by diosmin demonstrated strong effects
against dyslipidemia (Michael et al., 2013; Srinivasan and Pari,
2012; Srinivasan and Pari, 2013). These effects resulted in protection of diosmin against diabetic-induced damage of liver, kidney,
eye and other organs as demonstrated in these studies.
In 1997, Tanaka and coworkers (1997b) found chemopreventive
effects of diosmin against different cancers by the use of several
rat models. In azoxymethane-induced colon cancer, the incidence

and multiplicity of neoplasms (adenocarcinoma and aberrant crypt
foci) were significantly decreased (Tanaka et al., 1997b). In another model, diosmin was effective in inhibiting the development
of N-methyl-N-amylnitrosamine-induced esophageal tumorigenesis due to a suppression of cell proliferation in the esophageal
mucosa (Tanaka et al., 1997a). In addition, the effects of diosmin
against N-butyl-N-(4-hydroxybutyl)nitrosamine-induced urinary
bladder carcinogenesis and 4-nitroquinoline 1-oxide-induced oral
cancer were demonstrated to be based on decreased cell proliferation (Tanaka et al., 1997c; Yang et al., 1997). As observed for other
flavonoids, an activation of apoptotic pathways by diosmin is considered to be responsible, at least in part, for its anticancer effects.
In a prostate cancer cell line, free radical-induced genotoxic events
and concomitant apoptotic cell death by diosmin were observed
(Lewinska et al., 2015). Other pathways affected by diosmin leading to chemopreventive effects of diosmin might include receptordependent pathways. In MCF-7 human breast epithelial cancer
cells, diosmin and diosmetin exhibited agonist activities on aryl
hydrocarbon receptor (AhR), but only diosmetin was capable of
inhibiting CYP1A1 enzyme activity, thus inhibiting carcinogenic
activation (Ciolino et al., 1998).
In addition to studies performed with diosmin or diosmetin,
several clinical studies have been conducted by the use of a micronized purified flavonoid fraction complex (Daflon®), consisting
of 90% diosmin (450 mg) and 10% hesperidin (50 mg). Daflon®
was launched for pharmacokinetic studies in France in 1971 for the
treatment of chronic venous disease. Daflon® was well absorbed
from the gastrointestinal tract, showed a very good tolerability, and
exhibited therapeutic effects against CVI, venous leg ulcers and
hemorrhoids (Hitzenberger, 1997; Struckmann, 1999). A recent
systematic review and meta-analysis summarized the effectiveness
of Daflon® by improving leg symptoms, edema and quality of life
in patients with chronic venous disease (Kakkos and Nicolaides,
2018). In different in vitro and in vivo models, anti-inflammatory
effects of Daflon® were demonstrated by reduced edema formation and leukocyte adherence, as well as attenuation of histamine,
free radicals, prostaglandins and thromboxanes (Damon et al.,
1987; Friesenecker et al., 1995; Jean and Bodinier, 1994; Lonchampt et al., 1989).
4. Conclusion and future directions
In this review, we summarized current research on the use of rutin
and diosmin, two major citrus fruit polyhydroxyflavones, as functional foods and therapeutic agents. Pharmacokinetic studies on
bioavailability and biotransformation led to a better understanding
of the biological activities executed by rutin and diosmin. Both flavone glycosides are hydrolyzed to their respective aglycones (e.g.,
quercetin and diosmetin for rutin or diosmin, respectively) during
digestion by β-glucosidases. Quercetin and diosmetin are then rapidly absorbed by intestinal cells and converted to glucuronidated,
sulfated, and methylated metabolites in further biotransformation
reactions. Quercetin and diosmetin both showed strong potential
as anti-disease chemopreventive or therapeutic agents. In a large
number of cell-based in vitro, animal in vivo and human clinical
studies, an impressive pharmacological profile with limited side
effects has been demonstrated for quercetin. The pharmacological
effects of quercetin were found to be pleiotropic on levels of free
radical-scavenging, antioxidant, anti-inflammatory, antiproliferative and bioactivities to modulate apoptosis. Although many more
studies were performed on rutin and quercetin, several studies
demonstrated strong bioactivities also for diosmin and Daflon®,
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a combination of diosmin (90%) and hesperidin (10%). Emerging data from these studies suggest diosmin as being a promising
candidate besides rutin for future therapeutic applications against
degenerative diseases related to chronic inflammation.
References
Aggarwal, B.B., Krishnan, S., and Guha, S. (2012). Inflammation, Lifestyle
and Chronic Diseases: The Silent Link (Oxidative Stress and Disease),
1st edition. CRC Press, Boca Raton.
Ahn, J., Lee, H., Kim, S., Park, J., and Ha, T. (2008). The anti-obesity effect
of quercetin is mediated by the AMPK and MAPK signaling pathways.
Biochem. Biophys. Res. Commun. 373: 545–549.
Amaretti, A., Raimondi, S., Leonardi, A., Quartieri, A., and Rossi, M. (2015).
Hydrolysis of the rutinose-conjugates flavonoids rutin and hesperidin
by the gut microbiota and bifidobacteria. Nutrients 7: 2788–2800.
Ansari, M.A., Abdul, H.M., Joshi, G., Opii, W.O., and Butterfield, D.A.
(2009). Protective effect of quercetin in primary neurons against
Abeta (1-42): relevance to Alzheimer’s disease. J. Nutr. Biochem. 20:
269–275.
Babu, P.V., Liu, D., and Gilbert, E.R. (2013). Recent advances in understanding the anti-diabetic actions of dietary flavonoids. J. Nutr. Biochem.
24: 1777–1789.
Barreca, D., Gattuso, G., Bellocco, E., Calderaro, A., Trombetta, D., Smeriglio, A., Lagana, G., Daglia, M., Meneghini, S., and Nabavi, S.M.
(2017). Flavanones: Citrus phytochemical with health-promoting
properties. Biofactors 43: 495–506.
Batchvarov, M.G., I, B., and I, D. (2010). One-year diosmin therapy (600
mg) in patients with chronic venous insufficiency – results and analysis. J. Biomed. Clin. Res. 3: 51–54.
Baud, V., and Karin, M. (2009). Is NF-kappaB a good target for cancer therapy? Hopes and pitfalls. Nat. Rev. Drug. Discov. 8: 33–40.
Bluher, M. (2016). Adipose tissue inflammation: a cause or consequence of
obesity-related insulin resistance? Clin. Sci. (Lond) 130: 1603–1614.
Bogucka-Kocka, A., Wozniak, M., Feldo, M., Kockic, J., and Szewczyk, K.
(2013). Diosmin--isolation techniques, determination in plant material and pharmaceutical formulations, and clinical use. Nat. Prod.
Commun. 8: 545–550.
Boutens, L., and Stienstra, R. (2016). Adipose tissue macrophages: going
off track during obesity. Diabetologia 59: 879–894.
Budzynska, B., Faggio, C., Kruk-Slomka, M., Samec, D., Nabavi, S.F., Sureda, A., Devi, K.P., and Nabavi, S.M. (2017). Rutin as neuroprotective
agent: from bench to bedside. Curr. Med. Chem. 3: 1021.
Cai, X., Fang, Z., Dou, J., Yu, A., and Zhai, G. (2013). Bioavailability of
quercetin: problems and promises. Curr. Med. Chem. 20: 2572–2582.
Calle, M.C., and Fernandez, M.L. (2012). Inflammation and type 2 diabetes. Diabetes Metab. 38: 183–191.
Carbonaro, M., and Grant, G. (2005). Absorption of quercetin and rutin in
rat small intestine. Ann. Nutr. Metab. 49: 178–182.
Chawla, A., Nguyen, K.D., and Goh, Y.P. (2011). Macrophage-mediated inflammation in metabolic disease. Nat. Rev. Immunol. 11: 738–749.
Chen, H., Miao, Q., Geng, M., Liu, J., Hu, Y., Tian, L., Pan, J., and Yang,
Y. (2013a). Anti-tumor effect of rutin on human neuroblastoma cell
lines through inducing G2/M cell cycle arrest and promoting apoptosis. Scientific World Journal 2013: 269165.
Chen, J., Deng, X., Liu, N., Li, M., Liu, B., Fu, Q., Qu, R., and Ma, S. (2016a).
Quercetin attenuates tau hyperphosphorylation and improves cognitive disorder via suppression of ER stress in a manner dependent on
AMPK pathway. J. Functional Foods 22: 463–476.
Chen, J.C., Ho, F.M., Pei-Dawn Lee, C., Chen, C.P., Jeng, K.C., Hsu, H.B.,
Lee, S.T., Wen Tung, W., and Lin, W.W. (2005). Inhibition of iNOS
gene expression by quercetin is mediated by the inhibition of IkappaB kinase, nuclear factor-kappa B and STAT1, and depends on heme
oxygenase-1 induction in mouse BV-2 microglia. Eur. J. Pharmacol.
521: 9–20.
Chen, J.Y., Hu, R.Y., and Chou, H.C. (2013b). Quercetin-induced cardioprotection against doxorubicin cytotoxicity. J. Biomed. Sci. 20: 95.
Chen, S., Jiang, H., Wu, X., and Fang, J. (2016b). Therapeutic Effects of
Quercetin on Inflammation, Obesity, and Type 2 Diabetes. Mediators

52

Inflamm. 2016: 9340637.
Cheng, J., Chen, L., Han, S., Qin, L., Chen, N., and Wan, Z. (2016). Treadmill
Running and Rutin Reverse High Fat Diet Induced Cognitive Impairment in Diet Induced Obese Mice. J. Nutr. Health Aging 20: 503–508.
Chien, S.Y., Wu, Y.C., Chung, J.G., Yang, J.S., Lu, H.F., Tsou, M.F., Wood,
W.G., Kuo, S.J., and Chen, D.R. (2009). Quercetin-induced apoptosis
acts through mitochondrial- and caspase-3-dependent pathways
in human breast cancer MDA-MB-231 cells. Hum. Exp. Toxicol. 28:
493–503.
Cho, S., Park, S., Kwon, M., Jeong, T., Bok, S., Choi, W., Jeong, W., Ryu, S.,
Do, S., Lee, C., Song, J., and Jeong, K. (2003). Quercetin suppresses
proinflammatory cytokines production through MAP kinases and NFkappaB pathway in lipopolysaccharide-stimulated macrophage. Mol.
Cellul. Biochem. 243: 153–160.
Ciolino, H.P., Wang, T.T., and Yeh, G.C. (1998). Diosmin and diosmetin are
agonists of the aryl hydrocarbon receptor that differentially affect cytochrome P450 1A1 activity. Cancer Res. 58: 2754–2760.
Costa, L.G., Garrick, J.M., Roque, P.J., and Pellacani, C. (2016). Mechanisms
of Neuroprotection by Quercetin: Counteracting Oxidative Stress and
More. Oxid. Med. Cell Longev. 2016: 2986796.
Coussens, L.M., and Werb, Z. (2002). Inflammation and cancer. Nature
420: 860–867.
Cova, D., De Angelis, L., Giavarini, F., Palladini, G., and Perego, R. (1992).
Pharmacokinetics and metabolism of oral diosmin in healthy volunteers. Int. J. Clin. Pharmacol. Ther. Toxicol. 30: 29–33.
Damon, M., Flandre, O., Michel, F., Perdrix, L., Labrid, C., and Crastes de
Paulet, A. (1987). Effect of chronic treatment with a purified flavonoid fraction on inflammatory granuloma in the rat. Study of prostaglandin E2 and F2 alpha and thromboxane B2 release and histological
changes. Arzneimittelforschung 37: 1149–1153.
Dayoub, O., Andriantsitohaina, R., and Clere, N. (2013). Pleiotropic beneficial effects of epigallocatechin gallate, quercetin and delphinidin
on cardiovascular diseases associated with endothelial dysfunction.
Cardiovasc. Hematol. Agents Med. Chem. 11: 249–264.
de Andrade Teles, R.B., Diniz, T.C., Costa Pinto, T.C., de Oliveira Junior, R.G.,
Gama, E.S.M., de Lavor, E.M., Fernandes, A.W.C., de Oliveira, A.P., de
Almeida Ribeiro, F.P.R., da Silva, A.A.M., Cavalcante, T.C.F., Quintans
Júnior, L.J., da Silva Almeida, J.R.G., and Vauzour, D. (2018). Flavonoids as Therapeutic Agents in Alzheimer’s and Parkinson’s Diseases:
A Systematic Review of Preclinical Evidences. Oxid. Med. Cell Longev.
2018: 7043213.
Donath, M.Y. (2014). Targeting inflammation in the treatment of type 2
diabetes: time to start. Nat Rev. Drug Discov. 13: 465–476.
Dumon, M.F., Freneix-Clerc, M., Carbonneau, M.A., Thomas, M.J., Perromat, A., and Clerc, M. (1994). [Demonstration of the anti-lipid peroxidation effect of 3′,5,7-trihydroxy-4′-methoxy flavone rutinoside:
in vitro study]. Ann. Biol. Clin. (Paris) 52: 265–270.
Enogieru, A.B., Haylett, W., Hiss, D.C., Bardien, S., and Ekpo, O.E. (2018).
Rutin as a Potent Antioxidant: Implications for Neurodegenerative
Disorders. Oxid. Med. Cell Longev. 2018: 6241017.
Erlund, I., Kosonen, T., Alfthan, G., Maenpaa, J., Perttunen, K., Kenraali,
J., Parantainen, J., and Aro, A. (2000). Pharmacokinetics of quercetin
from quercetin aglycone and rutin in healthy volunteers. Eur. J. Clin.
Pharmacol. 56: 545–553.
Feldo, M., Wozniak, M., Wojciak-Kosior, M., Sowa, I., Kot-Wasik, A., Aszyk,
J., Bogucki, J., Zubilewicz, T., and Bogucka-Kocka, A. (2018). Influence
of Diosmin Treatment on the Level of Oxidative Stress Markers in
Patients with Chronic Venous Insufficiency. Oxid. Med. Cell Longev.
2018: 2561705.
Friesenecker, B., Tsai, A.G., and Intaglietta, M. (1995). Cellular basis of inflammation, edema and the activity of Daflon 500 mg. Int. J. Microcirc. Clin. Exp. 15(Suppl 1): 17–21.
Garcia-Luis, A., Duarte, A.M.M., Kanduser, M., and Guardiola, J.L. (2001).
The anatomy of the fruit in relation to the propensity of citrus species to split. Scientia Horticulturae 87: 33–52.
Gattuso, G., Barreca, D., Gargiulli, C., Leuzzi, U., and Caristi, C. (2007). Flavonoid composition of Citrus juices. Molecules 12: 1641–1673.
Ghorbani, A. (2017). Mechanisms of antidiabetic effects of flavonoid rutin.
Biomed. Pharmacother. 96: 305–312.
Gibellini, L., Pinti, M., Nasi, M., Montagna, J.P., De Biasi, S., Roat, E., Bertoncelli, L., Cooper, E.L., and Cossarizza, A. (2011). Quercetin and

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

Gosslau et al.

The role of rutin and diosmin

cancer chemoprevention. Evid. Based Complement. Alternat. Med.
2011: 591356.
Godoy, J.A., Lindsay, C.B., Quintanilla, R.A., Carvajal, F.J., Cerpa, W., and
Inestrosa, N.C. (2017). Quercetin Exerts Differential Neuroprotective
Effects Against H2O2 and Abeta Aggregates in Hippocampal Neurons:
the Role of Mitochondria. Mol. Neurobiol. 54: 7116–7128.
Goldfine, A.B., Fonseca, V., and Shoelson, S.E. (2011). Therapeutic approaches to target inflammation in type 2 diabetes. Clin. Chem. 57:
162–167.
Gong, G., Qin, Y., Huang, W., Zhou, S., Yang, X., and Li, D. (2010). Rutin
inhibits hydrogen peroxide-induced apoptosis through regulating
reactive oxygen species mediated mitochondrial dysfunction pathway in human umbilical vein endothelial cells. Eur. J. Pharmacol. 628:
27–35.
Gosslau, A., and Chen, K.Y. (2004). Nutraceuticals, apoptosis, and disease
prevention. Nutrition 20: 95–102.
Gosslau, A., Chen, K.Y., Ho, C.-T., and Li, S. (2014). Anti-inflammatory effects of characterized orange peel extracts enriched with bioactive
polymethoxyflavones. Food Sci. Human Wellness 3: 26–35.
Gosslau, A., Li, S., Ho, C.T., Chen, K.Y., and Rawson, N.E. (2011). The importance of natural product characterization in studies of their antiinflammatory activity. Mol. Nutr. Food Res. 55: 74–82.
Gosslau, A., Zachariah, E., Li, S., and Ho, C.-T. (2018). Effects of a flavonoidenriched orange peel extract against type 2 diabetes in the obese
ZDF rat model. Food Sci. Human Wellness 7: 244–251.
Granado-Serrano, A.B., Martin, M.A., Bravo, L., Goya, L., and Ramos, S.
(2010). Quercetin modulates NF-kappa B and AP-1/JNK pathways to
induce cell death in human hepatoma cells. Nutr. Cancer 62: 390–
401.
Granado-Serrano, A.B., Martin, M.A., Bravo, L., Goya, L., and Ramos, S.
(2012). Quercetin attenuates TNF-induced inflammation in hepatic
cells by inhibiting the NF-kappaB pathway. Nutr. Cancer 64: 588–598.
Guon, T.E., and Chung, H.S. (2016). Hyperoside and rutin of Nelumbo nucifera induce mitochondrial apoptosis through a caspase-dependent
mechanism in HT-29 human colon cancer cells. Oncol. Lett. 11: 2463–
2470.
Gupta, A., Birhman, K., Raheja, I., Sharma, S.K., and Kar, H.K. (2016).
Quercetin: A wonder bioflavonoid with therapeutic potential in disease management. Asian Pac. J. Trop. Dis. 6: 248–252.
Han, C.G.H., and Zhang, W. (2016). The anti-cancer effect of Quercetin in
renal cancer through regulating survivin expression and caspase 3
activity. Med. One 1: 7.
Haque, I., Subramanian, A., Huang, C.H., Godwin, A.K., Van Veldhuizen,
P.J., Banerjee, S., and Banerjee, S.K. (2017). The Role of Compounds
Derived from Natural Supplement as Anticancer Agents in Renal Cell
Carcinoma: A Review. Int. J. Mol. Sci. 19: 4–19.
Hasan, H.F., Abdel-Rafei, M.K., and Galal, S.M. (2017). Diosmin attenuates radiation-induced hepatic fibrosis by boosting PPAR-gamma
expression and hampering miR-17-5p-activated canonical Wnt-betacatenin signaling. Biochem. Cell. Biol. 95: 400–414.
Hassan, M., Watari, H., AbuAlmaaty, A., Ohba, Y., and Sakuragi, N. (2014).
Apoptosis and molecular targeting therapy in cancer. Biomed. Res.
Int. 2014: 150845.
Hitzenberger, G. (1997). [Therapeutic effectiveness of flavonoids illustrated by daflon 500 mg]. Wien Med. Wochenschr. 147: 409–412.
Hostetler, G.L., Ralston, R.A., and Schwartz, S.J. (2017). Flavones: Food
Sources, Bioavailability, Metabolism, and Bioactivity. Adv. Nutr. 8:
423–435.
Hsu, C.L., Wu, C.H., Huang, S.L., and Yen, G.C. (2009). Phenolic compounds
rutin and o-coumaric acid ameliorate obesity induced by high-fat diet
in rats. J. Agric. Food Chem. 57: 425–431.
Iglesias, D.J., Cercós, M., Colmenero-Flores, J.M., Naranjo, M.A., Ríos, G.,
Carrera, E., Ruiz-Rivero, O., Lliso, I., MorillonI, R., Tadeo, F.R., and
et al (2007). Physiology of citrus fruiting. Braz. J. Plant Physiol. 19:
333–362.
Imam, F., Al-Harbi, N.O., Al-Harbi, M.M., Ansari, M.A., Zoheir, K.M., Iqbal,
M., Anwer, M.K., Al Hoshani, A.R., Attia, S.M., and Ahmad, S.F.
(2015). Diosmin downregulates the expression of T cell receptors,
pro-inflammatory cytokines and NF-kappaB activation against LPSinduced acute lung injury in mice. Pharmacol. Res. 102: 1–11.
Jagtap, S., Meganathan, K., Wagh, V., Winkler, J., Hescheler, J., and Sa-

chinidis, A. (2009). Chemoprotective mechanism of the natural
compounds, epigallocatechin-3-O-gallate, quercetin and curcumin
against cancer and cardiovascular diseases. Curr. Med. Chem. 16:
1451–1462.
Javed, H., Khan, M.M., Ahmad, A., Vaibhav, K., Ahmad, M.E., Khan, A.,
Ashafaq, M., Islam, F., Siddiqui, M.S., Safhi, M.M., and et al (2012).
Rutin prevents cognitive impairments by ameliorating oxidative
stress and neuroinflammation in rat model of sporadic dementia of
Alzheimer type. Neuroscience 210: 340–352.
Jean, T., and Bodinier, M.C. (1994). Mediators involved in inflammation:
effects of Daflon 500 mg on their release. Angiology 45: 554–559.
Jeong, S.M., Kang, M.J., Choi, H.N., Kim, J.H., and Kim, J.I. (2012). Quercetin ameliorates hyperglycemia and dyslipidemia and improves antioxidant status in type 2 diabetic db/db mice. Nutr. Res. Pract. 6:
201–207.
Jung, C.H., Cho, I., Ahn, J., Jeon, T.I., and Ha, T.Y. (2013). Quercetin reduces
high-fat diet-induced fat accumulation in the liver by regulating lipid
metabolism genes. Phytother. Res. 27: 139–143.
Kakkos, S.K., and Nicolaides, A.N. (2018). Efficacy of micronized purified
flavonoid fraction (Daflon(R)) on improving individual symptoms,
signs and quality of life in patients with chronic venous disease: a
systematic review and meta-analysis of randomized double-blind
placebo-controlled trials. Int. Angiol. 37: 143–154.
Kanashiro, A., Andrade, D.C., Kabeya, L.M., Turato, W.M., Faccioli, L.H.,
Uyemura, S.A., and Lucisano-Valim, Y.M. (2009). Modulatory effects
of rutin on biochemical and hematological parameters in hypercholesterolemic Golden Syrian hamsters. An. Acad. Bras. Cienc. 81:
67–72.
Karin, M., Cao, Y., Greten, F., and Li, Z. (2002). NF-kappaB in cancer: from
innocent bystander to major culprit. Nat. Rev. Cancer 2: 301–310.
Kashyap, D., Mittal, S., Sak, K., Singhal, P., and Tuli, H.S. (2016). Molecular
mechanisms of action of quercetin in cancer: recent advances. Tumour Biol. 37: 12927–12939.
Khan, F., Niaz, K., Maqbool, F., Ismail Hassan, F., Abdollahi, M., Nagulapalli Venkata, K.C., Nabavi, S.M., and Bishayee, A. (2016). Molecular
Targets Underlying the Anticancer Effects of Quercetin: An Update.
Nutrients 8: 529.
Kimball, D.A. (1999). Description of Citrus Fruit. Citrus Processing. Springer, Boston, MA.
Kumar, S., and Pandey, A.K. (2013). Chemistry and biological activities of
flavonoids: an overview. Scientific World Journal 2013: 162750.
Kundu, J.K., and Surh, Y.J. (2008). Inflammation: gearing the journey to
cancer. Mutat. Res. 659: 15–30.
Lai, C.S., Tsai, M.L., Cheng, A.C., Li, S., Lo, C.Y., Wang, Y., Xiao, H., Ho, C.T.,
Wang, Y.J., and Pan, M.H. (2011). Chemoprevention of colonic tumorigenesis by dietary hydroxylated polymethoxyflavones in azoxymethane-treated mice. Mol. Nutr. Food Res. 55: 278–290.
Lai, C.S., Wu, J.C., Ho, C.-T., and Pan, M.H. (2015). Disease chemopreventive effects and molecular mechanisms of hydroxylated polymethoxyflavones. Biofactors 41: 301–313.
Lee, W.J., Hsiao, M., Chang, J.L., Yang, S.F., Tseng, T.H., Cheng, C.W., Chow,
J.M., Lin, K.H., Lin, Y.W., Liu, C.C., and et al (2015). Quercetin induces
mitochondrial-derived apoptosis via reactive oxygen species-mediated ERK activation in HL-60 leukemia cells and xenograft. Arch. Toxicol. 89: 1103–1117.
Lee, Y.K., Hwang, J.T., Kwon, D.Y., Surh, Y.J., and Park, O.J. (2010). Induction
of apoptosis by quercetin is mediated through AMPKalpha1/ASK1/
p38 pathway. Cancer Lett. 292: 228–236.
Leiherer, A., Mundlein, A., and Drexel, H. (2013). Phytochemicals and their
impact on adipose tissue inflammation and diabetes. Vascul. Pharmacol. 58: 3–20.
Lewinska, A., Siwak, J., Rzeszutek, I., and Wnuk, M. (2015). Diosmin induces genotoxicity and apoptosis in DU145 prostate cancer cell line.
Toxicol. In Vitro 29: 417–425.
Ley, K. (2001). Physiology of Inflammation. Oxford University Press, New
York.
Li, S., Pan, M.-H., Lo, C.-Y., Tan, D., Wang, Y., Shahidi, F., and Ho, C.-T. (2009).
Chemistry and health effects of polymethoxyflavones and hydroxylated polymethoxyflavones. J. Functional Foods 1: 2–12.
Li, S., Pan, M.H., Lai, C.S., Lo, C.Y., Dushenkov, S., and Ho, C.T. (2007). Isolation and syntheses of polymethoxyflavones and hydroxylated polym-

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

53

The role of rutin and diosmin

Gosslau et al.

ethoxyflavones as inhibitors of HL-60 cell lines. Bioorg. Med. Chem.
15: 3381–3389.
Lin, J.P., Yang, J.S., Lin, J.J., Lai, K.C., Lu, H.F., Ma, C.Y., Sai-Chuen Wu, R., Wu,
K.C., Chueh, F.S., Gibson Wood, W., and et al (2012). Rutin inhibits
human leukemia tumor growth in a murine xenograft model in vivo.
Environ. Toxicol. 27: 480–484.
Liu, W.Y., Liou, S.S., Hong, T.Y., and Liu, I.M. (2017). The Benefits of the
Citrus Flavonoid Diosmin on Human Retinal Pigment Epithelial Cells
under High-Glucose Conditions. Molecules 22: 2251.
Liu, X., Zhang, X., Zhang, J., Kang, N., Zhang, N., Wang, H., Xue, J., Yu, J.,
Yang, Y., Cui, H., and et al (2014). Diosmin protects against cerebral
ischemia/reperfusion injury through activating JAK2/STAT3 signal
pathway in mice. Neuroscience 268: 318–327.
Liu, Z., Ren, Z., Zhang, J., Chuang, C.C., Kandaswamy, E., Zhou, T., and Zuo,
L. (2018). Role of ROS and Nutritional Antioxidants in Human Diseases. Front. Physiol. 9: 477.
Loh, K.P., Huang, S.H., De Silva, R., Tan, B.K., and Zhu, Y.Z. (2006). Oxidative
stress: apoptosis in neuronal injury. Curr. Alzheimer Res. 3: 327–337.
Lonchampt, M., Guardiola, B., Sicot, N., Bertrand, M., Perdrix, L., and
Duhault, J. (1989). Protective effect of a purified flavonoid fraction
against reactive oxygen radicals. In vivo and in vitro study. Arzneimittelforschung 39: 882–885.
Lugli, E., Ferraresi, R., Roat, E., Troiano, L., Pinti, M., Nasi, M., Nemes, E.,
Bertoncelli, L., Gibellini, L., Salomoni, P., and et al (2009). Quercetin
inhibits lymphocyte activation and proliferation without inducing
apoptosis in peripheral mononuclear cells. Leuk. Res. 33: 140–150.
Magalingam, K.B., Radhakrishnan, A., Ramdas, P., and Haleagrahara, N.
(2015). Quercetin glycosides induced neuroprotection by changes in
the gene expression in a cellular model of Parkinson’s disease. J. Mol.
Neurosci. 55: 609–617.
Manach, C., Morand, C., Demigne, C., Texier, O., Regerat, F., and Remesy,
C. (1997). Bioavailability of rutin and quercetin in rats. FEBS Lett. 409:
12–16.
Manthey, J.A., and Grohmann, K. (2001). Phenols in citrus peel byproducts. Concentrations of hydroxycinnamates and polymethoxylated
flavones in citrus peel molasses. J. Agric. Food Chem. 49: 3268–3273.
Marin, L., Miguelez, E.M., Villar, C.J., and Lombo, F. (2015). Bioavailability
of dietary polyphenols and gut microbiota metabolism: antimicrobial
properties. Biomed. Res. Int. 2015: 905215.
Massi, A., Bortolini, O., Ragno, D., Bernardi, T., Sacchetti, G., Tacchini,
M., and De Risi, C. (2017). Research Progress in the Modification of
Quercetin Leading to Anticancer Agents. Molecules 22: 1270.
Matsuo, M., Sasaki, N., Saga, K., and Kaneko, T. (2005). Cytotoxicity of flavonoids toward cultured normal human cells. Biol. Pharm. Bull. 28:
253–259.
Meiyanto, E., Hermawan, A., and Anindyajati, A. (2012). Natural products
for cancer-targeted therapy: citrus flavonoids as potent chemopreventive agents. Asian Pac. J. Cancer Prev. 13: 427–436.
Mena, P., Dominguez-Perles, R., Girones-Vilaplana, A., Baenas, N., GarciaViguera, C., and Villano, D. (2014). Flavan-3-ols, anthocyanins, and
inflammation. IUBMB Life 66: 745–758.
Michael, H.N., Salib, J.Y., and Eskander, E.F. (2013). Bioactivity of diosmetin
glycosides isolated from the epicarp of date fruits, Phoenix dactylifera, on the biochemical profile of alloxan diabetic male rats. Phytother. Res. 27: 699–704.
Min, Y.D., Choi, C.H., Bark, H., Son, H.Y., Park, H.H., Lee, S., Park, J.W., Park,
E.K., Shin, H.I., and Kim, S.H. (2007). Quercetin inhibits expression of
inflammatory cytokines through attenuation of NF-kappaB and p38
MAPK in HMC-1 human mast cell line. Inflamm. Res. 56: 210–215.
Moe, G.W., and Marin-Garcia, J. (2016). Role of cell death in the progression of heart failure. Heart Fail. Rev. 21: 157–167.
Nair, S.A., Sr, R.K., Nair, A.S., and Baby, S. (2018). Citrus peels prevent cancer. Phytomedicine 50: 231–237.
Nakano, H., Nakajima, A., Sakon-Komazawa, S., Piao, J.H., Xue, X., and
Okumura, K. (2006). Reactive oxygen species mediate crosstalk between NF-kappaB and JNK. Cell. Death. Differ. 13: 730–737.
Nam, J.S., Sharma, A.R., Nguyen, L.T., Chakraborty, C., Sharma, G., and Lee,
S.S. (2016). Application of Bioactive Quercetin in Oncotherapy: From
Nutrition to Nanomedicine. Molecules 21: E108.
Nogata, Y., Sakamoto, K., Shiratsuchi, H., Ishii, T., Yano, M., and Ohta, H.
(2006). Flavonoid composition of fruit tissues of citrus species. Bi-

54

osci. Biotechnol. Biochem. 70: 178–192.
Oeckinghaus, A., Hayden, M.S., and Ghosh, S. (2011). Crosstalk in NF-kappaB signaling pathways. Nat. Immunol. 12: 695–708.
Omar, S.H., Scott, C.J., Hamlin, A.S., and Obied, H.K. (2017). The protective role of plant biophenols in mechanisms of Alzheimer’s disease. J.
Nutr. Biochem. 47: 1–20.
Panche, A.N., Diwan, A.D., and Chandra, S.R. (2016). Flavonoids: an overview. J Nutr Sci 5: e47.
Pari, L., and Srinivasan, S. (2010). Antihyperglycemic effect of diosmin on
hepatic key enzymes of carbohydrate metabolism in streptozotocinnicotinamide-induced diabetic rats. Biomed. Pharmacother. 64:
477–481.
Park, S.E., Sapkota, K., Choi, J.H., Kim, M.K., Kim, Y.H., Kim, K.M., Kim,
K.J., Oh, H.N., Kim, S.J., and Kim, S. (2014). Rutin from Dendropanax
morbifera Leveille protects human dopaminergic cells against rotenone induced cell injury through inhibiting JNK and p38 MAPK signaling. Neurochem. Res. 39: 707–718.
Patel, K., Gadewar, M., Tahilyani, V., and Patel, D.K. (2013). A review on
pharmacological and analytical aspects of diosmetin: a concise report. Chin. J. Integr. Med. 19: 792–800.
Patil, K.K., Meshram, R.J., Dhole, N.A., and Gacche, R.N. (2016). Role of
dietary flavonoids in amelioration of sugar induced cataractogenesis.
Arch. Biochem. Biophys. 593: 1–11.
Perez-Vizcaino, F., Duarte, J., and Andriantsitohaina, R. (2006). Endothelial
function and cardiovascular disease: effects of quercetin and wine
polyphenols. Free Radic. Res. 40: 1054–1065.
Perk, A.A., Shatynska-Mytsyk, I., Gercek, Y.C., Boztas, K., Yazgan, M.,
Fayyaz, S., and Farooqi, A.A. (2014). Rutin mediated targeting of signaling machinery in cancer cells. Cancer Cell. Int. 14: 124.
Perrin, M., and Ramelet, A.A. (2011). Pharmacological treatment of primary chronic venous disease: rationale, results and unan-swered
questions. Eur. J. Vasc. Endovasc. Surgery 41: 51–54.
Prasad, S., Phromnoi, K., Yadav, V.R., Chaturvedi, M.M., and Aggarwal, B.B.
(2010). Targeting inflammatory pathways by flavonoids for prevention and treatment of cancer. Planta Med. 76: 1044–1063.
Putnik, P., Bursac Kovacevic, D., Rezek Jambrak, A., Barba, F.J., Cravotto,
G., Binello, A., Lorenzo, J.M., and Shpigelman, A. (2017). Innovative
“Green” and Novel Strategies for the Extraction of Bioactive Added
Value Compounds from Citrus Wastes-A Review. Molecules 22: 680.
Ramalingayya, G.V., Cheruku, S.P., Nayak, P.G., Kishore, A., Shenoy, R., Rao,
C.M., and Krishnadas, N. (2017). Rutin protects against neuronal
damage in vitro and ameliorates doxorubicin-induced memory deficits in vivo in Wistar rats. Drug Des. Devel. Ther. 11: 1011–1026.
Rani, N., Velan, L.P., Vijaykumar, S., and Arunachalam, A. (2015). An insight
into the potentially old-wonder molecule-quercetin: the perspectives in foresee. Chin. J. Integr. Med. 9: 1–16.
Rice-Evans, C.A., Miller, N.J., and Paganga, G. (1996). Structure-antioxidant
activity relationships of flavonoids and phenolic acids. Free Radic.
Biol. Med. 20: 933–956.
Robbins, S.L., Kumar, V., and Cotran, R.S. (2010). Pathologic basis of disease, Chapter 2: Acute and chronic Inflammation Vol Chapter 2, 8th
edition. Elsevier Saunders, Philadelphia.
Roberts, R.A., Laskin, D.L., Smith, C.V., Robertson, F.M., Allen, E.M., Doorn,
J.A., and Slikker, W. (2009). Nitrative and oxidative stress in toxicology
and disease. Toxicol. Sci. 112: 4–16.
Sabogal-Guaqueta, A.M., Munoz-Manco, J.I., Ramirez-Pineda, J.R., Lamprea-Rodriguez, M., Osorio, E., and Cardona-Gomez, G.P. (2015). The
flavonoid quercetin ameliorates Alzheimer’s disease pathology and
protects cognitive and emotional function in aged triple transgenic
Alzheimer’s disease model mice. Neuropharmacology 93: 134–145.
Saleh, A., ElFayoumi, H.M., Youns, M., and Barakat, W. (2019). Rutin and
orlistat produce antitumor effects via antioxidant and apoptotic actions. Naunyn Schmiedebergs Arch. Pharmacol. 392: 165–175.
Salvamani, S., Gunasekaran, B., Shaharuddin, N.A., Ahmad, S.A., and Shukor, M.Y. (2014). Antiartherosclerotic effects of plant flavonoids. Biomed. Res. Int. 2014: 480258.
Santos, K.F., Oliveira, T.T., Nagem, T.J., Pinto, A.S., and Oliveira, M.G.
(1999). Hypolipidaemic effects of naringenin, rutin, nicotinic acid and
their associations. Pharmacol. Res. 40: 493–496.
Sawmiller, D., Habib, A., Li, S., Darlington, D., Hou, H., Tian, J., Shytle, R.D.,
Smith, A., Giunta, B., Mori, T., and et al (2016). Diosmin reduces cer-

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

Gosslau et al.

The role of rutin and diosmin

ebral Abeta levels, tau hyperphosphorylation, neuroinflammation,
and cognitive impairment in the 3xTg-AD mice. J. Neuroimmunol.
299: 98–106.
Senthamizhselvan, O., Manivannan, J., Silambarasan, T., and Raja, B.
(2014). Diosmin pretreatment improves cardiac function and suppresses oxidative stress in rat heart after ischemia/reperfusion. Eur.
J. Pharmacol. 736: 131–137.
Sergeev, I.N., Ho, C.T., Li, S., Colby, J., and Dushenkov, S. (2007). Apoptosisinducing activity of hydroxylated polymethoxyflavones and polymethoxyflavones from orange peel in human breast cancer cells. Mol.
Nutr. Food Res. 51: 1478–1484.
Serra, H., Mendes, T., Bronze, M.R., and Simplicio, A.L. (2008). Prediction
of intestinal absorption and metabolism of pharmacologically active
flavones and flavanones. Bioorg. Med. Chem. 16: 4009–4018.
Seufi, A.M., Ibrahim, S.S., Elmaghraby, T.K., and Hafez, E.E. (2009). Preventive effect of the flavonoid, quercetin, on hepatic cancer in rats via
oxidant/antioxidant activity: molecular and histological evidences. J.
Exp. Clin. Cancer Res. 28: 80.
Shahidi, F., and Peng, H. (2018). Bioaccessibility and bioavailability of phenolic compounds. J. Food Bioact. 4: 11–68.
Shalkami, A.S., Hassan, M., and Bakr, A.G. (2018). Anti-inflammatory, antioxidant and anti-apoptotic activity of diosmin in acetic acid-induced
ulcerative colitis. Hum. Exp. Toxicol. 37: 78–86.
Sharma, A., Kaur, M., Katnoria, J.K., and Nagpal, A.K. (2017). Polyphenols
in Food: Cancer Prevention and Apoptosis Induction. Curr. Med.
Chem. 25: 4740–4757.
Sharma, D.R., Wani, W.Y., Sunkaria, A., Kandimalla, R.J., Sharma, R.K., Verma, D., Bal, A., and Gill, K.D. (2016). Quercetin attenuates neuronal
death against aluminum-induced neurodegeneration in the rat hippocampus. Neuroscience 324: 163–176.
Sharma, S., Ali, A., Ali, J., Sahni, J.K., and Baboota, S. (2013). Rutin : therapeutic potential and recent advances in drug delivery. Expert Opin.
Investig. Drugs 22: 1063–1079.
Silambarasan, T., and Raja, B. (2012). Diosmin, a bioflavonoid reverses alterations in blood pressure, nitric oxide, lipid peroxides and antioxidant status in DOCA-salt induced hypertensive rats. Eur. J. Pharmacol
679: 81–89.
Silvestro, L., Tarcomnicu, I., Dulea, C., Attili, N.R., Ciuca, V., Peru, D., and
Rizea Savu, S. (2013). Confirmation of diosmetin 3-O-glucuronide as
major metabolite of diosmin in humans, using micro-liquid-chromatography-mass spectrometry and ion mobility mass spectrometry.
Anal. Bioanal. Chem. 405: 8295–8310.
Singhal, S.S., Singhal, S., Singhal, P., Singhal, J., Horne, D., and Awasthi, S.
(2017). Didymin: an orally active citrus flavonoid for targeting neuroblastoma. Oncotarget. 8: 29428–29441.
Spagnuolo, C., Moccia, S., and Russo, G.L. (2018). Anti-inflammatory effects of flavonoids in neurodegenerative disorders. Eur. J. Med.
Chem. 153: 105–115.
Srinivasan, S., and Pari, L. (2012). Ameliorative effect of diosmin, a citrus
flavonoid against streptozotocin-nicotinamide generated oxidative
stress induced diabetic rats. Chem. Biol. Interact. 195: 43–51.
Srinivasan, S., and Pari, L. (2013). Antihyperlipidemic effect of diosmin: A
citrus flavonoid on lipid metabolism in experimental diabetic rats. J.
Funct. Foods 5: 484–492.
Srivastava, S., Somasagara, R.R., Hegde, M., Nishana, M., Tadi, S.K., Srivastava, M., Choudhary, B., and Raghavan, S.C. (2016). Quercetin, a
Natural Flavonoid Interacts with DNA, Arrests Cell Cycle and Causes
Tumor Regression by Activating Mitochondrial Pathway of Apoptosis.
Sci. Rep. 6: 24049.
Struckmann, J.R. (1999). Clinical efficacy of micronized purified flavonoid
fraction: an overview. J. Vasc. Res. 36(Suppl 1): 37–41.
Suganthy, N., Devi, K.P., Nabavi, S.F., Braidy, N., and Nabavi, S.M. (2016).
Bioactive effects of quercetin in the central nervous system: Focusing
on the mechanisms of actions. Biomed. Pharmacother. 84: 892–908.
Suganya, S.N., and Sumathi, T. (2017). Effect of rutin against a mitochondrial toxin, 3-nitropropionicacid induced biochemical, behavioral and
histological alterations-a pilot study on Huntington’s disease model
in rats. Metab. Brain Dis. 32: 471–481.
Tanaka, T., Makita, H., Kawabata, K., Mori, H., Kakumoto, M., Satoh, K.,
Hara, A., Sumida, T., Fukutani, K., Tanaka, T., and et al (1997a). Modulation of N-methyl-N-amylnitrosamine-induced rat oesophageal

tumourigenesis by dietary feeding of diosmin and hesperidin, both
alone and in combination. Carcinogenesis 18: 761–769.
Tanaka, T., Makita, H., Kawabata, K., Mori, H., Kakumoto, M., Satoh, K.,
Hara, A., Sumida, T., Tanaka, T., and Ogawa, H. (1997b). Chemoprevention of azoxymethane-induced rat colon carcinogenesis by the
naturally occurring flavonoids, diosmin and hesperidin. Carcinogenesis 18: 957–965.
Tanaka, T., Makita, H., Ohnishi, M., Mori, H., Satoh, K., Hara, A., Sumida,
T., Fukutani, K., Tanaka, T., and Ogawa, H. (1997c). Chemoprevention
of 4-nitroquinoline 1-oxide-induced oral carcinogenesis in rats by
flavonoids diosmin and hesperidin, each alone and in combination.
Cancer Res. 57: 246–252.
Tripoli, E., La Guardia, M., Giammanco, S., Di Majo, D., and Giammanco, M.
(2007). Citrus flavonoids: Molecular structure, biological activity and
nutritional properties: A review. Food Chem. 104: 466–479.
Villa, P., Cova, D., De Francesco, L., Guaitani, A., Palladini, G., and Perego,
R. (1992). Protective effect of diosmetin on in vitro cell membrane
damage and oxidative stress in cultured rat hepatocytes. Toxicology
73: 179–189.
Volate, S.R., Davenport, D.M., Muga, S.J., and Wargovich, M.J. (2005).
Modulation of aberrant crypt foci and apoptosis by dietary herbal
supplements (quercetin, curcumin, silymarin, ginseng and rutin).
Carcinogenesis 26: 1450–1456.
Wang, D.M., Li, S.Q., Wu, W.L., Zhu, X.Y., Wang, Y., and Yuan, H.Y. (2014).
Effects of long-term treatment with quercetin on cognition and mitochondrial function in a mouse model of Alzheimer’s disease. Neurochem. Res. 39: 1533–1543.
Wang, S.W., Wang, Y.J., Su, Y.J., Zhou, W.W., Yang, S.G., Zhang, R., Zhao, M.,
Li, Y.N., Zhang, Z.P., Zhan, D.W., and et al (2012). Rutin inhibits betaamyloid aggregation and cytotoxicity, attenuates oxidative stress,
and decreases the production of nitric oxide and proinflammatory
cytokines. Neurotoxicology 33: 482–490.
Wang, T.-Y., Li, Q., and Bi, K.-S. (2018). Bioactive flavonoids in medicinal
plants: Structure, activity and biological fate. Asian J. Pharmaceut.
Sci. 13: 12–23.
Wang, Y., Lee, P.S., Chen, Y.F., Ho, C.T., and Pan, M.H. (2016). Suppression
of Adipogenesis by 5-Hydroxy-3,6,7,8,3′,4′-Hexamethoxyflavone
from Orange Peel in 3T3-L1 Cells. J. Med. Food 19: 830–835.
Wang, Y.B., Ge, Z.M., Kang, W.Q., Lian, Z.X., Yao, J., and Zhou, C.Y. (2015).
Rutin alleviates diabetic cardiomyopathy in a rat model of type 2 diabetes. Exp Ther Med 9: 451–455.
Wong, R.S. (2011). Apoptosis in cancer: from pathogenesis to treatment. J.
Exp. Clin. Cancer Res. 30: 87.
Wu, F., Chen, J., Fan, L.M., Liu, K., Zhang, N., Li, S.W., Zhu, H., and Gao, H.C.
(2017). Analysis of the effect of rutin on GSK-3beta and TNF-alpha
expression in lung cancer. Exp. Ther. Med. 14: 127–130.
Xiao, J. (2017). Dietary flavonoid aglycones and their glycosides: Which
show better biological significance? Crit. Rev. Food Sci. Nutr. 57:
1874–1905.
Xu, P.X., Wang, S.W., Yu, X.L., Su, Y.J., Wang, T., Zhou, W.W., Zhang, H.,
Wang, Y.J., and Liu, R.T. (2014). Rutin improves spatial memory in Alzheimer’s disease transgenic mice by reducing Abeta oligomer level
and attenuating oxidative stress and neuroinflammation. Behav.
Brain Res. 264: 173–180.
Yan, S.X., Li, X., Sun, C.D., and Chen, K.S. (2015). [Hypoglycemic and hypolipidemic effects of quercetin and its glycosides]. Zhongguo Zhong
Yao Za Zhi 40: 4560–4567.
Yang, J.H., Hsia, T.C., Kuo, H.M., Chao, P.D., Chou, C.C., Wei, Y.H., and
Chung, J.G. (2006). Inhibition of lung cancer cell growth by quercetin
glucuronides via G2/M arrest and induction of apoptosis. Drug Metab. Dispos. 34: 296–304.
Yang, K., Lamprecht, S.A., Liu, Y., Shinozaki, H., Fan, K., Leung, D., Newmark, H., Steele, V.E., Kelloff, G.J., and Lipkin, M. (2000). Chemoprevention studies of the flavonoids quercetin and rutin in normal and
azoxymethane-treated mouse colon. Carcinogenesis 21: 1655–1660.
Yang, M., Tanaka, T., Hirose, Y., Deguchi, T., Mori, H., and Kawada, Y. (1997).
Chemopreventive effects of diosmin and hesperidin on N-butyl-N-(4hydroxybutyl)nitrosamine-induced urinary-bladder carcinogenesis in
male ICR mice. Int. J. Cancer 73: 719–724.
Yao, Q., Lin, M.T., Zhu, Y.D., Xu, H.L., and Zhao, Y.Z. (2018). Recent Trends in
Potential Therapeutic Applications of the Dietary Flavonoid Didymin.

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

55

The role of rutin and diosmin

Gosslau et al.

Molecules 23: 2547.
Yu, G., Wan, R., Yin, G., Xiong, J., Hu, Y., Xing, M., Cang, X., Fan, Y., Xiao, W.,
Qiu, L., and et al (2014). Diosmetin ameliorates the severity of cerulein-induced acute pancreatitis in mice by inhibiting the activation
of the nuclear factor-kappaB. Int. J. Clin. Exp. Pathol. 7: 2133–2142.
Zhang, Y., Yi, B., Ma, J., Zhang, L., Zhang, H., Yang, Y., and Dai, Y. (2015).

56

Quercetin promotes neuronal and behavioral recovery by suppressing inflammatory response and apoptosis in a rat model of intracerebral hemorrhage. Neurochem. Res. 40: 195–203.
Zhao, C., Wang, F., Lian, Y., Xiao, H., and Zheng, J. (2018). Biosynthesis of
citrus flavonoids and their health effects. Crit. Rev. Food Sci. Nutr.
22: 1–18.

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

Journal of

Food Bioactives

International Society for
Nutraceuticals and Functional Foods

Review

J. Food Bioact. 2019;5:57–119

Phenolic compounds in agri-food by-products,
their bioavailability and health effects
Fereidoon Shahidi*, Varatharajan Vamadevan†, Won Young Oh and Han Peng
Department of Biochemistry, Memorial University of Newfoundland, St. John’s, NL, A1B 3X9, Canada
†Present address: Cargill, 14800 28th Avenue N., Plymouth, MN 55447, USA.
*Corresponding author: Fereidoon Shahidi, Department of Biochemistry, Memorial University of Newfoundland, St. John’s, NL, A1B
3X9, Canada. Tel: 709-864-8552; Fax: 709-864-2422; E-mail: fshahidi@mun.ca
DOI: 10.31665/JFB.2019.5178
Received: February 01, 2019; Revised received & accepted: March 01, 2019
Citation: Shahidi, F., Vamadevan, V., Oh, W.Y., and Peng, H. (2019). Phenolic compounds in agri-food by-products, their bioavailability
and health effects. J. Food Bioact. 5: 57–119.

Abstract
Phenolic compounds constitute a large and diverse group of secondary metabolites derived from phenylalanine
and tyrosine and are widely distributed throughout the plant kingdom. They could be divided into different classes such as simple phenol, phenyl acetic acid, hydroxybenzoic acid, hydroxycinnamic acid, and other phenylpropanoids as well as condensed tannins (proanthocyanidins) and hydrolysable tannins, among others, depending
on their basic carbon skeleton structure. Phenolic compounds in plant-based foods have been suggested to have
a number of beneficial health effects including prevention of cancer, cardiovascular disease, diabetes, immune
disorders, neurogenerative disease and others. These properties are largely attributable to the antioxidant activity of the phenolic compounds as well as other mechanisms of action. Therefore, nutraceuticals of plant origin
may evolve to be considered a vital aspect of dietary-disease preventive food components. Agri-food industries
generate substantial quantities of phenolic rich by-products, which could serve as an attractive and commercially
viable source of nutraceuticals. This contribution mainly summarizes the occurrence of phenolic compounds and
some other bioactives in various Agri-food by-products, their bioavailability and health benefits.
Keywords: By-products; Bioactive compounds; Phenolics; Nutraceuticals; Health benefits; Bioavailability.

1. Introduction
Plants produce a great variety of organic compounds that comprise
both major types of chemicals such as carbohydrate, protein, lipid
and nucleic acids as well as non-nutritive phytochemicals. Though
phytochemicals, by the strictest definition, are chemicals that are
produced by the plants, currently the term is being only used for
non-nutritive (not considered as essential nutrients), biologically
active, chemically derived compounds found in plants (Alasalvar
and Shahidi, 2009). Many of the phytochemicals have the capacity to alter enzymatic and chemical reactions, and therefore may
impact human health both positively and negatively (Thompson,
1993).
Most phytochemicals can be classified into three major groups

of terpenoids, phenolic compounds, and alkaloids as well as other
nitrogen containing plant constituents (Harborn, 1999). Apart from
this classification, the main bioactive phytochemicals in foods include polyphenols, terpenoids, glucosinolates and other sulphurcontaining compounds (Espín et al., 2007; Tomás-Barberán et al.,
2004). Phenolic compounds constitute a very large group of phytochemicals that are widely distributed in higher plants (Macheix
et al., 1990). The general break down of non-nutritive plant-base
natural products is shown in Figure 1.
Phenolics are secondary metabolites synthesized by plants both
during normal development (Harborne, 1982; Pridham, 1960; Shahidi and Naczk, 2004, Shahidi and Peng, 2018) and in response
to stress conditions such as infection by pathogens and parasites,
wounding, air pollution, exposure to extreme temperatures and UV

Copyright: © 2019 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Figure 1. General breakdown of non-nutritive plant-base natural products.

radiation (Beckman, 2000; Nicholson and Hammerschmidt, 1992;
Zobel 1997; Shahidi and Yeo, 2016). They are commonly found in
both edible and non-edible plant parts and may act as phytoalexins, antifeedants, attractants for pollinators, contributors to plant
pigmentation, antioxidants and protective agents against UV light.
In addition, phenolics may contribute to the bitterness, astringency,
color, flavor, odour, and oxidative stability of food (Shahidi and
Naczk, 2004).
Phenolic compounds exhibit a wide range of physiological
properties, such as anti-allergenic, anti-artherogenic, anti-inflammatory, anti-microbial, antioxidant, anti-thrombotic, cardioprotective and vasodilatory effects (Benavente-Garcia et al., 1997;
Manach et al., 2005; Middleton et al., 2000; Puupponen-Pimiä et
al., 2001; Samman et al., 1998, Shahidi and Peng, 2018). Therefore, consumption of plant-based foods is instrumental in health
promotion and disease risk reduction. Furthermore, consumers are
increasingly aware of diet related health problems, therefore demanding natural ingredients, which are expected to be safe and
health promoting (Schieber et al., 2001b).
The agri-food industry produces large volumes of wastes, both
solids and liquid, resulting from the production, preparation and
consumption of food. In addition to food wastes, food industry
uses a large amount of water and proportion of water used may
leave as part of the products (blanching water, olive mill wastewater, etc.). In many cases, by-products from agri-food industry are being increasingly recognized as a good and inexpensive
source for obtaining bioactive compounds including high-phenolic
products (Peng et al., 2018; Shahidi, 2009; Schieber et al., 2001b;
Tomás-Barberán et al., 2004). Thus, a number of studies to examine the occurrence of phenolic compounds in various by-products/
residuals of agri-food industry and their antioxidant activity have
increased considerably in recent years and the major/selected byproducts of processing industry have been summarized and reviewed as a source of antioxidant (Balasundram et al., 2006; Dimitrios, 2006; Moure et al., 2001; Schieber et al., 2001b; Shahidi,
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2008; Peng et al., 2018).
This contribution aims to provide an overview of the findings
related to the phenolic profiles of various by-products, their bioavailability and health benefits. Other nutraceuticals in by-products
particularly referred to carotenoids and betalains also have been
reviewed in this work, but to a lesser extent.
2. Dietary phenolics and nutraceuticals: overview
Phenolics are a group of organic compounds with one or more
hydroxyl groups on the aromatic ring(s). They range from simple
phenols, which are relatively rare (either absent or comprise only
a small proportion) in their natural distribution (Cowan, 1999) to
complex compounds known as polyphenols (Bravo 1998). These
diversified groups of phytochemicals are derived from phenylalanine and tyrosine (Harborne, 1982; Morello et al., 2002; Shahidi,
2000; Shahidi and Naczk, 2004; Shahidi and Yeo, 2018; Shahidi
and Peng, 2018). Most naturally occurring phenolic compounds
are present as conjugates with mono- and polysaccharides, linked
to one or more of the phenolic groups and may also occur as functional derivatives such as methyl and other esters (Harborne, 1989;
Harborne et al., 1999; Shahidi and Naczk, 1995). Flavonoids, phenolic acids, and tannins are the most important dietary phenolics
(King and Young, 1999).
2.1. Flavonoids
The largest group of polyphenols is the flavonoids, which account
for 60% of the total dietary phenolic compounds (Harborne and
Williams, 2000; Nichenametla et al., 2006; Shahidi and Naczk,
2004) and there are an estimated 4,000 known flavonoids (Wrolstad, 2005). Flavonoids are C15 compounds all of which have the
structure C6-C3-C6 (Harborne and Simmonds, 1964). They gener-
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Figure 2. Major classes of flavonoids and its some individual compounds.

ally consist of two aromatic rings, each containing at least one hydroxyl, which are connected through a three-carbon “bridge” and
become part of a six-member heterocyclic ring.
The flavonoids are further divided into subclasses based on the
connection of an aromatic ring to the heterocyclic ring, as well
as the oxidation state and functional groups of the heterocyclic
ring. Within each subclass, individual compounds are characterized by specific hydroxylation and conjugation patterns (Merken
and Beecher, 2000). Figures 2 and 3 show the major classes of
flavonoids and their generic structures, respectively. Among the
major classes of flavonoids, flavones and flavonols are the most
widely occurring and structurally diverse compounds (Harborne
et al., 1999).
Flavonoids occasionally occur in plants as aglycones although
they most commonly present as glycoside derivatives. Each hydroxyl group and certain carbon atoms in their structure can be
substituted with one or more of a range of different simple carbohydrates which, in turn, may be acylated with a variety of phenolic or aliphatic acids (Harborne and Williams, 2000; Williams
and Grayer, 2004). Flavonoids are most commonly known for their
antioxidant activity. However, it is now known that the health benefits they provide against cancer and heart disease are the result of
other mechanisms (Marais et al., 2006; Shahidi and Yeo, 2018).

Apart from various vegetables and fruits, flavonoids are found in
seeds, nuts, grains, spices, and different medicinal plants as well in
beverages, such as wine, tea and beer (Shahidi and Naczk, 1995;
Yeo and Shahidi, 2017).
2.2. Phenolic acids
Phenolic acids, in the form of substituted derivatives of hydroxybenzoic and hydroxycinnamic acids, are the predominant phenolics in food from plant sources, manly grains, legumes and oilseeds. These derivatives differ in the pattern of their hydroxylation
and methoxylation on the aromatic ring(s).
Hydroxybenzoic acids (Figure 4) such as gallic acid, p-hydroxybenzoic acid and vanillic acid are present in nearly all plants
(Robbins, 2003; Shahidi and Naczk, 1995), but foods from plant
sources are generally low in hydroxybenzoic acids (Ssonko and
Xia, 2005). They are mainly found in the bound state in food and
are components of complex structures like hydrolysable tannins
and lignin. Aldehydes such as vanillin and p-hydroxybenzaldehyde are common flavor compounds derived from the reduction
of hydroxybenzoic acids (Shahidi and Naczk, 1995; Shahidi and
Yeo, 2016). Dimeric derivative of gallic acid is called ellagic acid

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

59

Phenolic Compounds in agri-food by-products

Shahidi et al.

Figure 3. Generic structures of major classes of flavonoids.

(Figure 5), which mainly exists in higher plants, including fruits
and nuts, combined with its precursor, hexahydroxydiphenic acid
or bound in the form of ellagitannins (Amakura et al., 2000). Extracts from red raspberry leaves or seeds, pomegranates are said
to contain high levels of ellagic acid (Espín et al., 2007). Gallic
acid and ellagic acid (found as hydrolysable tannin) were found as
major phenolic compounds in pomegranate peels (Ambigaipalan
et al., 2016).
The hydroxycinnamic acids (caffeic, ferulic, sinapic, p-coumaric and chlorogenic acid) (Figure 6) are the most widely occurring
phenylpropanoids and are precursors to their cyclic derivatives, the
coumarins. They are rarely encountered in the free state in nature
and are predominantly found as hydroxyacid esters with quinic,
shikimic or tartaric acid (Herrmann, 1989), with larger phenolic
compounds such as flavonoids or with structural components of
the plant such as cellulose, lignin and protein (Clifford, 1999;
Kroon and Williamson, 1999; Scalbert and Williamson, 2000).
Caffeic acid and, to a lesser extent, ferulic acid are the most prominent phenolic acids occurring in foods of plant origin such as cereals, coffee, fruits and vegetables (Andreasen et al., 2000; Robbins,
2003; Scalbert and Williamson, 2000). Chlorogenic acids (Figure
7) are a family of esters formed between certain trans-cinnamic
acids (caffeic acid) and (−)-quinic acid (Clifford, 1999, 2000; Clifford et al., 2003; IUPAC, 1976). Coffee beans are one of the richest
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dietary sources of chlorogenic acids (Clifford, 1999).
2.3. Tannins
Tannins can range from dimers through large polymers and are
found in a wide variety of foods, e.g., apples, berries, chocolate,
red wines, pomogranate and nuts (Shahidi and Naczk, 2004; de
Camargo et al., 2014a; Ambigaipalan et al., 2016). They are polymerized into large molecules, either by the plants themselves
or as a result of food processing. Important subclasses of tannins
in food include condensed tannins or proanthocyanidins, derived
tannins and hydrolysable tannins (Clifford, 2001). Derived tannins
(theaflavin and thearubigin) are formed during food handling and
processing, and found primarily in black and oolong teas and may
be important in the health related properties of these foods (Hakim
et al., 2003; Kris-Etherton, and Keen, 2002; Riemersma et al.,
2001) (Figure 8).
Hydrolysable tannins are esters of gallic or ellagic acid (gallotannins and ellagitannins) while the proanthocyanidins are
polymers of polyhydroxyflavan-3-ol monomers, linked through
carbon-carbon and ether linkages (Porter, 1989). Although hydrolysable tannins are widespread in some plant foods, e.g., grapes and
wines, and contribute important organoleptic qualities, they have
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Figure 4. Structures of common benzoic acid derivatives.

Figure 6. Structures of common cinnamic acid derivatives.

received little attention in terms of their impact on human health
(Beecher, 2003). Catechin and epicatechin are the two important
proanthocyanidin monomers in human foods of plant origin (Gu
et al., 2003). These can combine to create esters such as catechin/
epicatechin gallate. Fifteen subclasses of proanthocyanidins have
been identified (Porter, 1993). However, only three appear to be
prominent in human foods of plant origin, procyanidins ([epi]catechin polymers), prodelephinidins ([epi]gallocatechin polymers)
and propelargonidins ([epi]afselechin) polymers or their mixtures
(Gu et al., 2003). Tannins can bond with sugars and dietary proteins as well as with enzymes to create glycosides and polyphenolic proteins (Naczk et al., 1996; Naurato, et al., 1999). Due to
this complex, the digestibility of protein is reduced either by direct
precipitation or by inhibition of enzyme activity (Ferguson, 2001).

derived from cinnamic acid derivatives by coupling of two C6-C3
molecules (Moss, 2000) (Figure 9). Two most extensively studied dietary lignans are secoisolariciresinol and matairesinol (Figure 10). These plant lignans are converted to mammalian lignans
by fermentation in the large intestine where matairesinol is converted to enterolactone and secoisolariciresinol to enterodiol, and
the latter is, to some degree, oxidized to enterolactone (Setchell
and Adlercreutz 1988). Plant lignans have been analysed in fruits,
vegetables, cereal products, tea and coffee (Liggins et al., 2000;
Mazur, 1998, Mazur et al., 1998; Nesbitt and Thompson, 1997,
Nurmi, et al., 2003; Rodríguez-García et al., 2019). The most
abundant lignans in sesame seeds (Sesamum indicum Linn, Pedaliaceae), sesamin and sesamolin, are reported to lack any appreciable in vitro antioxidative activity. Rather, the high antioxidative
properties of sesame seed appear to be related to lignans, such as
sesamol (Budowski 1950), sesamolinol, pinoresinol, (Fukuda et
al., 1985, 1986) and sesaminol (Kang et al., 1998a; Kang, et al.,
1998b). These compounds also have inhibitory effects on membrane lipid peroxidation, the microsome peroxidation induced by
ADP-Fe3+/NADPH (Kang et al., 1998b) and the oxidation of LDL
induced by copper ions (Kang et al., 1999) or 2,2′-azobis (2,4-dimethylvaleronitrile) (AMVN) (Kang et al., 1998b) and show syn-

2.4. Lignans
The lignans comprise a class of natural plant products, which are

Figure 5. Structure of ellagic acid (dimeric derivative of gallic acid).
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Figure 8. General structures for theaflavins and their specific compounds and thearubigin. Source: Adapted from Beecher, (2003).

ergistic effects in elevating the levels of vitamin E in rat liver and
plasma (Kamal-Eldin et al., 1995; Yamashita et al., 1995). Studies have indicated that products made from wholemeal rye flour,
which contains plant lignans, may have protective effects on the
development of some hormone-dependent cancers (Adlercreutz et
al., 1995).

3. By-products of fruits

2.5. Stilbenoids
Stilbenes possess a C6-C2-C6 basic carbon skeleton containing
1,2-diphenylethylene as a functional group. Resveratrol (3,5,4′-trihydroxystilbene) (Figure 11) is a member of the stilbene family
produced in some fruits occurring in both free and glycoside forms
(Nichenametla et al., 2006). These hydroxystilbenes are of particular interest in grapes and red wine (Dercks and Creasy, 1989; Celotti et al., 1996) in which it is considered to impart health benefits
such as antioxidant, anti-inflammatory, cardiovascular health and
cancer chemopreventive activities (Jang et al., 1997; Donnelly et
al., 2004; Oh and Shahidi, 2017; Oh and Shahidi 2018).
2.6. Hydroxytyrosol
Tyrosol is well reported in wine and virgin olive oil (Cornwell and
Ma, 2008; Fragopoulou et al., 2007; Zhou et al., 2017; Sun et al.,
2018). Olive mill wastewater is a rich source for hydroxytyrosol
and tyrosol (Feki et al., 2006; Obied et al., 2005) (Figure 12).

Figure 9. Parent structure of lignan [coupling (B) of two C6-C3 molecule
(A)].
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Although plant-derived polyphenolic compounds have several
beneficial effects, they have some negative attributes include offflavour and taste, discolouration, carcinogenic activity and antinutritional activity (Ssonka and Xia, 2005). Phenolic compounds
in Agri-food by-products are given in Table 1.

Fruits belong to food products appreciated by dieteticians and nutritionists. Majority of fruits are rich source of vitamin C, carotenoids and polyphenolic compounds. By-products of fruits generally show a higher antioxidant activity than vegetable by-products
(Wijngaard et al., 2009).
3.1. Apple
Apples are widely consumed fruit worldwide, and they are one of
the best sources of antioxidant and phenolic compounds, including quercetin, catechin, phlorizdin and chlorogenic acid (Boyer,
and Liu, 2004; Eberhardt et al., 2000). Apart from among different
varieties of apples, contents of phenolic compounds vary greatly
between the flesh and the peel of the apple and predominantly localized in the peels (54%) (Escarpa and Gonzalez, 1998; Schieber
et al., 2003a; Vrhosek et al., 2004; Eberhardt et al., 2000; Wolfe et
al., 2003).
Apple peel is known to contain several quercetin and phloretin
glycosides along with catechins, procyanidins, phloridzin, caffeic
acid, chlorogenic acid, cyanidin glycosides (cyanidin-3-glucoside
or kuromanin) (Andrade et al., 1998; Burda et al., 1990; Escarpa
and Gonzalez, 1998; Golding et al., 2001; van der Sluis et al.,
2001; Suarez-Valles et al., 1994; Whale and Zora, 2007; Wijngaard
et al., 2009; Sekhon-Loodu et al., 2013). Lommen et al. (2000)
individually identified and confirmed the presence of quercetin-Oglycosides namely, quercetin-3-α-l-rhamnosyl-(1-6)-β-d-glucoside
(rutin), quercetin-3-β-d-galactoside (hyperin), quercetin-3-β-d-
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Figure 10. Structure of major dietary lignans.

glucoside (isoquercitrin), quercetin-3-β-d-xyloside (reynoutrin),
quercetin-3-α-l-arabinofuranoside (avicularin), and quercetin-3α-l-rhamnoside (quercitrin) and phloretin O-glycosides namely,
phloretin-2-β-d-glucoside (phloridzin) and the 2-β-d-xylosyl-(16)-β-d-glucoside in an extract of apple peel using directly coupled
HPLC-NMR-MS. Authors found that concentrations of these individual compounds were between 0.2 and 5 mg/g of apple peel.
According to Wolfe and Liu (2003), total phenolic concentrations
of apple peel were 33 mg/g dry weight. It has been shown that processing methods influence the antioxidant properties of fractionated apple peel polyphenols (Sekhon-loodu et al., 2013).
Apple seeds are recognized as a rich source of valuable compounds (Awad et al., 2000; Fromm et al., 2013; Jham, 1996; Lu
and Foo, 1998; Schieber et al., 2003a). They are yielding more
than 2 g of polyphenolics per kg in total (Schieber et al., 2003a).
Lu and Foo (1998) identified two major bioactive compounds
(Figure 13), namely amygdalin and phloridzin, the latter making
up to 75% of the total polyphenols and some minor components
namely, chlorogenic acid, p-coumarylquinic acid, 3-hydroxyphloridzin, phloretin-2′-xyloglucoside and six quercetin glycosides
(arabinoside, galactoside, glucoside, rhamnoside, rutinoside and
xyloside) while flavonoids and procyanidins were not detected. In
another study, Schieber et al. (2003a) found phloridzin, making
up 90% of total phenolics, along with appreciable amount of chlorogenic acid, phloretin xyloglucoside, epicatechin procyanidin B2
and a number of quercetin glycosides. While quercetin glycosides

were not detected by Awad et al. (2000), they found low levels of
cyanidin-3-galactoside.
Apple pomace, a by-product of apple juice industry, has been
shown to be a good source of polyphenols, minerals and dietary
fibre (Boyer and Liu, 2004; Ćetković et al., 2008; Figuerola et
al., 2005; Foo and Lu, 1999; Lommen et al., 2000; Lu and Foo,
1997, 1998; Reis et al., 2012; Schieber et al., 2001a; Sudha et al.,
2007; Wijngaard et al., 2009). It mainly consists of peels and cores,
which are central part of an apple, contain seeds. When an apple
is consumed, often the core is not eaten as it is woodier. Seeds
constitute approximately 2–3% of the total weight of apple pomace (Carson et al., 1994). Lyophilised apple pomace was found to
contain to about 118 mg/g of phenolics (Schieber et al., 2003a).
Predominant polyphenolic compounds in commercial apple
pomace are phloridzin and chlorogenic acid, followed by quercetin glycosides (quercetin 3-galactoside, quercetin 3-rhamnoside,
quercetin 3-glucoside, quercetin 3-xyloside, quercetin 3-rutinoside, and quercetin 3-arabinoside) (Ćetković et al., 2008; Schieber et al., 2003a; Schieber et al., 2001a) (Figure 14). In addition, authors were able to identify epicatechin, procyanidin B2,
catechin, p-coumaroylquinic acid, p-coumaric acid, ferulic acid,
phloretin xyloglucoside, quercetin, and phloretin. While chlorogenic acid was not detected by Lu and Foo (1997), they found
that quercetin-glycoside (quercetin-3-galactoside) and dihydrochalcone (phloridzin) being the most abundant compounds and
dihydrochalcone-glycoside (phloretin-2-xyloglucoside) being
the least abundant.
Since some phenolic constituents have been demonstrated to
exhibit strong antioxidant activity in vitro (Lu and Foo, 2000),
commercial exploitation of apple pomace for the recovery of these
compounds seems promising. In addition, Alongi et al. (2019) substituted 10–20% of wheat flour with apple pomace, which contained dietary fiber and phenolic compounds, when they made

Figure 11. Structure of trans-resveratrol (trans-3,5,4-trihydroxystilbene).

Figure 12. Structure of hydroxytyrosol.
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Table 1. Phenolic compounds in agri-food by-products

By-products

Major phenolic compounds

Total Phenolic contenta

Reference

Apple peel

Quercetin glycosides, phloretin
glycosides, catechins, procyanidins,
phloridzin, caffeic acid, chlorogenic
acid, cyanidin glycosides

33.42 mg/g (GAE)

Wijngaard et al. (2009),
Wolfe and Liu (2003)

Apple seed

Amygdalin, phloridzin

2.17 mg/g

Schieber et al. (2003a),
Lu and Foo (1998)

Apple pomace

Phloridzin, chlorogenic acid,
quercetin glycosides

4.22–8.67 (CGE)

Schieber et al. (2003a),
Ćetković et al. (2008)

Berry pomace

Cyanidin-3-O-glucoside,
quercetin-3-O-glucoside, gallic
acid, protocatechuic acid

21.7–47.4 mg/g (GAE)

Zhou et al. (2009)

Grape skin

Catechin, epicatechin, epicatechin
gallate, epigallocatechin

Grape seed

Catechin, epicatechin, epicatechin-3-Ogallate, dimeric procyanidins B2 and B3

325.37–811.95 mg/g (GAE)

Anastasiadi et al. (2009)

Grape stem

trans-Resveratrol, e-viniferin

367.1–494.2 mg/g (GAE)

Anastasiadi et al. (2009),
Püssa et al. (2006)

Grape pomace

Anthocyanins, catechins,
flavonol glycosides, phenolic
acids, trans-resveratrol

107.12–376.71 mg/g (GAE)

Anastasiadi et al. (2009),
Yi et al. (2009)

Citrus by products (peel)

Hesperidin, narirutin, naringin
eriocitrin and their glycosides,
hydroxycinnamic acid

24 mg/g (GAE)

Manthey and Grohmann
(2001), Peterson et al.
(2006), Sultana et al. (2008)

Mango peel

Flavonol-O-glycosides,
xanthone-C-glycosides

55–110 mg/g (GAE)

Ajila et al. (2007),
Schieber et al. (2003b)

Mango seed

Gallic acid, ellagic acid, gallates

117 mg/g (GAE)

Puravankara et al. (2000),
Soong and Barlow (2004)

Pomegranate peel

Punicalagin, punicalin, ellagic
acid, gallagic acid, quercetin,
kaemferol, myricetin

364 mg/g (GAE)

Sultana et al. (2008)

Banana peel

Dopamine, flavonone
glycoside, naringin, rutin

11 mg/g (GAE)

Kanazawa and Sakakibara
(2000), Sultana et al. (2008)

Banana bracts

Anthocyanin

Pazmino-Duran et al. (2001)

Longan seeds

Gallic acid, ellagic acid

Soong and Barlow
(2005, 2006)

Almond hull

Catechin, procatechuic acid,
chlorogenic acid, cryptochlorogenic
acid, prenylated benzoic acid

35.9–166.7 mg/g (GAE)

Sang et al. (2002a),
Sfahlan et al. (2009)

Almond green shell cover

Caffeic acid, p-coumaric acid,
ferulic acid, sinapic acid

18.5–62.7 mg/g (GAE),
71 mg/g (CE)

Sfahlan et al. (2009),
Wijeratne et al. (2006),
Siriwardhana and
Shahidi (2002)

Almond skin

Flavan-3-ols, flavonol
glycosides, dihydroflavonols,
flavonones, phenolic acid

88 mg/g (CE)

Siriwardhana and
Shahidi (2002)

Hazelnut skin

Phenolic acids

577.7 mg/g (CE)

Shahidi et al. (2007)

Hazelnut shell

214.1 mg/g (CE)

Shahidi et al. (2007)

Hazelnut green leafy cover

127.3 mg/g (CE)

Shahidi et al. (2007)

Hazelnut leaf

134.7 mg/g (CE)

Shahidi et al. (2007)

353.6 mg/g

Trevisan et al. (2006)

Cashew nut shell liquid
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Anacardic acids, cardols, cardanols

Souquet et al. (1996)
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Table 1. Phenolic compounds in agri-food by-products - (continued)

By-products

Major phenolic compounds

Total Phenolic contenta

Reference

Cashew fibre

Alkyl phenols

6.1 mg/g

Trevisan et al. (2006).

Cashew skin

Epicatechin, catechin

243 mg/g

Kamath and Rajini (2007)

Pistachio hull

Gallic acid

32.8–34.7 mg/g (TAE)

Goli et al. (2005),
Vahabzadeh et al. (2004)

Walnut skin (pellicle)

Juglone, syringic acid, ellagic acid,
230–490 mg/g (GAE)
hydrolysable tannins, condensed tannins

Colaric et al. (2005),
Labuckas et al. (2008)

Red onion dry peel

Quercetin, quercetin glycoside

384.7 mg/g (GAE)

Singh et al. (2009)

Tomato skin

Quercetin, kaempferol, rutin,
phenolic acids, naringenin

0.29 mg/g (GAE)

Toor and Savage (2005)

Potato peel

Chlorogenic acid, gallic acid,
protocatechuic acid, caffeic acid

2.9–4.2 mg/g

Singh and Rajini (2008)

Red Beet pomace

l-Tryptophan, p-coumaric
acid, ferulic acid

87–151 mg/g (GAE)

Peschel et al. (2006)

Carrot peel

Chlorogenic acid, caffeic acid

13.8 mg/g (GAE),
9.79 mg/g (GAE)

Chantaro et al. (2008), Zhang
and Hamauzu (2004)

Pumpkin peels

Vanillic acid, p-coumaric
acid, sinapic acid

Schmidtlein and
Herrmann (1975)

Pumpkin seed hull

p-Hydroxybenzoic acid, protocatechuic
acid, vanillic acid, trans-p-coumaric
acid, ferulic acid, trans-sinapic acids,
syringic acid, p-hydroxybenzaldehyde

Peričin et al. (2009)

Pumpkin oil cake

p-Hydroxybenzoic acid, protocatechuic
acid, vanillic acid, trans-p-Coumaric
acid, ferulic acid, trans-sinapic acids,
caffeic acid, p-hydroxybenzaldehyde

Peričin et al. (2009)

Artichoke by-products

Caffeoylquinic acid derivatives, luteolin
and apigenin glycosides, cynaroside

Liorach et al. (2002),
Zhu et al. (2004)

Peanut skin

Caffeic acid, chlorogenic acid, ferulic
acid and coumaric acid, catechins,
procyanidins, resveratrol

90–125 mg/g,
144.1–158.6 mg/g

Nepote et al. (2002),
Yu et al. (2005)

Peanut hull

Luteolin

7.3–41.8 mg/g

Duh et al. (1992)

Bean seed coat

Condensed tannins, anthocyanins,
quercetin, kaempferol glycosides

6.7–270 mg/g (CE)

Madhujith and
Shahidi (2005a)

Corn bran

Ferulic acid p-coumeric acid and vannilin 50 mg/g (GAE)

Corn tassel
Corn cob
Wheat bran

Ferulic, syringic, p-hydroxybenzoic,
vanillic, coumaric, caffeic,
salicylic, trans-cinnamic acids

Rice bran

Ou and Kwok (2004)

0.74–1.57 mg/g (GAE)

Mohsen and Ammar (2009)

12–42 mg/g (GAE)

Sultana et al. (2007)

4 mg/g (GAE)

Kim et al. (2006), Ou
and Kwok (2004),
Sultana et al. (2008)

4 mg/g (GAE)

Sultana et al. (2008)

Rice hull

Phytic acid, vannillic acid, syringic
acid, ferulic acid, iosvitexin

2 mg/g (GAE)

Sultana et al. (2008)

Oat hull

Ferulic, p-coumaric, p-hydroxybenzoic,
vanillic, o-coumaric, sinapic,
4-hydroxyphenylacetic, salicylic
acids, vanillin, catechol

0.56 mg/g

Xing and White (1997)

Buckwheat hull

Quercetin, rutin, hyperin, vitexin,
isovitexin, protocatechuic acid,
3,4-dihydroxybenzaldehyde,
proanthocyanidins

39 mg/g

Watanabe et al. (1997)

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

65

Phenolic Compounds in agri-food by-products

Shahidi et al.

Table 1. Phenolic compounds in agri-food by-products - (continued)

By-products

Major phenolic compounds

Total Phenolic contenta

Reference

Canola Hull

Phenolic acids, condensed tannin

94.3–296 mg/g (SE)

Amarowicz et al. (2000a),
Naczk et al. (2005)

Olive leaves

Oleuropein, hydroxytyrosol,
luteolin-7-glucoside, apigenin7-glucoside, verbascoside

Benavente-Garcia et al. (2000)

Olive mill waste water

Hydroxytyrosol, tyrosol, oleuropein,
dimethyloleuropein, verbascoside,
catechol, hydroxycinnamic acids,
4-hydroxybenzoic acid

Bianco et al. (2003), Casa
et al. (2003), Feki et al.
(2006), Lesage-Meesen
et al. (2001), RamosCormenzana et al. (1996)

Sunflower seed shell

Chlorogenicacid, o-cinnamic
acid, protocatechuic acid, caffeic
acid, ferulic acid, syringic acid

0.4–0.86 mg/g

Leonardis et al. (2005),
Weisz et al. (2009),

Sesame seed coat

Sesamin, sesamolin

146.6–29.7 mg/g (CE)

Chang et al. (2002),
Shahidi et al. (2006)

Soybean cake

Daidzein, genistein and
glycitein and their glucosides,
acetylglucoside, malonylglucoside

Kao et al. (2008)

Flax shive

p-Coumaric acid, ferulic acid, phydroxybenzaldehyde, vanillic acid,
syringic acid, vanillin, acetovanillone

Buranov and Mazza (2009)

Cocoa leaves

Epicatechin, epigallocatechin
gallate, epigallocatechin, gallic
acid, epicatechin gallate

284 mg/g

Osman et al. (2004)

Abbbreviations: GAE: gallic acid equivalents; CE: catechin equivalents; TAE: tannic acid equivalents; SE: sinapic acid equivalents; CGE: chlorogenic acid equivalents. aExpressed as
dry weight.

short dough biscuits and evaluated their effect on glycemic index.
They found that the apple pomace-added biscuit reduced glycemic
index 7–14% and suggested that apple pomace could be used as a
functional bakery ingredient.
3.2. Berry
Berry pomace (pressed skins, pulp residue, seeds and stems) is the
press residue remaining when fruits are processed for juice, wine
or other products. The phenolic composition of by-products mainly depends on processing techniques such as duration of skin contact, crushing, pressing and others (Su and Silva, 2006). Berries
such as highbush, lowbush and rabbiteye blue berry have polyphenolic components mainly in the skin. Wide variety of polyphenolic
compounds, such as anthocyanin, flavonol and polyphenolic acids
(gallic and protocatechuic acid) have been reported in bay berry
pomace and the total phenolic content ranged from 21.7 to 47.4 mg
(gallic acid equivalents) per gram dry matter (Zhou et al., 2009).
According to Ayoub et al. (2016), gallic acid and its derivatives
were one of the major phenolic acid groups in the seed meals of
blackberry, black raspberry, and blueberry. Quercetin and its derivatives were the most dominant flavonoids in blackberry and
black raspberry seed meals. On the other hand, procyanidin dimer
B was the most abundant flavonoids in the seed meal of blue berry.
Among seed meals, blackberry seed meal showed larger amount of
phenolics than the other seed meals.
Anthocyanins are especially abundant in some berries, including bilberries and black currants among others (Kähkönen et al.,
2003). According to the study of Zhou et al. (2009), the most abun-
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dant anthocyanin was cyanidin-3-O-glucoside (3,073–6,219.2 mg/
kg dry matter) and the main flavonol was quercetin-3-O-glucoside
(296–908 mg/kg dry matter) in bay berry pomace. In addition,
they identified quercetin, myricetin, myricetin deoxyhexoside,
quercetin deoxyhexoside, p-hydroxybenzoic acid, vannilic caffeic,
p-coumaric, and ferulic acids. Their study showed that total phenolic acids (180–324 mg/kg dry weight) were much lower than the
anthocyanins and total flavonols.
The total phenolic content or total anthocyanins of bay berry
pomace exhibits significant positive relationship with antioxidant
activity (Zhou et al., 2009). A study of Su and Silva (2006) on rabbiteye blueberry showed that pomace from wine and juice retained
important phenolic concentrations and antioxidant activities compare to vinegar pomace. They found that total phenolic content of
pomace of these different products ranged from 21 to 29 mg/100 g
(gallic acid equivalents).
3.3. Citrus fruits
Citrus fruits are acidic fruits, which act as a fabulous source of
vitamin C and a wide range of essential nutrients required by the
body. Citrus fruit list is a real long one encompassing innumerable
types of citrus fruits like lemon, orange, mandarine, grapefruit,
lime, tangelo, pummelo, kumquat, clementine, leech, tangerine,
minneola, tangelo, citrons, lavendergem, oroblanco, shaddock, and
uglifruit among others. Citrus industry (juice and essential oil) produces large quantities of by-products such as peels and seed residues and peels represent between 50 and 65% of the total weight of
the fruits (Bocco et al., 1998). In general, by-products of the citrus
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Figure 13. Major bioactive compounds in Apple seed. Source: Adapted from Lu and Foo, (1998).

fruits contain different polyphenol composition in comparison to
apple (Wijngaard et al., 2009).
The citrus peels are an abundant source of natural flavonoids,
and contain higher amount of phenolics compared to the edible
portions (Braddock, 1995; Manthey and Grohmann, 1996, 2001;
Rouseff et al., 1987; Feng and Wang, 2018). Gorinstein et al.
(2001) reported that the contents of total phenolics in peels of lemons, oranges, and grapefruit were 15% higher than those in the
peeled fruits. Similarly, the levels of hydroxycinnamic acid were
much higher in the peel than in the juice (Manthey and Grohmann, 2001). Therefore, citrus by-products release from processing
plants represent rich source of phenolic compounds.
The main flavonoids found in citrus species are hesperidin, narirutin, naringin and eriocitrin (Peterson et al., 2006; Mouly et al.,
1994) (Figure 15). Peel and other solid residues of lemon waste
mainly contained hesperidin and eriocitrin, while the latter was
predominant in liquid residues (Coll et al., 1998). Neoeriocitrin,
naringin and neohesperidin are the main flavanones in the peels of
sour orange (C. aurantium), lemon (C. limon) and bergamote (C.
bergamia Fantastico) (Bocco et al., 1998; Mandalari et al., 2006).
Diosmetin derivatives are the major flavones in navel orange, bergamot and lemon peels (Lin and Harnly, 2007; Mandalari et al.,
2006; Miyake et al., 1997). Hesperidin is the most abundant flavonoid in valencia, navel, temple and ambersweet orange peels
(Manthey and Grohmann, 1996) and naringin is the most abundant
flavonoid in grapefruit peel (Wu et al., 2007). The yields of cinnamic acids, including caffeic, p-coumaric, ferulic, sinapic acid
were generally higher than those of benzoic acids such as protocatechuic, p-hydroxybenzoic, vanillic acid and among all phenolic
acids, the yield of ferulic acid was highest in citrus peel extract
(Ma et al., 2009; Xu et al., 2008).
The total phenolic contents of citrus peels have been affected
by the method of peel preparation and extraction, the operating

temperature and the type of citrus peel used in the extraction (Li
et al., 2006a, 2006b; Senevirathne et al., 2009; Ma et al., 2009;
Xu et al., 2007; Jeong et al., 2004; Oufedjikh et al., 2000). Studies revealed that heat treatment elevates the antioxidant activity of
citrus peels, but the high temperatures of heat treatment destroy the
flavanone glycosides (Ho and Lin, 2008; Jeong et al., 2004; Xu et
al., 2007). For this reason, Xu et al. (2007) suggested that a heating
temperature of less than 100 °C enhances the antioxidant activity
of citrus peels, without a loss of anti-inflammatory flavanoid glucosides, which is optimal for the preparation of chen pi (the dried
fruit peels of Citrus reticulate). Ho and Lin (2008) analysed the
heat treating conditions for enhancing the anti-inflammatory activity of citrus peel and reported that optimal heat treatment (100 °C
for 2 h) boosted the release of some anti-inflammatory compounds,
especially, polymethoxy flavones, from an unextractable form to
an extractable form and thus elevated the antioxidant and antiinflammatory activities of methanol extracts of citrus fruit peels.
Senevirathne et al. (2009) suggested that the high speed drying
method (120 °C, 90 min, 0.6 MPa) is an effective and efficient
method to transform citrus by-products into dried form and could
be used in food and pharmaceutical industry as a natural antioxidant agent. According to their study, high speed drying method
extract showed high amount of polymethoxylated flavones (heptamethoxyflavone and nobiletin) and flavanone (hesperidin and
naritutin). Rodsamrana and Sothornvit (2019) compared ultrasonic
and microwave-assisted extraction of phenolic compounds from
lime peel waste, using the optiamum condition of each extraction
by response surface methodology. They found that the phenolics
from ultrasonic-assisted extraction showed a better antioxidant activity than that of microwave-assisted extraction. Nowadays, more
attention is focused on finding an industrially applicable, efficient
extraction method by keeping the stability of phenolic compounds
during the treatment.
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Figure 14. Structure of quercetin-3-glycoside and phloretin identified in apple pomace. Source: Adapted from Lommen et al., (2000).

Citrus seeds and peels were found to possess high antioxidant
activity (Bocco et al., 1998). Both in vitro and in vivo studies have
demonstrated health protecting effects of certain citrus flavonoids
(Kuo, 1996; Manthey et al., 2001; Tanaka et al., 1997). Among
these flavonoids, the anti-inflammatory activity of citrus peel extract highly correlated with the content of nobiletin and tangeretin
(Ho and Lin, 2008).
3.4. Grapes
Apart from oranges, grapes (Vitis sp., Vitaceae) are the world’s
largest fruit crop with a global production of around 69 million
tonnes in 2006 (FAOSTAT, 2007). The seeds constitute a considerable proportion of the pomace, amounting to 38–52% on a dry
matter basis (Maier et al., 2009). Apart from grape pomace (skin
and seed), stem and leaves are also derived as the by-product of
grape-based industries.
Grape pomace and stems contain considerable amount of diverse polyphenols such as flavonoids, phenolic acids and stilbenes
(Anastasiadi et al., 2009). In grape berries, phenolic compounds
are present mainly in skins and seeds. Flavonols are the most abundant phenolic compounds in grape skins, while grape seeds are
rich in flavan-3-ols (Anastasiadi et al., 2009; Cheynier and Rigaud,
1986; Fuleki and Silva, 1997; Maier et al., 2009; Rodríguez Montealegre et al., 2006; Souquet et al., 2000). In particular, stems, a
scarcely studied class of grape by-product are characterized as rich
in the bioactive stilbenes trans-resveratrol and ε-viniferin (a transresveratrol dimer) (Anastasiadi et al., 2009; Püssa et al., 2006).
Resveratrol and oxidation products of resveratrol have been reported in grape leaves (Borie et al., 2004; Langcake et al., 1979;
Langcake and Pryce, 1977a, 1977b; Pezet et al., 2003).
Catechin, epicatechin, epicatechin gallate and epigallocatechin
are the major constitutive units of grape skin tannins (Souquet
et al., 1996). Although grape skins and seeds contain wide variety of condensed tannins (monomeric, oligomeric, and polymeric
proanthocyanidins), grape seeds appear to contain only procyani-
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dins (Prieur et al., 1994) whereas the skin contains both procyanidins and prodelphinidins (Souquet et al., 1996). The polyphenolic
compounds in grape seeds are essentially all flavonoids and the
content of polyphenols may range from 5 to 8% by weight (Shi
et al., 2003). The presence of flavan-3-ol monomers, dimers and
trimers has been extensively reported in grape seeds, but they are
especially rich in monomeric flavan-3-ols (+)-catechin, (−)-epicatechin and epicatechin-3-O-gallate, and dimeric procyanidins
B2 and B3 (Anastasiadi et al., 2009; Santos-Buelga et al., 1995)
(Figure 16). However, the distribution of flavan-3-ols is not uniform among different grape varieties (Santos-Buelga et al., 1995).
It has been shown that grape seeds contain greater concentration
of phenolic compounds than in the skin (Rockenbach et al. 2011).
Since, procyanidins act as strong antioxidants and exert healthpromoting effects (Fuleki and Silva, 1997; Jayaprakasha et al.,
2001; Kallithraka et al., 1995; Saito et al., 1998), supplementary
quantities of grape seeds are added to grape extract to increase the
catechin and procyanidins contents of wines (Kovac et al., 1995).
Since grape and red wine phenolics have been demonstrated to
inhibit the oxidation of human low density lipoproteins (Frankel et
al., 1995; Teissedre et al., 1996), a large number of investigations
on the recovery of phenolic compounds from grape pomace have
been initiated. From a nutritional point of view, these phenolics are
highly valuable since they are absorbed to a large extent (MartinCarron et al., 1997).
Anthocyanins, catechins, flavonol glycosides, phenolic acids
and alcohols and stilbenes are the principal phenolic constituents
of grape pomace (Anastasiadi et al., 2009; Mazza, 1995; Mazza
and Miniati, 1993; Souquet et al., 1996). The total phenol contents of grape/wine pomace vary in the range of 250 to 590 mg
(gallic acid equivalents) per 100 g fresh weight (Alonso et al.,
2002; Murthy et al., 2002; Lafka et al., 2007; Yi et al., 2009) and
anthocyanins (131–302 mg/g fresh weight) accounted for about
half of the total phenolics in red grapes wine pomace (Yi et al.,
2009). This relatively high content of phenolic compounds suggested that the reuse of this wine by-product is of great importance. In chardonnay grape pomace, 17 polyphenolic constituents
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Figure 15. Structures of flavanone aglycones and glycosides identified in citrus peel. Source: Adapted from Harborne et al., (1999).

have been reported by Lu and Foo (1999). In their earlier studies,
two unusual dimeric flavanols (biflavonols) have been identified
in chardonnay pomace (Foo et al., 1998). Kammerer et al. (2004)
characterized the phenolic compounds of different press residues
originating from red and white wine making by HPLC-MS. In this
study, up to 13 anthocyanins, 11 hydroxybenzoic and hydroxycinnamic acids, and 13 catechins and flavonols as well as 2 stilbenes
were identified and quantified in the skins and seeds by HPLCDAD. They observed large variability in all individual phenolic
compounds related on cultivar and vintage. Further, grape skins
proved to be rich sources of anthocyanins, hydroxycinnamic acids,
flavanols, and flavonol glycosides, whereas flavanols were mainly
present in the seeds. However, besides the lack of anthocyanins
in white grape pomace, no principal differences between red and
white grape varieties have been reported. A similar observation has
been made by Rodríguez Montealegre et al. (2006), who reported
that skins of white grape varieties presented a very similar qualitative and quantitative composition to that of red grape varieties
in terms of non-anthocyanic polyphenols and the only qualitative
difference was observed in the skins of white grape varieties that
lacked the myricetin glycosides present in the skins of red grape

varieties. Anastasiadi et al. (2009) quantified the main polyphenols of grape berries, seed, stem and vinification by-products of
red and white varieties of Greek island grapes and found that
seed extracts contained high concentrations of flavan-3-ols and
their derivatives, whereas pomace and stem extracts consisted of
significant amounts of flavonoids, stilbenes, and phenolic acids.
de Camargo et al. (2014a) studied phenolic compounds present
in grape juice and winemaking by-products and compared their
free, esterified, and insoluble-bound forms. They reported that the
insoluble-bound phenolics comprised the highest amount in both
juice and winemaking by-products. Meanwhile winemaking product had a higher content of esterified phenolics than the free form,
the opposite trend was found for grape juice by-products. Later,
de Camargo et al. (2016) used enzymes to improve the extraction
of insoluble-bound phenolics from winemaking by-products and
reported that both Pronase and Viscozyme could increase soluble
phenolic contents and decrease the amount of insoluble-bound
phenolics. Meanwhile, Oliveira et al. (2017) found that phenolics
of winemaking by-products could reduce both VLDL-cholesterol
and triacylglycerol levels better than that of red wine in Winstar
rats.
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Figure 16. Structures of flavan-3-ol monomer and dimer in grape seed. Source: Adapted from Nawaz et al., (2006).

Extraction of crushed grape pomace with a mixture of ethyl
acetate and water yielded phenolic compounds displaying antioxidant activities comparable to BHT in the Rancimat test (Bonilla et
al., 1999). However, drying of pomace at high temperatures may
cause a significant reduction of extractable polyphenols and may
also affect antioxidant activity and free radical scavenging capacity (Larrauri et al., 1997a, 1997b, 1998). Meyer et al. (1998) have
showed that enzymatic treatment of grape pomace enhanced release of phenolic compounds. However, the effects of this treatment on individual phenolics were not investigated. Super heated
solvents for the extraction of phenolics from grape pomace have
been investigated by Palma and Taylor (1999). Furthermore, studies (Ayed et al., 1999) showed that gamma irradiation extended the
shelf life of grape pomace and improved anthocyanin yields.
Resveratrol (3,5,4-trihydroxystilbene) (Langcake and Pryce,
1976 and 1977a) is a phytoalexin synthesized by grapevine leaf
tissue following fungal infection and UV light irradiation. These
authors have also identified oxidation products of resveratrol as
ε-, α-, β-, and γ-viniferin, respectively, as a dimer, trimer, tetramer,
and a more highly polymerized oligomer (Langcake, and Pryce,
1977b). Pterostilbene (3,5-dimethoxy-4′-hydroxystilbene) was
also isolated from Vitis vinifera leaves infected by Plasmopara
viticola (downy mildew) (Langcake et al., 1979). This compound
was later identified in healthy grapevine berries as a constitutive
stilbene (Pezet and Pont 1988).
Püssa et al. (2006) analysed the stem of frost-hardy grapevines
and identified the major constituents, trans-resveratrol and its derivatives including oligomers and glucosides and minor components, stilbenoid piceatannol as well as a number of nonstilbenoid
polyphenols, mostly flavan-3-ols and phenolic acids glucosides.
They noticed that total polyphenol content of the grapevine stems
depended on the variety, whereby the stems of cultivar. Resveratrol dimer ε-viniferin is considered to be a biogenetically important
precursor of the other dimers like ampelopsins B, D, and F and also
tetramers like hopeaphenol and isohopeaphenol, vitisins A, B, and
C, and viniferol A (Takaya et al., 2002). Despite this, the overall
polyphenolic composition of grapevine lignified stems remains
largely unknown.
A study of Maier et al. (2009) confirmed the press residues of
grape seed oil production still to be a rich source of polyphenolics
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with strong antioxidant activity. In this study they measured the individual phenolic compounds of grape seeds and residue of grape
oil of seven cultivars by HPLC and found that phenolic profile
of the seeds and residues was dominated by flavonoids, whereas
phenolic acids were detected in lower amounts. They were able
to identify nine flavonoids in the seeds and press residues. Among
nine flavan-3-ols catechin, epicatechin, epicatechin gallate and the
dimeric procyanidins B1 and B2 were the predominant components
in all cultivars and quercetin, quercetin 3-O-glucoside, quercetin
3-O-galactoside and quercetin 3-O-glucuronide were also detected
in some of the cultivars and they observed large variability in composition of phenolic acids. While phenolic acid profile of the press
residues was more complex than that of the intact seeds. Phenolic
acid profile showed that gallic acid was the predominant phenolic
compound and other compounds namely coutaric acid, caftaric
acid, fertaric acid, caffeic, p-coumaric and ferulic acids, were not
detected in all cultivars and latter three were not detected in seeds.
3.5. Mango
Mango (Mangifera indica L. Anacardiacea) is one of the most important tropical fruits in the world and currently ranked 5th in total
world production among the major fruit crops (FAO, 2004). As
mango is a seasonal fruit, about 20% of fruits are processed for
products such as puree, nectar, leather, pickles, canned slices and
chutney and these products experience worldwide popularity and
have also gained increased importance in the US and European
markets (Loelillet, 1994; Tyug et al., 2010). Major by-products of
mango processing are peels and stones, amounting to 35–60% of
the total fruit weight (Larrauri et al., 1996). Mango peel is constitutes about 15–20% of total weight of mango fruit. There are about
3 × 105 ton of dry mango seed kernels available annually in India
after consumption or industrial processing of mango fruits (Narasimha Char and Azeemoddin, 1989).
The by-product of mango peel in fruit processing are a promising source of phenolic compounds (Larrauri et al., 1996, Schieber
et al., 2003b). Schieber, et al. (2003b) extracted flavonol O-glycosides (quercetin O-glycosides, kaempferol O-glycoside) and xanthone C-glycosides from mango peels among the fourteen com-
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Figure 17. Structures of the xanthone C-glycosides mangiferin and isomangiferin. Source: Adapted from Schieber et al., (2003b).

pounds analyzed (Figures 17 and 18). The content of total phenols
was higher in the peel than the pulp at any stage of mango fruit
development (Lakshminarayana et al., 1979; Ueda et al., 2000).
Ajila et al. (2007) investigated the potential of peels of both
raw and ripe mango of Indian varieties such as badami (alphonso)
and raspuri and found that polyphenol contents in acetone extracts
of raw and ripe varied from 55 to 110 mg/g dry peel (gallic acid
equivalents) and in both varieties the total polyphenol content was
found to be significantly higher in raw peels compared to that of
ripe peels. According to Larrauri et al. (1996) the total polyphenol
content in aqueous methanol extract of ripe peel of hayden variety
was 70 mg/g. Polyphenol content in irwin mango variety showed
higher value in ripe peel compared to raw peel (Ueda et al., 2000).
The total polyphenol content in grape pomace extracts was reported to range from 68.8 to 98.3 mg (gallic acid equivalents) per
gram dry peel (Gulcan et al., 2004), which is comparable to polyphenol content in mango peels, where as in apple pomace it was
reported to be 33.42 mg (gallic acid equivalents) per gram dry peel
(Wolfe et al., 2003) much lower than mango peels.
The major phenolic constituents of mango seed kernel are gallic and ellagic acids as well as gallates (Puravankara et al., 2000).
Gallotannins and condensed tannin-related polyphenols are also
reported in mango kernels (Arogba, 2000). Soong and Barlow
(2004) investigated the total phenolic contents of pulp and seed of
mango, and other fruits. They found that the seeds showed a much
higher phenolic content than the edible portions. Figure 19 shows
the total phenolic content of some tropical fruit seeds.
Several studies have been made on the antioxidant activity of
the mango seed kernel. Puravankara et al. (2000) reported that
the phenolic compounds and phospholipids were the principles
of antioxidant activity in mango seed kernel. In another study,
Soong et al. (2004) indicated that mango seed kernel has potent
antioxidant activity with relatively high phenolic contents. Schieber et al., (2003b) and Nunez-Selles (2005) also referred that the
antioxidant effect of the mango seed kernel and bark was due to
the high content of polyphenols, sesquiterpenoids, phytosterols,
and microelements like selenium, copper and zinc. In addition,
ethanolic extracts of mango seed kernels displayed a broad antimicrobial spectrum and were more effective against gram-positive
than against gram-negative bacteria. Their active component was

shown to be a polyphenolic-type structure; however, its exact nature still remains to be elucidated (Kabuki et al., 2000). Guandalini
et al. (2019) investigated the effect of ultrasound on extraction of
phenolic compounds from mango peel. They found that the ultrasound-assisted extraction was not effective.
3.6. Pomegranate
Pomegranate (Punica granatum L.) is one of the oldest edible
fruits widely grown in many tropical and subtropical countries
(Çam et al., 2009) and is an important source of bioactive compounds (Li et al., 2006c). The edible portion of pomegranate fruit,
called arils, originates from the pith and is well protected by carpellary membrane. Pith and carpellary membrane constitute 13%
of pomegranate fruit composition. Pomegranate fruits are widely
consumed fresh and in processed forms as juice, jams and wine
peels/husk, pith and carpellary membrane and seeds are the major
by-products, derived from pomegranate industry. Figure 20 shows
the schematic illustration of pomegranate fruit parts.
Pomegranate seed residue mainly consists of flavol-3-ols, phenolic acids, flavonoid glycosides, and hydrolysable tannin (He
et al., 2011). When compared to apple, banana and citrus peel,
pomegranate peel exhibits highest phenolic content (Sultana et al.,
2008). Kulkarni et al. (2004) reported that total phenolics levels
increase at early stage of growth both in peel and arils of fruit, but
thereafter generally decrease during maturation and reach to 3.7
and 50 mg per gram of dry weight in arils and peel, respectively, at
harvest. Pomegranate peel is the rich source of polyphenolic compounds, including mainly hydrolyzable tannins (ellagitannins),
such as oligomers and punicalagin with a lesser amounts of punicalin, ellagic acid, gallagic acid and anthocyanidins (delphinidin,
cyanidin, pelargonidin) and their glycosides (Aviram et al., 2008;
Fischer et al., 2011; Iqbal et al., 2008; Li et al., 2006c; Chidambara
Murthy et al., 2002; Singh et al., 2002; Ben et al., 1996). Next to
peel, punicalagin is mainly found in pith and carpellary membrane
of pomegranate (Kulkarni et al., 2004). Figure 21 shows the structures of ellagic acid derivatives. Pomegranate leaf tannins containing abundant ellagitannins, mainly ellagic acid (Lan et al., 2009).
Ben et al. (1996) showed that the amount of proanthocyanidins
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Figure 18. General structure of flavonol glycosides detected in mango peels. Source: Adapted from Schieber et al., (2003b).

represents 30% of the quantity of total polyphenols in pomegranate peel. Furthermore, they examined the influence of lighting patterns in the biosynthesis of phenolics, especially related to anthocyanidins and proanthocyanidins and found that greater exposure
to sunlight increased the content of anthocyanidins in pomegranate
peels and had no more effect on proanthocyanidins. In the same
study, they observed the significant increase in proanthocyanidin
in pomegranate peel in irrigated land compare to non-irrigated
land. Sultana et al. (2008) showed that total phenolic and flavonoid
content of pomegranate peel were 364 mg/g dry weight (gallic acid
equivalents) and 48.9 mg/g dry weight (catechin equivalents) re-

spectively. In the same study they examined the flavonol composition of pomegranate peel and found that total flavonol, myricetin,
quercetin and kaempferol content were 2.6, 2.5, 0.024 and 0.102
mg/g dry matter respectively. Pomegranate peel demonstrates
higher the phenolic content and higher the antioxidant activity as
compared to seed (Singh et al., 2002; Guo et al., 2003) and pulp (Li
et al., 2006c; Guo et al., 2003). Apart from the antioxidant activity, pomegranate peel shows antimutagenic potency (Ghasemian et
al., 2006; Negi et al., 2003). Recently, Ambigaipalan et al. (2016)
examined pomegranate peels more closely. They devided the peels
into three parts, namely outer skin, mesocarp, and divider mem-

Figure 19. Total phenolic contents of seed of mango, tamarind, longan, avocado and jackfruit. Source: Adapted from Soong and Barlow, (2004).
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Figure 20. Schematic illustration of pomegranate fruit parts and their terminology.

brane and evaluated the phenolic contents and their antioxidant
activities. Gallic acid and kaempferol 3-O-glucoside were the most
abundant phenolic acid and flavonoid, respectively. The outer skin
contained the highest amount of phenolic compounds followed by
divider and mesocarp. In a subsequent study, Ambigaipalan et al.
(2017) reported the phenolic compounds of pomegranate seed and
compared them with that of the extracted juice. They found that
the seed of pomegranate had more phenolic compounds than the
extracted juice.
3.7. Banana
Banana (Musa paradisiaca L., Musaceae) represents one of the
most important fruit crops, with a global annual production of
more than 50 million tonnes and worldwide production of cooking bananas (plantains) amounts to nearly 30 million tons per
year (Schieber et al., 2001b). Peels and bracts are the important
by-products of banana fruit. Peels constitute up to 30% of the
ripe fruit. Dopamine (Figure 22) is the only major phenolic constituent in banana peel and it is reported to occur in high concentration (700 µg/g fresh weight) in banana peel compared to
pulp (8 µg/g fresh weight) (Wacker et al., 1958). Vu et al. (2019)
found optimal condition to extract phenolic compounds from banana peel using microwave. The conditions employed were pH 1
of water, 2:100 g/mL (sample to solvent ratio), 6 min irradiation,
and 960 W.
Kanazawa and Sakakibara (2000) showed that dopamine levels
ranged from 80−560 mg per 100 g in peel and 2.5–10 mg in pulp,
even in ripened bananas ready to eat. Their study revealed that
dopamine had a faster radical-scavenging rate than catechin and
was similar to gallocatechin gallate. In addition, they reported the
presence of other phenolic constituents in peels include flavanone
glycoside naringin and flavonol glycoside rutin. Phenolic constituent of banana peel varies at different ripening stages (classification defines eight stages by colour score: all green, light green,
half-green, half-yellow, green chip, full yellow, star, and duffel)
(Kanazawa and Sakakibara, 2000).
Anthocyanin pigments in banana bracts could be utilized as
natural food colourants. Most bananas have red, purple or violet
bracts although a few are cyanic—green or yellow. The variation in
bract colour is correlated with the composition of the anthocyanins
present, which is distinctive of species and subspecies (Simmonds,
1962). Bracts proved to be a good and abundant source of anthocyanins of attractive appearance, as well as being a useful tool in
anthocyanin identification since all six most common anthocyani-

dins (delphinidin, cyanidin, pelargonidin, peonidin, petunidin and
malvidin) are present (Pazmino-Duran et al., 2001) (Figure 23).
3.8. Longan
Gallic and ellagic acids are the major phenolic constituents in longan seeds (Soong and Barlow, 2006). Rangkadilok et al. (2007) examined the antioxidant activities of longan seed and pulp extracts
by using the scavenging activity of 2,2-diphenyl-1-picrylhydrazyl
(DPPH). Their results showed that the polyphenols in longan seed
extracts, such as corilagin, gallic acid, and ellagic acid, exhibited
the same scavenging effect as DPPH and superoxide radicals in
Japanese green tea extracts. Sun et al. (2007) identified two representative polyphenolic compounds, 4-O-methylgallic acid and
(−)-epicatechin, by NMR and ESI-MS analyses in longan pericarp. In this study, when comparing reducing power and DPPH
hydroxyl radical and superoxide radical-scavenging activities, it
could be found that 4-O-methylgallic acid and (−)-epicatechin
possessed antioxidant properties and that 4-O-methylgallic acid
exhibited stronger antioxidant capability than (−)-epicatechin. Bai
et al. (2019) extracted phenolic compounds from longan pericarp
and identified protocatechuic acid, isoscopoletin, quercetin, ellagic
acid, corilagin, and proanthocyanidins C1.
4. By-products of vegetables
4.1. Onions
Onion (Allium cepa L.), one of the oldest vegetable known to
humankind, is found in a large number of recipes and nowadays
available in fresh, frozen, canned, pickled, powdered, chopped,
and dehydrated form. The major by-products resulting from industrial peeling of onion bulbs are brown skin, the outer two fleshy
leaves and the top and bottom bulbs. Onions serve as a major dietary source of flavonoids, particularly rich in quercetin glycosides
(Hertog et al., 1992; Waldron, 2001). The major flavonoids of
mature onion bulbs are quercetin 3,4-O-diglucoside and quercetin 4-O-monoglucoside, accounting for more than 85% of the total
flavonoids (Price and Rhodes, 1997). Since quercetin from onions
is rapidly absorbed and slowly eliminated, it could contribute significantly to antioxidant defense (Hollman et al., 1997).
The major by-product of onion is dry peel (outer layer), which
contain large amounts of quercetin, quercetin glycoside (Figure

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

73

Phenolic Compounds in agri-food by-products

Shahidi et al.

Figure 21. Major phenolic compounds identified in pomegranate peel. Source: Adapted from Seeram et al., (2005).

24) and their oxidative product, which are effective antioxidants
against the lethal effect of oxidative stress (Gülsen et al., 2007;
Prakash et al., 2007).
In addition to these quercetin compounds, dry onion peels represents kaempferol, ferulic, gallic and protocatechuic acids (Singh
et al., 2009). The study of Velioglu et al. (1998) showed that total
phenolic content of red onion scale was 105.5 g/kg dry matter.
Singh et al. (2009) investigated the different solvent extracts/
fractions (dichloromethane extract and diethyl ether, ethyl acetate,
and n-butanol fractions of ethanolic extract) of red onion dry peel
and found that ethyl acetate fraction showed high total content of
phenolics (385 mg gallic acid equivalents/g) and flavonoids (165
mg quercetin equivalents/g). Further, ethyl acetate fraction of onion
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dry peel demonstrated high antioxidant activity, free radical scavenging activity and reducing power compared to other fractions.
In another study, the outer layer of red onion showed the highest
antioxidants and antioxidant activities than the purple, white, and
green varieties of onion, as determined by in vitro antioxidant and
free radical scavenging activities (Prakash et al., 2007). In a recent
study, Campone et al. (2018) optimized the extraction of phenolic
compounds from brown onion. They compared ultrasound-assisted extraction and supercritical carbon dioxide/cosolvent extraction
and found that phenolics from the latter method showed better antioxidant activity. Therefore, they suggested using the supercritical
carbon dioxide/cosolvent extraction, which is considered as green
method, in industrial scale in order to maximize extraction effi-
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Figure 22. Chemical structure of dopamine.

ciency of phenolic compounds.
4.2. Tomato
Tomato is a versatile vegetable that is consumed fresh as well as
in the form of processed products. While most tomatoes produced
worldwide are used in the production of tomato paste, an ingredient in different processed tomato products such as ketchup, sauces,
and soups, a significant number of tomatoes are consumed fresh
(Toor and Savage, 2005). However, some consumers remove the
skin and seeds of tomatoes before eating them raw, while some
fresh tomatoes are cooked with or without the skin and seeds. Approximately one-third of the total weight of tomatoes in the form
of skin and seeds is discarded during processing of tomatoes into
products like paste, salsa, and sauces (Toor and Savage, 2005).
Since tomato is a reservoir of diverse antioxidant molecules, it
can provide a significant proportion of the total antioxidants in the
diet. These bioactive molecules are largely in the form of carotenes
(lycopene) and phenolic compounds (flavonoids and phenolic ac-

Figure 24. A molecular structure of quercetin and glucosides.

ids) (Beacher, 1998; George et al., 2004; Martínez-Valverde et al.,
2002; Toor and Savage, 2005).
Tomato skin contains high levels of phenolic compound compared to pulp and seed (Benakmoum et al., 2008; George et al.,
2004; Toor and Savage, 2005). Majority of the flavonols in tomatoes are present in the skin (83%) (Stewart et al., 2000).
However, phenolic content vary according to fruit variety, size,
country of origin (Stewart et al., 2000) agronomical and seasonal
factors (Martínez-Valverde et al., 2002). George et al. (2004) in-

Figure 23. Basic structure of anthocyanidins and most common anthocyanidins of banana bracts. Source: Adapted from Pazmino-Duran et al., (2001).
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Figure 25. Chlorogenic acid isomers in potato peel. Source: Adapted from Friedman, (1997).

vestigated the different field grown tomato genotypes and found
that total phenolic content of peel and pulp ranged from 10–40
and 9–27 mg (catechin equivalents) per 100 gram fresh matter respectively. A similar observation has been made by Toor and Savage (2005) who reported that skin and seeds of tomato contributed 53% to the total phenolics and 52% to the total flavonoids in
their analysis on three different varieties. In this study, they found
that the hydrophilic phenolics in the skin of three cultivars ranged
from 26.9 to 30.3 mg (gallic acid equivalents)/100 g and lipophilic
phenolics contributed 14–17% of the total phenolic content. Furthermore, their study proved that seed fraction of tomatoes as an
important reservoir of phenolics.
Flavonoid is found, primarily as conjugates, quercetin and
kaempferol and the main conjugate has been reported as rutin
(quercetin 3-rhamnosylglucoside) (Crozier et al., 1997a; Crozier et
al., 1997b; Stewart et al., 2000; Woldedecke and Herrmann, 1974).
In addition, naringenin and hydroxycinnamic acids, such as caffeic,
chlorogenic, ferulic and p-coumaric acids have been identified in
tomato peel and purée. Martínez-Valverde et al. (2002) measured
the content of major flavonoid aglycones, and hydroxycinnamic
acids in commercial varieties of tomato grown in Spain and found
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that most abundant hydroxycinnamic acid was chlorogenic acid,
with values ranging from 14 to 32 mg/kg fresh weight, followed
by caffeic acid, while p-coumaric and ferulic acids showed similar
concentrations lower than 5 mg/kg. In the same study they showed
that quercetin, the most abundant flavonoid, was found in concentrations ranging between 7.19 and 43.59 mg/kg fresh weight, while
naringenin levels were lower than 12.55 mg per kg. However, in
other works the compounds reported to be predominant on the tomato peel and purée were rutin, quercetin and chalconaringenin
(Arabbi et al., 2004; Beecher, 1998; Benakmoum et al., 2008;). A
study of Stewart et al. (2000) showed that the flavonol contents of
tomato fruits independent with their anthocyanin contents. Palomo
et al. (2019) recently identified coumaric acid, floridzin, floretin,
procyanidin B2, luteolin-7-O-glucoside, kaempferol, and quercetin from tomato pomace extract.
Antioxidant potency of tomato fractions have been reported
in numerous work (Martínez-Valverde et al., 2002; George et al.,
2004; Toor and Savage, 2005; Benakmoum et al., 2008; Beecher,
1998; Arabbi et al., 2004). Shixian et al. (2005) mentioned that
polyphenols contribute to the synergistic effects observed in lycopene.
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4.3. Potato
Potato is one of the main vegetables consumed in European and
American diets and the production of starch from potatoes produces huge quantities of residual by-products (Pihlanto et al., 2008).
Phenolic compounds are distributed mostly between the cortex and
skin (peel) tissues of the potato. About 50% of the phenolic compounds are located in the potato peel and adjoining tissues, while
the remainder decrease in concentration from the outside toward
the center of potato tubers (Friedman, 1997).
Peels are the major by-products of potato processing. It contains
many phenolic compounds, such as chlorogenic, gallic, protocatechuic and caffeic acids some in free form and others that are bound
(Albishi et al., 2013a; Al-Weshahy et al., 2013; Kumar et al., 1991;
Lyon and Barker, 1984; Malmberg and Theander, 1985; Onyeneho
and Hettiarachchy, 1993; Ramamurthy et al., 1992; Rodriguez de
Sotillo et al., 1994a; Singh and Rajini, 2008). The different extracts
of potato peel displayed phenolic contents ranging from 2.9 to 4.2
mg/g potato peel powder (Singh and Rajini 2008). Lisinska and
Leszczynski (1987) reported that the largest portion of phenolic
acids was chlorogenic acid, a derivative of caffeic acid and quinic
acid (Figure 25). In freeze-dried aqueous extract, chlorogenic, caffeic, gallic, and protocatechuic acids, present as 50.3, 41.7, 7.8,
and 0.21%, respectively, of the total phenolics (Rodriguez de Sotillo et al., 1994b). Phenolic contents in boiled potato peel were
significantly higher than that from boiled whole potato (Mattila
and Hellström, 2007; de Ancos et al., 2015).
In another study, Rodriguez de Sotillo et al. (1994a) found that
the water reflux method gave the greatest amounts of chlorogenic,
gallic, and protocatechuic acid compared to methanolic extract,
but gave the lowest amount of caffeic acid. The study of Singh and
Rajini (2008) showed higher the amount of caffeic acid and lower
amount of chlorogenic acid in ethanolic extract. According to their
study the relative composition of the four phenolic acids; caffeic,
gallic, protocatechuic, and chlorogenic, were 38.6, 26.5, 18.8, 16%
respectively. Therefore, application of high temperature (100 °C)
may degrade the caffeic acid into other compounds.
The antioxidant activity of freeze-dried water extracts of potato
peels was comparable to that of butylated hydroxyanisole (Rodriguez de Sotillo et al., 1994b). The extracts displayed species-dependent antibacterial but no mutagenic activity, and concentrations
of the glycoalkaloids solanine and chaconine were below toxic
threshold levels if peel extracts were added at 200 ppm to a food
(Rodriguez de Sotillo et al., 1998). However, methods for the complete separation of steroidal alkaloids from phenolic compounds
prior to their use in foodstuff would be desirable to avoid any risk
for human health (Rodriguez-Saona et al., 1998, 1999).
4.4. Red beet
The pomace from the beetroot juice industry accounting for 15–
30% of the raw material (Otto and Sulc, 2001) is disposed as feed
or manure. Whereas the coloured fraction consisted of betacyanins
and betaxanthins, the phenolic portion of the peel showed l-tryptophan, p-coumaric and ferulic acids, as well as cyclodopa glucoside
derivatives (Kujala et al., 2001). Betalains and anthocyanins are
mutually exclusive in their natural occurrence, but other flavonoids
(e.g., flavonols and flavones) are often produced in betalain-bearing plants (Stafford, 1994). The total phenolics distribution in red
beet (Beta vulgaris), root appears to be quite similar to that reported for the potato. Kujala et al. (2001) showed that total phenolics
decreased in the order peel (50%), crown (37%), and flesh (13%).

The total phenolic content of beetroot pomace from juice production ranged from 87 to 151 mg gallic acid equivalents per gram
dry extract (Peschel et al., 2006). The phenolic compounds found
in beet leaves and seeds were syringic acid, caffeic acid, coumaric
acid, ferulic acid, vanillic acid, protocatechuic acid, p-hydroxybenzoic acid, chlorogenic acid, kaempferol, and apigenin (Pyo et
al., 2004; Ninfali and Angelino 2013; de Ancos et al., 2015).
4.5. Carrot
Carrot (Daucus carota L.) can be eaten in a variety of ways such
as raw carrots, broths, soups, and stews. Grated carrots are used in
carrot cakes, as well as carrot puddings. Baby carrots or mini-carrots (after peeling) are a popular ready-to-eat snack food available
in many supermarkets. Carrot juice is also widely marketed, especially as a health drink, either stand-alone or blended with fruits
and other vegetables. During all these processes large amount
of by-products, such as peels and pomace are derived. Peel accounted for only about 11% of the carrot fresh weight. They contain high contents of beneficial substances, especially bioactive
compounds with antioxidant activities (Chantaro et al., (2008);
Zhang and Hamauzu, 2004). Carrot peels have been reported to
be a rich source of phenolic compounds (Chantaro et al., (2008);
Kähkönen et al., 1999; Zhang and Hamauzu, 2004). Zhang and
Hamauzu (2004) reported that phenolic composition in different
tissues in carrots is similar, but the content of individual phenolic
compounds in different tissues decreased in the following order:
peel > phloem > xylem. Although carrot peel accounted for only
11.0% of the amount of the carrot fresh weight, it could provide
54.1% of the amount of the phenolics in 100 g fresh weight of
carrots.
Chlorogenic acid is the predominant phenolic acid present in
carrots along with other hydroxycinnamic acids and its derivatives
such as caffeic acid, 3-caffeoylquinic acid, 4-p-coumaroylquinic
acid, 3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid (Zhang
and Hamauzu, 2004). The isocoumarins 6-hydroxymellein and
6-methoxymellein have been identified by Harding and Heale
(1980). The presence of phenolic compounds in carrot peels under
different processing conditions were investigated by Chantaro et
al. (2008) and found that the total phenolic content in carrot peels
was approximately 1,380 mg (gallic acid equivalents)/100 g dry
weight. In another study, Zhang and Hamauzu (2004) showed that
total phenolic content in fresh carrot peels was 979 mg (gallic acid
equivalents)/100 g dry weight and phenolic content of different
tissues of carrot correlated well with antioxidant and radical scavenging ability. Further, its radical scavenging ability was superior
to pure chlorogenic acid, vitamin C, and β-carotene. Kamiloglu
et al. (2016) identified several anthocyanidins such as cyanidin3-xylosyl-glucosyl-galactoside, cyanidin-3-xylosyl-galactoside,
cyanidin-3-xylosyl-sinapoyl-glucosyl-galactoside, cyanidin-3-xylosyl-feruloyl-glucosyl-galactoside, and cyanidin-3-xylosyl-coumaroyl-glucosyl-galactoside in peels of black carrot. Moreover,
phenolic extracts from their peels displayed a high antioxidant
potential in total phenolic content, total monomeric anthocyanin
content, and total antioxidant capacity. Therefore, the higher level
of phenolic compounds in peel could be considered as a promising
source of nutraceuticals and other value-added processing industries.
4.6. Pumpkin
Pumpkin is a gourd-like squash of the genus Cucurbita and the
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family Cucurbitaceae. Pumpkin seeds, also known as pepitas, are
small, flat, green, edible seeds. Most pumpkin seeds are covered
by a white husk, and some pumpkin varieties have hull-less seed.
Pumpkin is mainly cultivated as a vegetable crop for human consumption and their seeds are a popular snack and a good source of
oil. Peels, hull and oil cake meal are the by-products of pumpkin
processing industry. In peels, small amounts of vanillic acid, pcoumaric acid, and sinapic acid were reported (Schmidtlein and
Herrmann 1975). Peričin, et al. (2009) studied the distribution of
phenolic acids by high performance liquid chromatography and
reported that p-hydroxybenzoic acid was the dominant phenolic
compound with 52.0% in oil cake meal and 51.8% in hulls based
on total phenolic acid content (89 mg/kg and 158 mg/kg in dry
weight of oil cake meal and hulls, respectively). In this study they
isolated and identified protocatechuic, p-hydroxybenzoic, vanillic,
trans-p-coumaric, ferulic, trans-sinapic acids caffeic, syringic and
p-hydroxybenzaldehyde in hulls and oil cake but caffeic acid in
hulls and syringic acid in oil cake were not detected. Furthermore,
most of these phenolic acids were present in bound (esterified and
insoluble) form; 51.8% in oil cake and 51.9% in hulls. Saavedra
et al. (2015) studied antioxidant potential of pumpkin byproduct
(shell); it showed 2.0–10.6 mg gallic acid equivalents/g dried
weight in total phenolic content.
4.7. Artichoke
Artichoke (Cynara scolymus L.) is an ancient herbaceous plant,
originating from the Mediterranean area, which today is widely
cultivated all over the world. Its flower head is eaten as a vegetable
and prepared for different value-added products such as salad, jam,
concentrate, and canned beverages. Artichoke extract has been
widely used as a medicine in many countries for a long time (Zhu
et al., 2004). Artichoke-based industry yield residue from both
fresh handling, which mainly include solid waste such as bracts,
receptacles and stems and industrial canning process, which mainly comprise blanched water and solid wastes.
Caffeic acid and its derivatives are the main phenolic compounds in artichoke head (Lattanzio et al., 1994). Other phenolics, such as flavonoids, apigenin, and luteolin (both glucosides
and rutinosides) (Lattanzio and van Sumere, 1987) as well as different cyanidincaffeoylglucoside derivatives (Aubert and Foury,
1981) have been identified. Llorach et al. (2002) analyzed the
total phenolic content of blanching water and methanolic and
water extract of solid by-products of raw and blanched artichoke
and found that methanolic extract yielded more phenolics than
water extract. According to their study, total phenolic content of
raw and blanched were 15.4 and 24.3 g/100 g of dry extract (expressed as caffeic acid derivatives) respectively. While blanching, water yielded 11.3 g of phenolics per 100 ml of blanching
water.
Artichoke leaf extract, which is also an important by-product,
exhibits antioxidant, anti HIV, liver protective, bile expelling, and
lipid lowering properties (Gebhardt, 1997 and 1998; Liorach et
al., 2002; McDougall, et al., 1998). Zhu et al. (2004) investigated the antimicrobial constituents from artichoke leaf extract and
they isolated and identified eight phenolic compounds, of which
four caffeoylquinic acid derivatives, chlorogenic acid, cynarin,
3,5-di-O-caffeoylquinic acid, cynarin, and 4,5-di-O-caffeoylquinic
acid, and the four flavonoids, luteolin-7-rutinoside, cynaroside,
apigenin-7-rutinoside and apigenin-7-O-β-D-glucopyranoside,
respectively. Detailed investigation of Sanchez-Rabaneda et al.
(2003) on phenolic substances in the artichoke by-product set out
the presence of 45 phenolic compounds. Ruiz-Cano et al. (2014)
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reported a high antioxidant potential of artichoke byproduct from
industrial canning processing; namely, total phenolic content (153–
729 μmol gallic acid equivalents/g dried material), total flavonoid
content (6.9–19.2 μmol quercetin equivalents/g dried material),
and antioxidant activity (85–234 μmol ascorbic acid equivalents/g
dried material).
4.8. Brassica crops
Cauliflower, cabbage, and broccoli are the main Brassica crops.
Significant amount of antioxidants such as ascorbic acid, phenolic
compounds and tocopherols has been reported in brassica crops
(Kim et al., 2004; Singh et al., 2006; Wennberg et al., 2004). During the processing of these vegetables about 40% of outer leaves
and core of cabbages are discarded and treated as wastes (Nilnakara et al., 2009) and may only be used for fertilizer or animal feed.
Regarding the by-product proportion, leaves constitute about 50%
of the total; the rest is mainly stem (Llorach et al., 2003).
Wijngaard et al. (2009) measured the total phenolic content of
freeze dried vegetable by-products (methanolic extract) by Folin
Ciocalteu Reagent (FCR). They found that total phenolic content of white cabbage cut-offs, cauliflower cut-offs, and broccoli
stems were 341, 402 and 494 mg (gallic acid equivalents) per 100
g dry weight respectively. According to the study of Nilnakara
et al. (2009) the total phenolic content of fresh and blanched (2
min/boil water) white cabbage by-product were 571 and 349 mg
(gallic acid equivalents)/100 g of dry matter. Blanching caused
about 39% loss of total phenolic content. Similar observation has
been made by Ismail et al. (2004) who reported 20% loss of total
phenolic content in cabbage (Brassica oleracae) after 1 min of
blanching in boiling water. Total phenolic content drop after drying and at higher drying temperatures loss is higher (Nilnakara
et al., 2009).
Cauliflower by-products (Brassica oleracea L. var. botrytis)
mainly consist of leaves and, in fewer amounts, stems (TomásBarberán et al., 2004). Llorach et al. (2003) analysed the phenolic
profile of cauliflower by-products by HPLC in water and ethanolic
extracts and revealed the presence of both flavonoids and hydroxycinnamic acids (caffeic acid and sinapic acid). Different combinations of flavonols such as kaemferol and quercetin with sinapic
acid and glucose were reported as the main phenolic compounds
in both ethanol and water extracts. These major compounds have
been identified as kaempferol-3-O-sophoroside-7-O-glucoside and
its sinapoyl derivative kaempferol-3-O-(sinapoylsophoroside)7-O-glucoside. In addition, neochlorogenic acid, quercetin3-O-sophoroside-7-O-glucoside,
kaempferol-3-O-sophoroside,
1,2-disinapoylgentiobiose, and 1,2,2-trisinapoylgentiobiose have
been detected. The edible part of cauliflower is rather poor in
phenolic compounds, consist only hydroxycinnamic acid such as
caffeic, sinapic, and ferulic acids but the overall concentration of
these compounds (0.18 g/kg fresh weight) was 2-fold higher than
that found in the cauliflower by-products (0.094 g/kg fresh weight)
(Llorach et al., 2003). However, the flavonoids concentration in
cauliflower by-products was much higher than that found in the
edible parts where only trace amounts were detected (Llorach et
al., 2003). Furthermore, the study of Llorach et al. (2003) revealed
that the cauliflower by-products presented 3-fold higher flavonols
content than other Brassica species and the extracts from cauliflower by-products had a good scavenging activity against both
DPPH and ABTS radicals. Drabińska et al. (2018) investigated
the antioxidant capacity of phenolics in broccoli by-products, and
their phenolic extracts and reported total phenolic content of 9.5
mg gallic acid equivalents (GAE)/g of dried material and ABTS
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radical cation activity of 99.8 μmol trolox equivalents (TE)/g of
dried material.
4.9. Lettuce and chicory
Lettuce and escarole, belonging to the Asteraceae family, are the
most popular vegetables in salads which are consumed in increasing amounts due to their perception as being “healthier” foods
(Dupont et al., 2000). Lettuce has two methods of commercialization, one as whole lettuce heads and the other as fresh-cut product.
Nowadays, there has been a great development of the fresh-cut
vegetable industry, fresh-cut lettuce being one of the most important products. The packinghouses dealing with vegetables produce
large amounts of wastes and residues (leaves, stems, etc.). Sometimes these by-products can reach 50% of the harvested material as
in lettuce production (Llorach et al., 2004).
Llorach et al. (2004) investigated the by-products (mainly
external leaves) from lettuce (Lactuca sativa L.) varieties (Romaine, Iceberg and Baby) and one of chicory (Cichorium endivia
L.) variety “escarole” to evaluate their polyphenolic content as
well as their antioxidant capacity. In this study they found that
phenolic profile of lettuce by-products is composed by hydroxycinnamic acids (both caffeoylquinic and caffeoyltartaric acid
derivatives) and flavonoids (both flavones and flavonols). The
main hydroxycinnamic acid derivative identified was dicaffeoyltartaric acid (chicoric acid) followed by chlorogenic acid (5-Ocaffeoylquinic acid). In addition different 45 isomers of isochlorogenic acid (3,5-O-dicaffeoylquinic acid) were identified. In case
of flavonoids, flavone Luteolin-7-O-glucuronide was identified,
and regarding the quercetin derivatives quercetin-3-O-glucoside,
quercetin 3-O-glucuronide and quercetin 3-O-(6-O-malonyl)glucoside have been identified. Regarding chicory by-products
the HPLC analyses of raw extracts showed a kaempferol 3-Oglucoside as the main flavonol and this compound has already
been reported in chicory. Lettuce by-products have shown a interesting antioxidant capacity both free radical scavenging activity and capacity to reduce Fe(III) to Fe(II) (Llorach et al., 2004).
Compared to other vegetables, the phenolic content of lettuce is
relatively low, however due to the high consumption of lettuce,
it should be considered as major phenolic source (de Ancos et
al., 2015).
4.10. Asparagus
Asparagus is a plant food highly appreciated by consumer due its
organoleptic, nutritional and functional properties, and it is one
of the thirty most consumed vegetables in the world (Ulrich et al.,
2001). Prior to the commercialisation of both fresh and processed
asparagus, the spears are cut to a determined length, and sometimes they are also peeled. It has been reported that asparagus
contains flavonoids (mainly rutin) and other phenolic compounds
that possess strong antioxidant properties (Makris and Rossiter,
2001; Vinson et al., 1998). In addition to these phytochemicals,
asparagus by-products represent a good source of compounds,
such as hydroxycinnamic acids derivatives (Rodríguez et al.,
2004). Asparagus by-products also serve as a good source of dietary fiber as they are linked to phenolic compounds and form
insoluble-bound phenolics. Jaramillo-Carmona et al. (2019) used
hydrothermal treatment to release oligosaccharides and phenolic
compounds from asparagus by-products and found that the antioxidant activity was increased in a temperature-dependent manner.

5. By-products of tree nuts
Tree nuts and their by-products such as skin or testa, hard shell,
green leafy cover, hull and leaf are rich sources of phytochemicals
that posses multifunctional properties such as antioxidant and free
radical scavenging activity (Alasalvar and Shahidi 2009; Chang et
al., 2016).
5.1. Almond
Almond, scientifically known as Prunus dulcis belongs to the
Rosaceae family. It is the number one tree nut produced on a
global basis (Alasalvar and Shahidi, 2009). Skin (seed coating),
brown hull and green shell cover (mesocarp) are the by-products
derived from the industrial processing of almond. The production
of almond hulls, which are mainly used in livestock feed, is estimated to exceed 6 million tonnes annually (Takeoka et al., 2000)
and this amount reached 4.262 billion pounds (Annual Report of
Almond Board of Califonials Almond Almanac, 2017). Almond
hulls and shells possess powerful free radical scavenging capacities (Frison-Norrie and Sporns, 2002a; Moosavi et al., 2015) and
these activities could be due to the presence of triterpenoids, flavonoids and phenolic acids, or even polysaccharides (Sfahlan et al.,
2009; Dammak et al., 2018).
Phenolic compounds such as catechin, protocatechuic acid,
chlorogenic acid (5-O-caffeoylquinic acid), cryptochlorogenic acid
(4-O-caffeoylquinic acid), neochlorogenic acid (3-O-caffeoylquinic acid) and a prenylated benzoic acid derivative (2-prenyl-4O-β-D-glucopyranosyloxy-4-hydroxybenzoic acid) have been
identified in almond hulls (Sang et al., 2002a) (Figure 26). Green
shell cover also serves as a better source of phenolic acids such as
caffeic acid, p-coumaric, ferulic and sinapic acid (approximately
0.1% of the extract) compared with whole seed and brown skin extracts. It was found that caffeic acid was the predominant phenolic
acid and mostly present in the bound form, but was only in trace
amounts in the free form in almond shell. The total amounts of the
free phenolic acids in brown skin and green shell cover extracts
were 16.28 and 13.99 μg/g extract and the total esterified phenolic
acids in the whole seed, brown skin, and green shell cover extracts
were 40.34, 279.55, and 967.10 mg/g extract, respectively (Wijeratne et al., 2006). The comparative study of phenolic contents in
different genotype of almond hulls and shells showed that the total
phenolic content in hulls was higher than that of the shells (Sfahlan
et al., 2009). Almond skin contains flavonoid and phenolic acids
include protocatechuic, vanillic, p-hydroxybenzoic acid, ferulic
and sinapic acid (Milbury et al., 2006; Monagas et al., 2007; Sang
et al., 2002b; Wijeratne et al., 2006) (Figures 27 and 28).
Brieskon and Betz (1998) first identified the flavanol monomers
(+)-catechin and (−)-epicatechin as well as dimmers constituted by
these units (procyanidins B1, B3, B4) but not by trihydroxylated
ones (i.e. gallocatechin and epigallocatechin). Lazarus et al. (1999)
confirmed the presence of B-type procyanidins, at the same time
eliminating the presence of A-type procyanidins in almond skins.
Later, Amarowicz et al. (2005) reported the presence of procyanidins B2 and B3 as well as delphinidin and cyanidin after n-butanolHCl hydrolysis. In case of flavonols, the 3-O-glucosides, galactosides, and rutinosides of quercetin, kaempferol, and isorhamnetin,
as well as their corresponding aglycones, have been identified in
almond skins (Frison-Norrie and Sporns, 2002a, 2002b; Milbury
et al., 2006; Sang et al., 2002b; Wijeratne et al., 2006;). Milbury et
al. (2006) reported the presence of morin and dihydrokaempferol
in almond skin. In addition, flavanones naringenin-7-O-glucoside,
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Figure 26. Phenolic compounds in almond hulls. Source: Adapted from Sang et al., (2002a).

eriodictyol-7-O-glucoside, and eriodictyol-7-O-galactoside and
their corresponding aglycones have been identified in almond skin
(Milbury et al., 2006; Sang et al., 2002b). Monagas et al. (2007)
identified thirty three compounds corresponding to flavanols, flavonols, dihydroflavonols, and flavanones, and other non-flavonoid
compounds in almond skin by HPLC-DAD/ESI-MS technique
and reported that flavanols and flavonol glycosides were the most
abundant phenolic compounds in almond skins, representing up to
38–57% and 14–35% of the total quantified phenolics, respectively. In relation to flavonol glycosides, rutinosides and in particular
isorhamnetin-3-O-rutinoside (narcissin) were the most abundant
forms. Valdés et al (2015) identified a variety of phenolics such as
catechin, quercetin-3-O-rutinoside, kaempferol, and their derivatives in almond skin byproducts.
Kornsteiner et al. (2006) found the distribution of almond phenolics to be predominantly within the “seed skin” (80%). A similar
observation has been made by Milbury et al. (2006) who reported
that about 60% of almond phenolics were present in the skin and
eight of the 19 flavonoids and three phenolic acids determined were
found exclusively in the skin, on average, 94% of individual flavonoids originated from the skin in their study on California almond
skins and kernels among the principal almond varieties. Their study
revealed that the differences in total phenolics between almond varieties were primarily due to differences in the content of skin.
Antioxidant potential of almond by-products have been reported in several studies (Sfahlan et al., 2009; Siriwardhana and Shahidi, 2002; Subhashinee et al., 2006; Wijeratne et al., 2006). Brown
skin and green shell cover extract possess more potent antioxidant
capacity and free radical scavenging activity than that of the whole
seed extract (Siriwardhana and Shahidi, 2002). Frison-Norrie and
Sporns (2002) also reported that the hulls and shells of almond
possess powerful free radical scavenging capacities. Garrido et al.
(2007) studied the phenolic contents in the extraction of three byproducts (skin, shell, and hull) of almonds using different solvent/
mixtures. They found that the extracting solution methanol/HCl
(1,000:1, v/v) was the most effective for the almond skin and shell
for antioxidant extraction and the acetone/water (50:50, v/v) mixture exhibited the highest content of polyphenols and proanthocyanidins. In this study they reported that the antioxidant capacity
of these by products especially the skin and shell is similar to that
of grape by-products, which are currently used in the development
of antioxidant products. A similar observation has been made by
Sfahlan et al. (2009) who reported that methanolic extract of hull
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and shell showed a strong antioxidant activity. These studies indicate that antioxidant activity of hull and shell would be helpful in
preventing or slowing the progress of various oxidative stress-related diseases. Similarly, Meshkini (2016) reported the protective
effect on oxidative damage and membrane protein degradation that
are caused in human erythrocytes by hydrogen peroxide.
5.2. Hazelnut
Hazelnut (Corylus avellana L.), which belongs to the family Betulaceae, is one of the most popular tree nuts on a worldwide basis
and ranks fifth in tree nut production after almond, walnut, cashew,
and pistachio in 2017 (Statistical Yearbook of INDFC, 2017). Figure 29 shows the hazelnut fruit and its by-products. The hazelnut green leafy covers, occasionally together with hazelnut tree
leaves, are mechanically removed from hazelnut hard shells soon
after harvesting. The hazelnut hard shell, containing a kernel, is the
nut of commerce. After the hazelnut hard shell has been cracked,
the hazelnut kernel may be consumed raw (with skin) or preferably
roasted (without skin). In brief, hazelnut skin, hazelnut hard shell,
and hazelnut green leafy cover as well as hazelnut tree leaf are
by-products of roasting, cracking, shelling/hulling, and harvesting
processes, respectively.
Shahidi et al. (2007) evaluated the antioxidant efficacies of
ethanolic extracts of hazelnut kernel and its by-products and found
that the phenolic contents (milligrams of catechin equivalents (CE)
per gram) of hazelnut kernel, hazelnut skin, hazelnut hard shell,
hazelnut green leafy cover, and hazelnut tree leaf were 13.7, 577.7,
214.1, 127.3, and 134.7 respectively. In this study, they tentatively
identified a total of five phenolic acids one of which was a hydroxylated derivative of benzoic acid (gallic acid) and four of which
were cinnamic acid derivatives (caffeic acid, p-coumaric acid,
ferulic acid, and sinapic acid). In addition, there were several unknown compounds in both free and esterified phenolic acids. The
same number, but different concentrations, of phenolic acids were
also identified in previous study on hazelnut kernel and hazelnut
green leafy cover (Alasalvar et al., 2006). The order of total phenolic acid concentration in hazelnut kernel and its by-products is
as follows: hazelnut hard shell > hazelnut green leafy cover > hazelnut tree leaf > hazelnut skin > hazelnut kernel. In another study,
Amaral et al. (2005) identified and quantified four phenolic acids,
namely, 3-caffeoylquinic acid, 5-caffeoylquinic acid, caffeoyltar-
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Figure 27. Chemical structure of flavonols, flavonol glycosides and flavonone glycoside identified in almond skin (Sang et al., 2002). 1. Quercetin; 2.
Kaempferol; 3. Isorhamnetin; 4. 3-O-methylquercetin 3-O-β-d-glucopyranoside; 5. 3-O-methylquercetin 3-O-β-d-galactopyranoside; 6. 3-O-methylquercetin 3-O-α-l-rhamnopyranosyl-(1→6)-β-d-glucopyranoside; 7 Kaempferol 3-O-α-l-rhamnopyranosyl- (1→6)-β-d-glucopyranoside; 8. Naringenin 7-O-β-dglucopyranoside (prunin).

taric acid, and p-coumaroyltartaric acid, in hazelnut leaves from
10 different cultivars grown in Portugal. Recently, 29 phenolics
were tentatively identified by HPLC-MS/MS including various
derivatives of hydroxylbenzoic acid, hydroxylcinnamic acid as
well as other flavanones, flavones, flavanols, and proanthocyanin
oligomers (Yuan et al., 2018). The antioxidant capacity of hazelnut by-products shows superiority to hazelnut kernel (Alasalvar
et al., 2006; Shahidi et al., 2007). Arcan and Yemenicioğlu (2009)
showed that the removal of seed coat reduced almost 36% of the
total antioxidant activity of hazelnuts. Esatbeyoglu et al. (2014)
isolated and identified dimeric procyanidins B1-B8 from roasted

hazelnut skins.
5.3. Cashew
Cashew (Anacardium occidentale) is a tropical tree and one of the
most economically important genera in the Anacardiaceae family.
Cashew nut shell liquid, cashew nut skin are the important byproducts of cashew nut processing industry. Cashew contains a
large quantity of phenolic compounds in a viscous and highly vesicant liquid surrounds the edible kernel known as cashew nut shell
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Figure 28. Structures of flavan-3-ols, phenolic acids and flavanones identified in almond skin. Source: Adapted from Shahidi et al., (2009).

liquid (CNSL) (Kubo et al., 1993a; Setianto et al., 2008; Trevisan
et al., 2006). The potential annual availability of this material,
which accounts for about 32% of the shell, is enormous (Trevisan
et al., 2006).
Trevisan et al. (2006) analyzed the content of anacardic acids,
cardanols and cardols in cashew apple, nut (raw and roasted) and
cashew nut shell liquid (CNSL) and found that higher amounts
(353.6 g/kg) of the major alkyl phenols, anacardic acids were in
CNSL followed by cashew fibre (6.1 g/kg) while the lowest (0.65
g/kg) amounts were in roasted cashew nut. Earlier, Tyman et al.
(1984) detected 2-methyl cardol on the analysis of natural CNSL
by high performance liquid chromatography (HPLC). Kubo et al.
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(1993a) reported that the anacardic acids, cardols, and cardanols
are the principal phenolic components in cashew nut shell liquid
(Figure 30). Approximately 50 mol% anacardic acids, 29 mol%
cardols, and 21 mol% cardanols including mono-, di-, and triene constituents are present in cashew nut shell liquid (Setianto
et al., 2008). In previous study of Trevisan et al. (2006) showed
that cardanols were 30% and cardols were 20% while Shobha et
al. (1994) reported that approximately 70% of CNSL were anacardic acids and 25% cardols. Cardanol of CNSL, extracted from
cashew nut shells, can be used to produce 3-vinylphenol, which is
an important intermediate for synthesizing different drugs such as
norfenefrine, rac-phenylephrine, etilefrine, and fenoprofene (Shi
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Figure 29. Hazelnut kernel and hazelnut by-products (Shahidi et al., 2007).

et al., 2019). Trevisan et al. (2006) reported that hexane extracts
(10 mg/ml) of CNSL displayed significant antioxidant capacity
followed by the hexane extract of cashew fibre and apple and antioxidant capacity correlated significantly with the concentration of
alkyl phenols, in particularly the concentration of anacardic acids
in the extracts. Anacardic acids show pharmacological (Laurens et
al., 1997; Toyomizu et al., 1999) antioxidant (Kubo et al., 2006),
antibacterial (Hamad and Mubofu, 2015), anti-inflammatory (Yasutake et al., 2013), and antitumor activities (Kubo et al., 1993b;
Gény et al., 2016).
Cashew nut skin, an important by-product of cashew processing industry, is a natural source of phenolic compounds. Epicatechin is the major phenolic compound present in the cashew nut
skin (Kamath and Rajini, 2007). Earlier studies have shown that
cashew nut testa is a good source of hydrolysable tannins (Pillai
et al., 1963). More than 40% of the total polyphenol in the testa
is reported to be constituted by (+) catechin and (−) epicatechin
(Mathew and Parpia, 1970). Kamath and Rajini (2007) found that
the yield of ethanolic extract of the skin powder was quite high
(0.45 g/g powder) with a total phenolic content of 243 mg/g extract. It is indicated that the cashew nut skin/testa contains high
amount of phenolics. In the same study, they reported that the
ethanolic extract of cashew nut skin has significant antioxidant
activity in various antioxidant assay systems. Maia et al. (2015)
reported that phenolics such as anacardic acid, cardol, cardanol,
2-methylcardol in cashew nut shell liquid (CNSL), a byproduct
in the processing of cashew nuts, inhibits the oxidation of lipids.
The presence of the potent bioactive phenolic compounds in the
skins of cashew nut could be of interest to both food and pharmaceutical industries, where it could be employed as an economical source of natural antioxidants. Cashew fibre, cashew leaf and
bark also got considerable attention due to their role in biological
activities.
5.4. Pistachio
The pistachio nut is one of the principal tree nuts of the Middle
Eastern region and is a significant agricultural export of some of
the countries in this area (Vahabzadeh et al., 2004). The pistachio
fruit itself consists of a single seed (kernel), encased by a thin
soft and edible seed coat (testa), enclosed by a hard inedible shell
(endocarp), which is further surrounded by the fleshy hull (meso-

carp and epicarp), which is also an inedible. Pistachios are unique
among tree nuts in that their endocarp (shell) splits naturally prior
to maturity. This allows pistachios to be marketed largely in-shell
for fresh consumption. Flavonoids and resveratrol have been mainly reported in pistachio nuts and the skin. Major phenolic constituent of pistachio hull has been reported as gallic acid: the amount
was estimated to be 79 and 82% for the Damghan and Kerman
varieties, respectively (Vahabzadeh et al., 2004). Vahabzadeh et
al. (2004) extracted the phenolic compounds from two different
varieties (Kerman and Damghan) of pistachio hulls using different
aqueous solutions of methanol and ethanol and found that aqueous
ethanol solution gave the highest yield of phenolic extract. Further,
it exhibited strong antioxidant activity, comparable with that of the
synthetic antioxidant BHA (i.e., 98 vs. 99%). A Similar observation has been made on the stability of soybean oil by Goli et al.
(2005) who reported that pistachio hull extract was effective in
retarding oil deterioration at 60 °C, with activity increasing with
concentration in the range 0.02–0.06% and at a concentration of
0.06%, pistachio hull extract was similar in activity to BHA and
BHT added at 0.02%. In addition, they found that the amount of
phenolic compound in the water extracts (in either solvent or ultrasound-assisted solvent extraction method) was highest when compared to other extraction methods. Arcan and Yemenicioğlu (2009)
found that removal of seed coat of pistachio nut caused 55% reduction in the total antioxidant activity. Farahpour et al. (2015)
studied the effect of Pistacia atlantica hull extract on antioxidant
and biological activities of pistachios. They reported that the hull
extract showed significantly higher antioxidant activity compared
to ascorbic acid. Moreover, the hull extract reduced wound healing
time which was then suggested to be used in wound healing ointment. Garavand et al. (2015) used ultrasound and microwave to
evaluate their effect on the extraction of phenolic compounds from
pistachio hulls. They found that ultrasound-assisted extraction increased phenolic compounds (vanillic acid, p-coumaric acid, naringenin, and catechin) as determined by using HPLC-MS. In addition, microwave-assisted extraction increased phenolic contents in
a power-dependent manner.
5.5. Walnut
The walnut tree (Juglans regia L.) is cultivated commercially
throughout southern Europe, northern Africa, eastern Asia, the
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Figure 30. Chemical structures of some of the phenolic compounds contained in CNSL. Source: Adapted from Kubo et al., (1993a).

USA and South America. An edible seed, the kernel forms 42−60%
of the weight of the mature nut, depending mainly on the variety
(Labuckas et al., 2008). The slightly astringent flavour of walnut
fruit has been associated with the presence of phenolic compounds
(Colaric et al., 2005). In walnut, inside the fruit shell a special protective tan-brown skin known as the pellicle, which is only 5% of
the fruit weight, surrounds the kernel. Although the pellicle contributes only 5% to the fruit weight, its total phenolic is at least
93–97% higher than that of whole kernels (Labuckas et al., 2008).
According to Arcan, and Yemenicioğlu (2009) the removal of the
seed coat reduced the total phenolic content and antioxidant activity of fresh walnuts by almost 75% and 90% respectively. Fukuda
(2009) measured the presence of seven major polyphenols (casuarinin, casuarictin, pedunculagin, rugosin, tellimagrandin 1, tellimagrandin 11, ellagic acid) in American, Chinese, and Japanese
variety of five commercial walnuts by HPLC and interestingly
noted that no polyphenols were detected in walnuts from which
the pellicle was removed.
Most phenolic compounds commonly identified in walnut are
phenolic acids, hydrolysable tannins and condensed tannins (Colaric et al., 2005; Fukuda, 2009; Labuckas et al., 2008;) (Figure
31). Thirty-two polyphenolic compounds include hydrolysable
tannin monomers (25) and dimmers (4), ellagic acid derivatives
(2) and catechin have been reported in walnut (Fukuda, 2009).
Fukuda et al. (2004) analyzed the quantity of polyphenols, mainly
hydrolysable tannins (ellagitannins) in walnut polyphenol rich
extract and found that main polyphenol was pedunculagin (16%
per walnut polyphenol fraction weight). Colaric et al. (2005) analyzed the ripe fruits of 10 walnut cultivars and identified phenolic
acids (chlorogenic, caffeic, p-coumaric, ferulic, sinapic, ellagic
and syringic acid) and syringaldehyde and juglone. They found
that syringic acid was the most abundant phenolic of the ana-
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lyzed walnut kernel and seed coat (average of all cultivars was
33.83 mg/100 g in kernel and 1003.24 mg/100 g in seed coat)
followed by juglone (11.75 and 317.90 mg/100 g in kernel and
seed coat, respectively). In seed coat as well as in kernel the lowest contents of ferulic acid and sinapic acid were found among
the identified phenolics. According to the study of Colaric et al.
(2005), the concentrations of abundant phenolic compounds, juglone, syringic and ellagic acid, in walnut seed coat (pellicle) are
over 20-fold higher than the concentrations of these compounds
in the seed. Slatnar et al. (2015) identified catechin, ferulic acid,
caffeic acid, and neochlorogenic acid as well as 13 gallic acid
oligomers, 4 procyanidin B2 isomers, 18 ellagic acid derivatives,
and 3 quercetin glycosides present in common walnuts. More recently, 16 phenolics within black walnut kernels including gallic
acid, catechin, 1,3,6-trigalloylglucose, hydroxybenzoic acid, vanillic acid, syringic acid, caffeic acid, rutin, quercetin glucoside,
epicatechin gallate, ellagic acid, naringin, coumaric aicd, ferulic
acid, and cinnamic acid were accurately quantified through using
LC-QqQ-MS/MS (Vu et al., 2018).
Labuckas et al. (2008) examined the phenolic content and antioxidant activity of the kernel and seed coat (hull) of three walnut
varieties with two different solvent systems and showed the superiority of seed coat extract. In another study, Samaranayake et al.
(2008) investigated the phenolic contents and their antioxidative
capacities (using different in vitro model systems) of different fractions (contents of whole nut, skin and kernel) of English walnut
(Juglans regia L.) and reported that phenolic compounds extracted
(95% ethanol) from walnut skin contained the highest amount of
total phenolics and exhibited the highest antioxidative capacity as
evaluated by the trolox equivalents antioxidant capacity assay.
Phenolic compounds from walnut fruits have a positive influence on human health such as a decrease of coronary heart dis-
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Figure 31. Structure of major polyphenols identified in walnut. Source: Adapted from Alasalvar and Shahidi, (2009).

eases, prevention of several kinds of cancer, and anti-inflammatory
and antimutagenic activities (Anderson et al., 2001; Fukuda et al.,
2003; Gunduc and El, 2003; Horton et al., 1999; Lavedrine et al.,
1999; Zambon et al., 2000). In spite of these beneficial effects,
walnut phenolics may adversely influence the protein solubility
(Sze-Tao and Sathe, 2000).
6. By-products of legumes
6.1. Peanut
Peanuts (Arachis hypogaea L.) belong to the leguminosae family
and often referred to as groundnuts. The edible parts of peanuts
consist of the kernel and protective skin. The kernels are used to
make peanut butter, roasted snack peanuts, peanut confections, and
peanut oil while the peanut skin, which has a pink-red colour and
astringent taste, is typically removed before peanut consumption
or inclusion in confectionary and snack products (Yu et al., 2005).
Peanut skin is rich in phenolics and potentially other health promoting compounds (Huang et al., 2003; Lou et al., 1999; Nepote et
al., 2002; Yen et al., 2005; Yu et al., 2005).
Biologically active components and nutraceuticals in peanuts
and related products have been the subject of a review by Isanga
and Zhang (2007). Peanut skin contain three classes of phenolics,
including phenolic acids (caffeic acid, cinnamic acid, protocatechuic acid, resorcylic acid, salicylic acid, chlorogenic acid, ferulic
acid and coumaric acid), flavonoids (catechins and procyanidins),
equol, morelloflavone, sciatopitysin, and methylcatechin), naphthoquinione (plmnbagin), coumestrol (psoralidin), coumarin (daplmoretin, dicoumoxyl), and stilbene (resveratrol) (Yu et al., 2005;
Toomer, 2018). Earlier, Lou et al. (1999) reported the presence of
6 A-type procyanidins in peanut skin. Yu et al. (2005) found that 1
g dry peanut skin contains 90–125 mg total phenolics depending
on the effects of skin removal methods (direct peeling, blanching,
and roasting). In another study, total phenolics in methanolic and
ethanolic extracts from defatted peanut skins were 158.6 and 144.1

mg/g, respectively (Nepote et al., 2002).
The major flavonoid compound of peanut hull is luteolin (Daigle
et al., 1988; Duh et al., 1992; Yen and Duh, 1995) (Figure 32). Duh
et al. (1992) reported that the total phenolic content of peanut hulls
were 41.8, 19.9 and 7.3 mg/g peanut hulls in methanol, ethanol
and acetone extraction respectively. Yen and Duh (1995) examined
the concentration of phenolic compounds in the peanut hulls of
four different cultivars using methanol as extraction solvent and
found that the luteolin content ranged from 0.95 to 3.16 mg/g of
hulls and the total phenolic content was 4.2 to 10.2 mg/g of hulls.
These results indicate that peanut skins could be a higher source
of phenolic compounds and natural antioxidant components than
peanut hulls. The study of Daigle et al. (1988) and Yen et al. (1993)
showed that the total phenolic content increased with maturity of
peanut hulls.
The compounds found in peanut skin are considered potent
antioxidants, particularly, flavonoids resveratrol, and tannins (Yu
et al., 2005; Oldoni et al., 2016). In peanut hulls, the presence of
luteolin (Duh et al., 1992) and high total phenolic content were
associated with a higher the antioxidant activity (Yen et al., 1993).
The comparative study of total antioxidant activities of peanut skin
extracts and green tea infusions demonstrated that peanut skin extracts had chemically higher antioxidant potential than green tea
infusions (Yu et al., 2005). Huang et al. (2003) isolated and identified ethyl protocatechuate (EP), from peanut skin and showed that
EP contributed to the antioxidant activity. Keefe and Wang (2006)
reported that the phenolic compounds extracted from peanut skins
could significantly reduce the oxidation of meat products and extend their storage stability. In an interesting study, de Camargo et
al. (2014b) added peanut skin to cookies and evaluated their composition, antioxidant capacities and sensory quality. They found
that the insoluble fiber content and the total phenolic contents were
increased by up to 52 and 30%, respectively. All antioxidant activity tests showed significant increases by increasing the addition
level of the skin. More importantly, the cookies prepared were
well accepted by sixty volunteers, thus suggesting that peanut skin
might potentially be used as a cookie ingredient which could also
improve the health status of consumers.
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Figure 32. Structure of major flavonoid in peanut hull.

6.2. Beans
Beans are a good source of starch, dietary fiber, protein, and minerals and they also serve as a rich source of bioactive constituents
(Geil and Anderson, 1994). Beans have gained increasing attention as a functional food item because like other legume seeds,
the common bean seed contains a number of bioactive compounds
such as enzyme inhibitors, lectins, phytates, oligosaccharides, and
phenolic substances that may play metabolic roles in humans or
animals that frequently consume this food (Díaz-Batalla et al.,
2006). In legume seeds, phenolics are mainly located in the seed
coats, but also in cotyledons in bound forms as part of cell walls
(Duenas et al., 2006; Madhujith and Shahidi 2005b). Mostly in
processing/utilization, dehulling is a pre-requisite for bean, hence
the seed coat is a by-product.
Seed coat phenolics like condensed tannins, anthocyanins, and
other flavonoids such as quercetin and kaempferol glycosides are
reported in bean seed coats (Aparicio-Fernández et al., 2005; DíazBatalla et al., 2006; Espinosa-Alonso et al., 2006; Ranilla et al.,
2007; Romani et al., 2004). Beninger and Hosfield (1998) reported
that the pigments responsible for seed coat colour in beans are
flavonoids. Moreover, the wide variety of seed coat patterns and
colour in common beans (P. vulgaris L.) is controlled by a group
of well-defined genes that appear to regulate the flavonol and anthocyanin biosynthetic pathways (McClean et al., 2002). Espinosa-Alonso et al. (2006) showed that total phenol and condensed
tannin contents in P. vulgaris tended to increase according to clearness of seeds, and conversely, Barampama and Simard (1993) reported that beans with light coloured coats have lower tannin contents than beans with dark pigmented coats such as black beans.
The study of Madhujith and Shahidi (2005b) and Madhujith
et al. (2004) showed that beans with coloured seed coat rendered
strong antioxidative activity and antiradical capacity. They found
that among red, brown, and black beans, red and brown beans exhibited the highest potential in scavenging free radicals. In this
study, Madhujith and Shahidi (2005b) analysed the four bean varieties (Phaseolus vulgaris L.) (white kidney, red pinto, swedish
brown, and black kidney) and their hull fractions (80% acetone)
and found that total phenolic content of bean hulls and whole seed
extracts ranged from 6.7 to 270 and 4.9 to 93.6 mg/g extract as
catechin equivalents, respectively.
In another study, Ranilla et al. (2007) analysed the phenolic
profile and antioxidant capacity of Brazilian and Peruvian bean
cultivars and found that the seed coat colour pattern and the type
of cultivar showed an important influence on the variability of phenolic profiles and levels, respectively. Their work exhibited that
certain groups of seed coat colours such as brown and red groups
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tended to have higher levels of total phenolics and condensed tannins than the black group, and in contrast, less coloured coats such
as white and yellow types did not exhibit considerable contents
of these compounds. Further, they reported that phenolic compounds like condensed tannins were strongly correlated with the
antioxidant capacity in seed coats. In this study, the total phenolic
contents varied from 0.46 to 86 mg catechin equivalents/g seed
coat and condensed tannins ranged from 11.5 to 449 mg (catechin
equivalents)/g seed coat. In the same study, they reported the presence of high quantity of total anthocyanins, ranging from 265 to
558 mg/100 g (expressed as cyanidin) in black bean seed coat.
Salinas-Moreno et al. (2005) found a range from 1,010 to 1,810
mg/100 g total anthocyanins in black bean seed coat of Mexican cultivars and Takeoka et al. (1997) reported that the content
of 2,370 mg/100 g of seed coat from a cultivar developed in an
experimental station in the U.S.A. Astadi et al. (2009) identified
the individual anthocyanidins such as delphinidin, cyanidin, and
pelargonidin by HPLC coupled with diode array detector in black
soybean coat and reported that the content of phenolic and anthocyanins ranged from 6.46 to 8.15 g (gallic acid equivalents)/100 g
fresh weight and 1.36 to 1.45 g/100 g fresh weight, respectively.
Similarly, the black soybean, especially its seed coat with abundant
anthocyanins was reported to have the highest antioxidant activity among different soybeans, i.e. green, yellow, and red-brown
soybean, owing to its higher total phenolic content in both free and
bound form (Furuta et al., 2003; Peng et al., 2018). Meanwhile,
around 60 free phenolics and 53 bound phenolics were identified
along with the accurate quantification of 28 free/bound phenolics
in seed coat and cotyledons of black soybean by using LC-MS/MS
(Peng et al., 2018).
In addition to these works, many authors have observed high
antioxidant activity in the seed coat of black gram, lentils, faba
beans and peas, due to the essential fact that large amounts of
phenolic compounds are located in this part of the seed (Amarowicz et al., 2000c; Cardador-Martínez et al., 2002; Girish et al.,
2012; Nilsson et al., 2004; Shahidi et al., 2001; Takahata et al.,
2001; Troszynska and Ciska, 2002; Zhang et al., 2018). An attempt
was made to utilize chickpea and soybean husks as baking additives; increased antioxidant activity was found in DPPH radical
and ABTS radical cation scavenging assays (Niño-Medina et al.,
2019). Thus, the seed coat of legumes could be used as a valuable
source of nutraceuticals.
7. By-products of cereals
Phenolic acids commonly found in many cereal grains and higher
concentrations of these compounds are found in the outer layers of
the kernel (Kim et al., 2006; Liyana-Pathirana and Shahidi, 2007).
Hydroxycinnamate esters, particularly ferulate play an important
role in strengthening the cell wall structure by cross-linking cell
wall polysaccharides (Ishii, 1997; Ralph et al., 2004).
7.1. Corn
Corn is the most important cereal produced in the world (Zea mays
L.) after wheat and rice. Many phenolics had been determined in
different parts of maize plant, however, their concentration was
found to be higher in corn flour (White and Xing, 1997). There are
mainly two groups of phenolic acids in cereal bran: benzoic and
cinnamic acid derivatives. Ferulic acid and other hydroxycinnamic
acids (caffeic and p-coumaric acid derivatives) have been found to
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have good antioxidant activities (Kim et al., 2006). Hydroxycinnamic acids (ferulic and p-coumeric) and vanillin have been reported in corn bran (Barberousse et al., 2008: Bonnin et al., 2002:
Buranov and Mazza 2009). Ferulic acid content is more significant in wheat and corn bran amount of 5 and 50 g/kg, respectively,
which is also the precursor of vanillin (Ou and Kwok, 2004). In
another study, Bunzel et al. (2005) identified four new phenolic
dimers and trimers that contain ferulic acid moieties in corn bran.
Corn tassel, a by-product of corn is the source of phenolic
compounds (Mohsen and Ammar, 2009). Mohsen and Ammar
(2009) extracted the phenolic compounds using different solvent
and reported that ethanol yielded highest extraction followed by
methanol and water, where the total phenols were 0.1575, 0.1125
and 0.0737%, respectively. Corncob is one of the most plentiful
and important agriculture by-product accounts for up to 50% of
the total corn seed production (Sultana et al., 2007). Sultana et
al. (2007) reported that methanolic extract of corn cob had higher
phenolic content and best antioxidant activity and the content of
total phenolics extracted by different solvent ranged from 1.2 to
4.2 g (gallic acid equivalents)/100 g dry matter. The amount of
total phenolics (4.2%) in corncob is greater than rice bran (0.36%)
(Iqbal et al., 2006), and wheat bran (0.10%) (Zhou and Yu, 2004).
In a recent study, Vazquez-Olivo et al., (2019) compared total phenolic contents (TPC) of grain, husk, leaf, cob, root, and stem; husk
showed the highest TPC whereas grain exhibited the lowest TPC
among all tested samples. However, according to antioxidant activity tests, cob and stem showed better antioxidant activity than
other corn by-products.
7.2. Rice
Rice is the principal cereal in Asia, some countries in Africa, and
Latin America and the staple food of nearly half of the world’s
population. During rice processing rice bran is produced as a
by-product of rice milling. The rice bran comprises many health
beneficial components such as sterols, higher alcohols, gammaoryzanol, tocopherols, tocotrienols and phenolic compounds
(Aguilar-Garcia et al., 2007; Nicolosi et al., 1994).
Chotimarkorn et al. (2008) investigated the antioxidant components of rice bran from five varieties of long grain rice, cultivated
in Thailand and found that total phenolic contents were ranged
from 2.2 to 3.2 mg (gallic acid equivalents) per gram rice bran
and the total flavonoid were content ranged from 0.03 to 0.1 mg
(catechin equivalents) per gram rice bran. According to the study
of Aguilar-Garcia et al. (2007), total phenolic content of rice bran
was ranged between 6.04 and 6.84 μmol gallic acid equivalents
per gram.
Rice hull contain mainly phenolic acids such as phytic acid,
vannillic acid, syringic acid and ferulic acid (Osawa et al., 1985;
Ramarathnam et al., 1989; Wu et al., 1994; Asamarai et al., 1996).
Ramarathnam et al. (1989) reported the presence of iosvitexin (Cglycosyl flavonoid) (Figure 33), which was found to be absent in
the hulls of short-life rice seeds.
A study on wild rice hull antioxidants, Lee et al. (2003) identified p-coumaric acid, 3-vinyl-1-oxybenzene, p-hydroxybenzaldehyde, vanillin, p-hydroxybenzoic acid, and 4,7-dihydroxyvanillic
acid by GC-Ms analysis in FIR-irradiated rice hull methanolic extract. In this study they found that after 30 min of FIR treatment
total phenol contents of rice hull extracts increased from 0.12 to
0.19 mM. A study on Sultana et al. (2008) showed the total phenolic content of rice hull (2 g/kg) was half the amount of rice bran.
Wanyo et al. (2014) investigated the antioxidant activity of rice
bran, rice husk, and ground rice husk treated by hot air, far-infra-

red radiation, and cellulose. They found that far-infrared radiation
treatment showed better antioxidant activity than other treatments.
Grounding of rice husk could also improve their antioxidant activity.
7.3. Wheat
Wheat bran, an important by-product of the cereal industry, is rich
in potentially health-promoting phenolic compounds (Bauer et
al., 2012; Wang et al., 2008; Laddomada et al., 2015). The majority of phenolic acid in wheat bran are esterified and bound to cell
wall components (Beta et al., 2005; Liyana-Pathirana and Shahidi,
2006; Laddomada et al., 2015). In wheat bran, ferulic acid is predominate phenolic acid accounted for more than 40% of the total
phenolic acids on a per weight basis, along with significant levels
of syringic, p-hydroxybenzoic, vanillic, and coumaric acids (Graf,
1992, Kim et al., 2006; Onyeneho and Hettiarachchy, 1992; Zhou
et al., 2004a, 2004b, 2005; Zhou and Yu, 2004; Pasqualone et al.,
2015). In addition, Kim et al. (2006) detected caffeic, salicylic and
trans-cinnamic acids. The majority of the phenolic acids in a wheat
bran existed in a bound form can be released by hydrolyzing the
bran under alkaline or acidic conditions (Kim et al., 2006).
Liyana-Pathirana and Shahidi (2007) reported the presence of
higher phenolic content in wheat bran compare to other fractions
and found that total phenolic content of wheat bran was 2.3–3.4
mg ferulic acid equivalents/g defatted material. Similar observation has been reported in ultrasound-assisted extraction by Wang
et al. (2008) who found that under the optimum condition (64%
ethanol; extraction temperature, 60 °C; and extraction time, 25
min) total phenolic content of wheat bran was 3.12 mg (gallic acid
equivalents)/g.
Verma et al. (2008) measured the free, bound, and total phenolic content in the bran of 51 wheat cultivars. They found that
free phenolic (extracted with 80% (v/v) aqueous ethanol) content
ranged from 854.1 ± 265.1 to 1,754.9 ± 240.3 μg/g of bran gallic
acid equivalents (GAE) and bound phenols ranged from 2,304.9 ±
483.0 to 5,386.1 ± 927.5 μg/g of bran (GAE), contributing 66–82%
of the total wheat bran phenolic content. According to their study,
total phenolic content ranged from 3,406.4 ± 32.3 to 6,702.7 ± 19.6
μg/g of bran (GAE), with the average being 5,197.2 ± 804.9 μg/g
of bran (GAE). Pasqualone et al. (2015) investigated the effect of
addition of aqueous extract of wheat bran, which was prepared by
ultrasound-assisted extraction, to pasta on the antioxidant activity
of the product. They found the extract contained ferulic acid and
p-coumaric acid and the resultant pasta benefited from increased
antioxidant activity.
7.4. Buckwheat
Watanabe et al. (1997) identified the presence of flavonoids such
as quercetin, rutin, hyperin, vitexin and isovitexin and other phenolic compounds namely, protocatechuic acid, 3,4-dihydroxybenzaldehyde and proanthocyanidins in buck wheat hull. Among
these, protocatechuic acid is the predominant (13.4 mg/100 g of
dried hulls) phenolic compound (Watanabe et al., 1997). Figure 34
shows the structures of isolated compounds from buckwheat hull.
Another study (Hęś et al., 2012) extracted phenolic compounds
using acetone, water, and methanol and compared unhulled buckwheat grain (UBG), hulled buckwheat grain (HBG), buckwheat
hull (BH), final bran (FB) and bran after grinding (GB). Methanol
extract showed the highest total phenolic content. Among samples,
buchwheat hull showed the highest total phenolic content when
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Figure 33. Isovitexin (C-glycosyl flavonoid) in rice hull. Source: Adapted from Ramarathnam et al., (1989).

extracted by both acetone and methanol, whereas water extracted
hulled buckwheat grain had the highest total phenolic content. In
addition, phenolic compounds from buchwheat hull are known
to have antioxidant and cytoprotective capacities and buchwheat
bran showed antioxidant and antiproliferative activities (Kabir et
al., 2015; Li et al., 2016).
7.5. Oat
Oats are a main source of calorie and protein and their production
is extensive and high (Hung, 2016). The total phenolic content of
oat is 6.53 ± 0.19 μmol of gallic acid equivalent/g of gran (Hung,
2016). On the other hand, phenolic and hydroxyphenolic antioxidant compounds with acids, alcohols sugars or glycerides attached
have been reported in oat hulls (Duve and White, 1991). In another
study, Xing and White (1997) identified ten monophenolics such
as ferulic, p-coumaric, p-hydroxybenzoic, vanillic, o-coumaric,
sinapic, 4-hydroxyphenylacetic and salicylic acids, and vanillin
and catechol in oat hull (Figure 35). They found that the ferulic
acid was the predominant and the total phenolics were 560 mg/
kg oat hull. Another study (Zdunäczyk et al., 2006) reported that
total phenolic compounds of husked oat, naked oat, and oat bran
with hulls were 1.38 ± 0.06, 1.17 ± 0.03, and 1.55 ± 0.03 mg/g,
respectively.
8. By-products of oil seeds
8.1. Canola/rapeseed
Canola and rapeseed contain 14 to 18% hulls. The hulls may contain up to 20% oil, 19.1% crude proteins (N × 6.25), 4.4% minerals, and 48% dietary fibre and other constituents include simple
sugars and oligosaccharides, polyphenolics, phytates, and residual
polar lipids (Naczk et al., 2005). Phenolic acid such as sinapic acid
and their derivatives, as well as soluble and insoluble tannins, are
the predominant phenolic compounds found in canola and rapeseed (Amarowicz et al., 2000b).
Canola hulls have been reported to contain 6% of phenolic
compounds (Naczk and Shahidi, 1998). These compounds mainly
include phenolic acids (Krygier et al., 1982; Amarowicz et al.,
2000a) and soluble and insoluble condensed tannins (Amarowicz
et al., 2000b; Naczk et al., 1994, 2000; Naczk and Shahidi, 1998).
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The presence of condensed tannins in rapeseed hulls was first reported by Bate-Smith and Ribereau-Gayon (1959). This finding
was verified by Durkee (1971), who identified cyanidin, pelargonidin and later Leung et al. (1979) reported that condensed tannins of
rapeseed hulls contained leucocyanidin as their basic units.
Mitaru et al. (1982) found that rapeseed hulls contain 0.02–
0.22% condensed tannins. Rapeseed hulls contain no more than
0.1% condensed tannin extractable by solvent systems commonly
used for isolation of polyphenols (Leung et al. (1979). The content of tannins in rapeseed/canola hulls ranged from 0.014 to 2.3
g tannin per 100 g hulls (Amarowicz et al., 2000b; Naczk et al.,
1994; Shahidi and Naczk, 1995). Tannin contents within a particular canola cultivar varied by a factor of 9 to 15 and tannin extracts
from canola hulls contained approximately 20% proanthocyanidins (Naczk et al., 1994; and Shahidi and Naczk, 1995). Study of
Amarowicz et al. (2000c) and Naczk et al. (2005) showed that total phenolic content of canola hull ranged from 94.3 to 296 mg/g
(sinapic acid equivalents). Both cultivar differences and environmental growing conditions may influence the content of condensed
tannins and total phenolics in canola hulls.
Amarowicz et al., (2000a) investigated the antioxidative activities of non-tannin fractions of phenolic compounds in acetone
(70%, v/v) extract isolated from canola hulls. They isolated five
major fractions according to UV absorption and on the basis of
thin layer chromatograms, only the presence of free ferulic acid
and sinapine were confirmed in the non-tannin fractions of phenolic compounds. However, all fractions of canola hull non-tannin
phenolics exhibited strong antioxidant activities in a β-carotene−
linoleate model system. Further work is required to isolate and
identify the active components of canola hull phenolics. Interestingly, Terpinc et al. (2012) observed that a negative correlation between total phenolic content and the antioxidant efficiencies of the
extracts obtained from oil cakes and they proposed that phenolic
compounds are not the only contributors to the antioxidant activities of the oil cakes. Teh et al. (2015) reported that both microwave
and pulsed electric field assisted extraction could be used for phenolic compound extraction from canola seed cake.
8.2. Olive
The by-products of the olive industry such as olive mill waste water (OMWW) and olive leaves have attracted considerable interest
as a source of phenolic compounds (Balasundram et al., 2006). The
olive leaf is a well-known source of biophenols that is marketed
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Figure 34. Structure of flavonol, C-glycosyl flavone isolated from buckwheat hulls. Source: Adapted from Watanabe et al., (1997).

under multiple trade names as a nutraceutical. Benavente-Garcia et
al. (2000) found that oleuropein was the major phenolic compound
in olive leaves, followed by hydroxytyrosol, luteolin-7-glucoside,
apigenin-7-glucoside, and verbascoside.
Phenyl acids, phenyl alcohols (3,4-dihydroxyphenyl ethanol
and p-hydroxyphenyl ethanol), flavonoids (flavonol glycosides,
luteolin-7-glucoside, and rutin, and the anthocyanins, cyanidin,
and delphinidin glycosides), and secoiridoids (oleuropein, demethyloleuropein) (Figure 36) are the most important classes of
phenolic compounds reported in olive fruit (Macheix et al., 1990).
The identified phenolic compounds in OMWW and their concentrations vary from one study to another. According to Feki et al.
(2006), this could be related to the olive variety, climatic conditions, the period of harvest, and/or to the olive oil extraction system. Visioli and Galli (2003) reported that phenolic content of the
OMWW fluctuated between 1.0 and 1.8% depending on varietal
factors and processing effects.
Hydroxytyrosol, tyrosol, oleuropein, and a variety of hydroxycinnamic acids have been reported as the major phenolic constituents in OMWW (Feki et al., 2006; Obied et al., 2005). Casa et al.
(2003) identified catechol, 4-hydroxybenzoic acid, 4-methylcat-

echol, 3-hydroxyphenylpropionic acid, 3,4,5-trimethoxybenzoic
acid and trans-cinnamic acid, as major compounds. Bianco et al.
(2003) identified 20 phenolic compounds in OMWW using HPLCMS/MS and they were able to quantify 16 of these compounds.
These phenolic compounds may be either naturally occurring in
the fruits or formed during processing, where they partition between oil and waste phases.
Servili et al. (1999) compared the phenolic profiles of olive fruit (cv. Frantoio) and the corresponding oil, pomace, and
OMWW. The HPLC profiles of the fruit showed similarity to that
of the pomace where secoiridoid glycosides such as oleuropein
and demethyloleuropein were present in high concentration. In
contrast, secoiridoid derivatives, namely, hydroxytyrosol and oleuropeindial, were dominant in OMWW. Feki et al. (2006) studied
the changes in polyphenol fraction, particularly hydroxytyrosol
of OMWW in fresh and stored samples and found that significant accumulation of hydroxytyrosol in stored OMWW and the
concentrations of the other phenolic compounds were markedly
decreased. This evolution can be attributed to some hydrolysis
reactions of oligomeric polyphenols (hydroxytyrosol derivatives), which are composed of hydroxytyrosol units, attached to

Figure 35. Some monophenolic compounds identified in oat hull.
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Figure 36. Structure of demethyloleuropein.

other compounds via ester or/and glucosidic linkages (Feki et
al., 2006). Yakhlef et al. (2018) compared the phenolic profile of
virgin olive oil, pomace, and OMWW of three different cultivars
(Blanquette, Rouguette and Sigoise). They found OMWW of all
caltivas showing the highest total phenolic contents and this exhibited very strong antimicrobial activity. However, the olive oil
comprises only 2% of the total phenolic content of the olive fruits,
with the remaining 98% being lost in olive mill waste (OMW)
(Rodis et al., 2002). Therefore, olive mill wastes are the major
potential source of phenolic compounds.
8.3. Sunflower oil
While the vibrant, strong sunflower (Helianthus annuus L.) is a
recognized worldwide for its beauty, it is also an important source
of food. Sunflower oil is a valued and healthy vegetable oil and
sunflower seeds are enjoyed as a healthy, tasty snack and nutritious ingredient to many foods. Based on production (13.0 and15.9
million metric tons in 2009 and 2014, 10% of the total global
vegetable oil consumption in 2009) sunflower oil is ranked fourth
next to palm, soy and rapeseed oil (FAO-STAT-2010 and 2014).
Sunflower seeds, both confectionery and oilseed may be sold as
in-shell seeds or dehulled kernels. The seeds can also be sprouted
and eaten in salads. The majority of the oilseed varieties of sunflower seed are crushed after the hull is removed. Confectionery
sunflower seeds fall into three categories: in shell, kernel, and
birdseed. Larger sunflower seeds (in shell) are roasted, salted, and
packaged for human consumption and are classified as either large
or jumbo. Dehulling is commonly performed by cracking the hull
with one’s teeth and spitting it out while keeping the kernel in the
mouth. Medium-sized seeds (kernel) are de-hulled and packaged
for human consumption as well. These are primarily used for the
bakery industry. Smaller seeds, known as “striped bird food,” are
sold in birdseed markets. Shells and residue originating from an oil
extraction process are the major by-products of sunflower industry. Chlorogenic acid (5-O-caffeoylquinic acid) is the predominant
phenolic acid reported in sunflower seed, meal and shell (Aramendia et al., 2000; Dreher and Holm, 1983; Leonardis et al., 2005;
Pedrosa et al., 2000; Weisz et al., 2009).
With regard to the phenolic composition, Leonardis et al. (2005)
isolated seven different compounds from sunflower seed shell by
HPLC analysis. Among those, six were phenolic acids (chlorogenicacid, o-cinnamic acid, protocatechuic acid, caffeic acid, ferulic
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acid, and syringic acid) and one was not identified. In addition,
their study deduced that the effectiveness of the sunflower antioxidant product was essentially similar to that of the caffeic acid
standard, but 15–20% lower than that of propyl gallate.
In another study, Weisz et al. (2009) extracted and characterized
eleven phenolic compounds such as 3-O-caffeoylquinic acid, 5-Ocaffeoylquinic acid (chlorogenic acid), 4-O-caffeoylquinic acid,
caffeic acid, caffeoylquinic acid, 5-O-p-coumaroylquinic acid,
5-O-feruloylquinic acid ferulic acid, 3,4-di-O-caffeoylquinic acid,
3,5-di-O-caffeoylquinic acid, and 4,5-di-O-caffeoylquinic acid
from European origin non-oil seed and oil seed sunflower kernel
and shell. According to their study, total phenolic content of shells
ranged from 40.8 mg/100 g to 86.0 mg/100 g dry matter and sunflower kernels were up to 100 times higher than those determined
in the shells. Although quantitative amounts markedly differed,
phenolic subclasses in both shell and kernel were similar. In addition, they found that total phenolic content of press residue originating from oil extraction was 3% (2,940 mg/100 g dry matter) in
weight basis. This indicates oil press residue is an rich source of
phenolic compounds and has the potential to be utilized in industrial level as per the rate of current production of sunflower seed.
8.4. Sesame
Sesame (Sesamum indicum L.) is cultivated in several countries
such as India, Sudan, China and Burma, which are considered as
the major producers (60% of its total world production) (AbouGharbia et al., 2000). The conventional process for preparing
sesame oil involves cleaning, optional dehulling, roasting, grinding, cooking, and preparing (Fukuda and Namiki, 1988). After
dehulling, the sesame coat is commonly disposed of or used as
animal feed. However, Abou-Gharbia et al. (1997) reported that
the sesame oil from seeds with coat was more stable than those
extracted from dehulled seeds. This observation may indicate that
antioxidative components may exist in sesame coat. Therefore, use
of sesame coat, after dehulling, as a source of natural antioxidants,
may provide a means for utilization. Sesame cake is another byproduct of the oil industry is currently used as cattle feed. Suja et
al. (2005) analysed the lignans (Sesamin, sesamolin and sesamol)
in sesame cake qualitatively and quantitatively and reported the
potency of antioxidant.
Lignans such as sesamin, sesamolin have been reported in sesame coat (Chang et al., 2002) while sesamol has not been detected
in the same study. Shahidi et al. (2006) have shown that sesame
coats possess high polyphenolic content, especially black sesame
coats compare to sesame seeds. In this study the total phenolic
content in black sesame and white sesame coat were 146.6 mg and
29.7 mg catechin equivalents per gram crude extract respectively.
In another study, the total phenolics of sesame coat, derived as a
by-product in dehulling and roasting process shown 598 and 260
mg per 100 gram dry matter, respectively (Elleuch et al., 2007).
A recent study (Görgüç et al., 2019) compared phenolic contents from sesame bran by using enzyme and ultrasound. They
found that Alcalase was more suitable than viscozyme L. In addition, they also reported that 43 °C, 98 min, pH 9.8, 1.248 AU/100
g (enzyme concentration), and 836 W (ultrasound power) were the
optimum condition.
8.5. Soybean cake
Soybean cake is an important by-product produced during soybean
oil processing, and has been shown to be a rich source of isofla-
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vone (Kao et al., 2008). Isoflavones in soybean and soybean products, present in four chemical forms: aglycone (daidzein, genistein
and glycitein) (Figure 37), glucoside (daidzin, genistin and glycitin), acetylglucoside (acetyldaidzin, acetylgenistin and acetylglycitin), and malonylglucoside (malonyldaidzin, malonylgenistin
and malonylglycitin) (Kao et al., 2008) (Figure 38).
Yang et al. (2019) recently studied the effect of fermentation of
soybean meal on antioxidant activity. They reported that chlorogenic acid, vanillic acid, syringic acid, and p-coumaric acid were
identified after steaming and fermentation, whereas these were not
found in untreated soybean meal. Moreover, the phenolic contents
were significantly increased upon fermentation.
8.6. Flax shive
Flax, Linum usitatissimum, is abundant in North America and is
grown mainly for the production of seed used as a source of linseed oil. The stalk, which can be processed into fibre and ligninrich residue, is referred to as flax shive (Sharma, 1989). Generally,
lignin contains considerable amounts of phenolic acids, which play
a major role in the linkage of polysaccharides with lignin by ester
and ether bonds (Saulnier et al., 1995). Furthermore, flax shives
are known to be rich in guaiacyl units (75%) (Buranov and Mazza
2008; Day et al., 2005) that are the precursors of vanillin. Linseed
meal has been reported to contain hydroxycinnamic acid derivatives, p-coumaric acid glucoside and ferulic acid glucoside (Johnsson et al., 2002) and the flavonoids herbacetin diglucoside and
kaempferol diglucoside (Qiu et al., 1999).
Phenolic constituents of flax shives are mainly consist of pcoumaric acid and ferulic acid (Buranov and Mazza, 2009). In addition, p-hydroxybenzaldehyde, vanillic acid, syringic acid, vanillin and acetovanillone have been identified in flax shive (Kim and
Mazza, 2006; Buranov and Mazza, 2009). Ferulic acid is crosslinked with lignin and polysaccharides via ester and ether bonds,
forming lignin/phenolics-carbohydrate complexes, which could be
released with, dilute (0.1–4 M) NaOH solution at 50–70 °C (Fry,
1982; Sun et al., 2002; Barberousse et al., 2008) or enzymatically
by feruloyl esterases (Bonnin et al., 2002; Mathew and Abraham,
2004). Figure 39 shows the cleavage of lignin/phenolics-carbohydrate complexes in flax shives with alkali.
A detailed analysis of Buranov and Mazza, (2009) on flax shive,
corn bran, and wheat bran showed that flax shives contained more
p-coumaric acid (61 mg/100 g) than ferulic acid (25 mg/100 g)
and ferulic acid in flax shive (25 mg/100 g) was much lower than
wheat (391 mg/100 g) and corn (2,510 mg/100 g) bran, but the
vanillin content of flax shives (48 mg/100 g) was comparable to
corn bran (55 mg/100 g) and higher than wheat bran (11 mg/100
g). However, their result showed that overall content of hydroxycynnamic acids (ferulic and p-coumaric acids) in flax shives was
lower (86 mg/100 g) than in wheat (402 mg/100 g) and corn bran
(2,860 mg/100 g).
9. By-products of beverages

might be responsible for the antioxidative activities in cocoa powder, cocoa nib and cocoa shell based on their study on antioxidant
property of cocoa by products using different solvents.
The presence of catechin-polyphenols such as epicatechin (EC),
epigallocatechin gallate (EGCG), epigallocatechin (EGC), gallic
acid (GA), and epicatechin gallate (ECG) has been reported in cocoa leaves (Osman et al., 2004). The comparative study of cocoa
shoots, cocoa young leaves and tea leaves conducted by Osman et
al. (2004) revealed that the phenolic content is significantly higher
in cocoa leaves (28.4%), than in cocoa shoots (19.0%) and tea leaves
(17.3%). Further, the concentrations of epicatechin in cocoa shoots
(59.3 mg/g) and in cocoa leaves (28.2 mg/g) were significantly higher that those found in green tea (6.5 mg/g) and the performance of
cocoa shoots was very similar to the antioxidant activity of BHA.
Based on this observation they suggested that the higher concentration of total polyphenols in cocoa leaves (28.4%) could be due to the
presence of other phenolics since the fresh cocoa leaves are reddish
brown in color, indicating the presence of cyanidins. HernándezHernández et al. (2019) tested thermal treatment (50–200 °C) to extract more phenolic compounds from cocoa bean husk. They found
that temperatures of 150 °C and higher significantly increased total
phenolic contents recoverable from cocoa bean husk.
9.2. Tea [Camellia sinensis]
Both green and black teas are manufactured from young shoots,
mainly the first 2–4 leaves and a bud. Old tea leaves (OTL), which
are not used in tea manufacture, and black tea wastes (BTW) are
considered as agricultural by products. Green tea leaves (GTL)
(Camellia sinensis L.) contain 10–30% (dry leaf weight) of polyphenols, including catechins, flavonols, flavanones, phenolic acids, glycosides and the aglycones of plant pigments (Pan et al.,
2003). Tea polyphenols are natural antioxidants (Tanizawa et al.,
1984) and considered to be responsible for the anticarcinogenic
and antimutagenic properties of tea, as well as protective action
against cardiovascular diseases (Shahidi and Wanasundara, 1992;
Tijburg et al., 1997; Wiseman et al., 1997).
Zandi and Gordon (1999) showed that the extracts from old tea
leaves (OTL) have potential as natural antioxidants. The extraction
yield and antioxidant activity of old tea leaves and black tea waste
(BTW) extracts were reported by using various extraction methods
with compared to green tea leaves (Farhoosh et al., 2007). In this
study they found that BTW extracts had antioxidant activities comparable with or even better than those of OTL extracts while extraction yield decrease with increasing age of tea leaves. Tea extracts are
powerful antioxidants, mainly owing to the presence of (+)-catechin,
(−)-epicatechin, (−)-epigallocatechin, (−)-epigallocatechin gallate
(Figure 40) and (−)-epicatechin gallate (Salah et al., 1995). Catechins are known to be non-volatile taste compounds of green tea
(Nwuha et al., 1999) and present at 8–15% of dry leaf weight (Goto
et al., 1996). These compounds are effective free radical-scavengers
(Salah et al., 1995) and also effective by metal chelation (Shahidi
and Wanasundara 1992). Green tea and black tea wastes display
antimicrobial and antioxidant activities due to their high content of
tannin and catechin (Faustino et al., 2019; Farhoosh et al., 2007).

9.1. Cocoa
The cocoa tree belongs to the genus Theobroma (meaning “the
food of the Gods”) in the family sterculiaceae. Cocoa powder, cocoa nib and cocoa shell, cocoa leaves, which are normally wasted
during frequent pruning, are the by-products derived from cocoa
industry. Azizah et al. (1999) suggested that flavonoid compounds

10. Other bioactive compounds in by-products
10.1. Carotenoids
Carotenoids are red, yellow, and orange pigments that are widely
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Figure 37. Structure of soy isoflavones identified in soybean cake.

distributed in nature. More than seven hundred naturally occurring
carotenoids have been identified; of which as many as fifty may be
absorbed and metabolized by the human body (Goodwin, 1994).
However, only 14 carotenoids have been identified in human serum, with lycopene being the abundant (Krinsky, 1994). Carrots
and tomatoes are the major dietary source of carotenoids.
Chemically, carotenoids can be divided into two major classes.
The first class contains highly unsaturated hydrocarbon carotenoids such as lycopene, α-carotene, β-carotene, γ-carotene, and ζcarotene, which have no oxygen and are usually orange and red in
colour. Because they are highly unsaturated, they are particularly
susceptible to oxidation. The second class contains the xanthophylls (lutein, zeaxanthin), which are oxygenated derivatives and
have one or more oxygenated group substituents at particular sites
on the terminal rings (Krinsky, 1994; Shi and Le Maguer, 2000;
Young and Lowe, 2001).
Lycopene is an acyclic open-chain polyene with 13 double
bonds and a molecular formula of C40H56. There are 11 conjugated
double bonds arranged in a linear array, making it longer than any
other carotenoid. Lycopene is more soluble in chloroform, benzene, and other organic solvents than in water. In aqueous systems, lycopene tends to aggregate and to precipitate as crystals.
This behavior is suspected to lower lycopene bioavailability in
humans (Zumbrunn et al. 1985). Lycopene is the red colored pigment abundantly found in red colored fruits and vegetables such
as tomato, papaya, pink grapefruit, pink guava and watermelon
(Choudhary et al., 2009; Kong et al., 2010). In ripe tomato fruits,
lycopene exists as elongated, needlelike crystals. Lycopene is regarded as one of the most efficient singlet oxygen quencher and
peroxyl radical scavenger of all the carotenoids and may represent an important defense mechanism in the human body. Singlet
oxygen and free radicals can cause biological damage to important
macromolecules and membrane constituents, and the presence of
natural antioxidants may help to control these degradative reactions. Lycopene reacts synergistically with many other natural antioxidants to enhance their overall antioxidant activity (Kong et
al., 2010). Lycopene is currently being added to products in the
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form of nutraceuticals, such as a concentrate in multivitamins or
functional food products. Studies on the synergistic properties of
lycopene are important and can be benefit for functional food and
nutraceutical manufacturers and consumers.
10.1.1. By-products of carrot
Carrot (Daucus carota) is a good source of natural antioxidants,
especially carotenoids (provitamin A and α- and β-carotenes) phenolic compounds (Chantaro et al., 2008; Zhang and Hamauzu,
2004). The β-carotene content in fresh carrot peels are similar
to that reported in carrot flesh (Negi and Roy, 2001). Carrot byproduct (peel) possesses many bioactive compounds including βcarotene (1.57 mg/g DW), lutein (0.17 mg/g DW) and lycopene
(0.78 mg/g DW), which contribute to their potent antioxidant capacity (Lau et al., 2018).Juice yield is reported to be 60–70%, and
up to 80% of carotene may be lost with the pomace (Sims et al.,
1993). According to Stoll et al. (2001), total carotene content of
pomace may be up to 2 g/kg dry matter, depending on processing
conditions. Beta-carotene contents in carrot peels under different
process conditions was examined by Chantaro et al. (2008) and
they observed during blanching, a decrease in β-carotene content
occurred as a result of thermal degradation and a significant loss
of β-carotene was also observed after drying. Further, they noticed
that the higher loss of β-carotene content was observed undergoing lower drying temperatures. Therefore, more focus is needed to
optimizing the extraction process of β-carotene.
10.1.2. By-products of tomato
Tomato (Lycopersicon esculentum) contains large amounts carotenoids (around 90–180 mg per kg fresh weight), mainly in the form
of lycopene (80–90% of total carotenoids), which accumulates
during the final stages of fruit ripening and provides the intense
red fruit colour, and β-carotene, which accounts for around 2–3%
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Figure 38. Structure of soy isoflavone glucosides.

of total carotenoids (Dumas et al., 2003; Riggi and Avola, 2008;
Shi and LeMaguer, 2000).
The major by-product generated during tomato processing are
tomato pomace, consists of the dried and crushed skins and seeds of
the fruit (Avelino et al., 1997). The seeds contribute approximately
10% of the fruit and 60% of the total waste in weight basis and
large quantity of carotenoids is also lost as waste in tomato processing (Baysal et al., 2000). Tomato processing waste (skin and seeds)
contains high amounts of bioactive compounds such as β-carotene
(32.6 mg/kg), ascorbic acids (111.89 mg/kg), and lycopene (174
mg/kg) (Nour et al., 2015). Baysal et al. (2000) studied the supercritical CO2 extraction of lycopene and β-carotene from by-product
of tomato paste and found that recovery was up to 50% when ethanol was added. Another study showed that enzymatic treatment of
tomato marc enhanced lycopene extractability (Böhm et al., 2000).
Lycopene is the principal carotenoid causing the characteristic
red hue of tomatoes. Most of the lycopene is associated with the
water-insoluble fraction and the skin (Sharma and Maguer, 1996).
Tomato skin contains high levels of lycopene compared to the pulp
and seeds (George et al., 2004; Toor and Savage 2005; Wandawi et
al., 1985). Therefore, skin extracts are especially rich in lycopene.
George et al. (2004) studied the antioxidant components in 12 field
grown tomato genotypes and reported that, on average, the tomato
skin had 2.5 times higher lycopene levels than the pulp. According
their findings, the extent of variation was 4.8 to 14.1 mg/100 g in
peels and 2.0 to 6.9 mg/100 g in pulp on fresh weight basis. A similar observation has been made in previous study by Al-Wandawi

et al. (1985) who reported a three times higher lycopene content in
the peel fraction.
10.2. Betalains
Beetroot is the major dietary source of betalains. Like anthocyanins, betalains play important roles both in plant physiology, visual
attraction for pollinators and seed dispersers. They are usually dissolved in the vacuolar sap as bi-anions (Wyler, 1969). Structurally, the betaxanthins are condensation products of betalamic acid
and various amino compounds, whereas the betacyanins are characterized by a cyclo-dopa structure with additional substitutions
through varying glycosylation and acylation patterns at C-5 or C-6.
Their most common representative is betanidin 5-O-β-glucoside
(betanin) from red beet (Beta vulgaris ssp.) (Stintzing and Carle,
2004). Therefore, the presence of aromatic amino compound moieties both in betacyanins and betaxanthins exhibit the antioxidant
properties by stabilizing free radicals in plant tissues. Dearth of
literature available on in vivo and in vitro studies of antioxidant
and antiradical potency of betalains.
10.2.1. By-products of beetroot
The pomace from the beetroot juice industry accounting for 15–
30% of the raw material (Otto and Sulc, 2001) is disposed as feed
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Figure 39. Cleavage of lignin/phenolics-carbohydrate complexes in flax shives with alkali. Source: Adapted from Buranov and Mazza, (2008).

or manure. Peel, carried the main portion of betalains with up to
54%, being lower in crown (32%) and flesh (14%) (Kujala et al.,
2000). Whereas the coloured fraction consisted of betalains (betacyanins and betaxanthins) such as betanin, prebetanin, isobetanin,
neobetanin, vulgaxanthin I, vulgaxanthin II, and indicaxanthin, the
phenolic portion of the peel showed l-tryptophan, p-coumaric and
ferulic acids, as well as cyclodopa glucoside derivatives (Kujala
et al., 2001). Vulić et al. (2014) found three bioactive compounds,
namely betanin, isobetanin, and vulgaxanthin I in beetroot pomace
extract and some phenolics, including catechin, rutin, and caffeic
acid.
Betalains and anthocyanins are mutually exclusive in their natural occurrence, but other flavonoids are often produced in betalainbearing plants (Stafford, 1994). The total phenolics distribution in
red beetroot (Beta vulgaris) root appears to be quite similar to that
reported for the potato. Kujala et al. (2001) showed that total phenolics decreased in the order peel (50%), crown (37%), and flesh
(13%). Therefore, the exploitation of peel and pomace for phenolics and betalains is a real need. Temperature- and pH-dependent
in vitro antiradical activities have been reported for betanin and
betanidin carrying phenolic hydroxyl groups (Escribano et al.,
1998; Pedreno and Escribano, 2001), thus being more efficient
than the betaxanthins vulgaxanthin I and II (Escribano et al., 1998).
However, betaxanthins that bear phenolic structures in their amino
acid moiety, e.g. portulacaxanthin II, miraxanthin III, miraxanthin
V and dopaxanthin (Stintzing et al., 2001) may act in a similar way.
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Little is known about the in vivo absorption of betalains. Betacyanins were demonstrated to be strong antioxidants in various model
systems, and their positive charge may increase their affinity to
biological membranes, which are the preferred targets of oxidation
(Kanner et al., 2001). Literature data imply a low rate of betalain
absorption, and a critical concentration for the bioactivity of these
compounds in human plasma has yet to be established.
11. Bioavailability of phenolic compounds
Bioavailability refers to the proportion of an active moiety, which
enters systemic circulation unchanged, thereby accessing the site
of action, after a particular route of administration (Ververidis et
al., 2007). Potential health effects (sec 12) of many phenolic compounds have been extensively investigated using in vitro methods
and some have been supported by in vivo studies (Williamson and
Manach, 2005; Shahidi and Ambigaipalan, 2015). Although the
health effects of phenolics depend on their respective intake, there
is a need to assess whether in vitro effects could be obtained in
vivo, because of the bioaccessibility and bioavailability of phenolics largely differs reflected by the actual human pharmacokinetic
studies of phenolics (Manach et al., 2005a). Bioavailability of
these compounds varies considerably according to their structural
diversity and is also affected by various external factors such as
the food matrix and the health condition of the host. In addition to
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and their metabolites may be absorbed in the large intestine but
will be subjected to the anaerobic degradation including peripheral
and central aromatic catabolism of the colonic microflora, which
decomposes the heterocyclic ring of backbones, as well as other
ester/ether bonds with the conjugating moieties (Shahidi and Peng,
2018). Apart from colonic catabolism, the conjugation reactions
occurring in human cells such as enterocytes, hepatocytes, and
neurocytes are very efficient and rapid so that the predominated
forms of flavonoids in plasma and urine were found as various
conjugates (Shahidi and Peng, 2018). Thus it is difficult to detect
flavonoid aglycones in plasma, because they occur mostly at below
the detection limit of the analytical methods used (Hollman, 2004).
However, most studies have showed that bioavailability of flavonoid is often <1% of the administered dose (Manach et al., 2005a).
11.1.1. Flavonols

Figure 40. Structure of (−)-epigallocatechin-3-O-gallate tea catechins.

structural diversity (physicochemical properties) of the molecule,
enzymate and microbial-mediated biotransformation, the limited
expression of phenolic transporters and rapid detoxification process also limit the bioavailability of dietary phenols (Lambert and
Yang, 2003; Manach et al., 2004; Scalbert et al., 2002; Shahidi
and Peng, 2018). Therefore, most abundant dietary phenolics do
not necessarily reflect a highest concentration of active metabolites
functioning in target tissues, the phenolic structures with the highest in vitro bioactivity also may not accurately reflect an actual in
vivo bioactive property. The bioavailability involved with digestion, absorption, metabolism, distribution, transporting, excretion,
and colonic fermentation have to be considered.
Most of the polyphenols, however, are present in food in the
form of esters, glycosides, or polymers which is difficult to pass
through enterocytes depending on no matter paracellular transport or intracellular transport (passive transport, active transport,
and facilitated transport), thus must be hydrolyzed by intestinal
enzymes (lactase-phlorizin hydrolase and cinnamoyl esterases) or
catabolized by the colonic microbiota before absorption (Shahidi
and Peng, 2018). Many of the studies have investigated the kinetics and extent of polyphenol absorption by measuring plasma
concentrations and/or urinary excretion among adults after the
ingestion of a single dose of polyphenol, provided as pure compound, plant extract, or whole food/beverage. Detailed reviews on
the bioavailability of polyphenols in humans have been published
(Crozier et al., 2009; Karakaya, 2004; Manach et al., 2005a; Yang
et al., 2008;). This review will focus on intestinal absorption and
metabolism of selected dietary phenols in humans, from different
dietary sources.
11.1. Flavonoids
According to the rule-of-five prediction model, compounds with
relative molecular mass of >500 Da and prone to form hydrogen
bond interactions are generally unable to cross biological membranes by passive diffusion (Lipinski et al., 2001), and thus most
of dietary flavonoids with low lipophilicity have less chance to be
passively absorbed at the gastrointestinal (GI) level. Flavonoids

Flavonols, especially quercetin, are widely distributed in plant
foods. In general, studies have demonstrated that bioavailability
of quercetin glucosides from onions is superior to other sources
of quercetin glycoside. According to Hollman et al. (1997), bioavailability of various quercetin glycosides from apples and of
pure quercetin rutinoside is only 30% of that from onions. When
compared to other major dietary sources, namely wine and black
tea, the plasma concentration of quercetin after wine consumption
is lower than that after ingesting onions and not different from that
of black tea, while urinary excretion of quercetin after wine intake did not differ from that of onions, but was higher than that
after drinking black tea (de Vries et al., 2001). In addition, the
same study showed that the sum of the three flavonols, quercetin,
kaempferol and isorhamnetin, was lowest in both plasma and urine
after red wine consumption. Based on this finding, the authors reported that the bioavailability of flavonols from red wine was not
better than that from onions or black tea in the diet because one
glass (125 mL) of red wine provides the lower amounts of available flavonols than one portion of onions (15 g) or one glass of tea
(125 mL). The fact that certain flavonol glycosides are absorbed
more rapidly than others suggests the importance of the attached
sugar moiety on their rate of absorption (Hollman et al., 1999).
Further, the same authors suggested that quercetin glucoside is absorbed by active/facilitated transportation to the small intestine by
several transporters including 3 glucose transporters (GLUT 1/2/4)
and sodium-dependent glucose transporter (SGLT 1) summarized
by latter studies (Shahidi and Peng, 2018), whereas quercetin rutinoside is absorbed from the colon after deglycosylation. Olthof et
al. (2000) investigated whether the position of the glucose moiety
affected quercetin bioavailability in humans and suggested that the
quercetin glucosides were rapidly absorbed irrespective of the position of the glucose moiety. Major conjugates of quercetin after
onion supplementation were the 3′-sulfate, the 3′-methoxy-3-glucuronide, and the 3-glucuronide (Day et al., 2001).
11.1.2. Flavonone
The bioavailability of flavanone conjugates and their aglycones after the intake of orange juice, grapefruit juice or pure compounds
in humans has been reported by a number of studies (Ameer et al.,
1996; Erlund et al., 2001; Fuhr and Kummert, 1995; Gardana et al.,
2007; Ishii et al., 2000; Kanaze et al., 2007; Lee and Reidenberg,
1998; Manach et al., 2003; Nielsen et al., 2006). In most analyses,
researchers collected plasma and urine after ingestion and cleaved
putative hesperetin and naringenin glucuronide conjugates by
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treatment with glucuronidase before analysis of the released aglycones. It was shown that absorption of flavanones occurs in the
colon due to their binding to a rutinose or neohesperidose moiety
in food sources. Mullen et al. (2008) used HPLC-MS to analyse
flavanone bioavailability in humans after the intake of orange juice
and reported that there was a substantial metabolism of orange
juice flavanone in the gastrointestinal tract, most notably the large
intestine, where colonic bacteria play a major role. The specific
colonic biotransformation pattern of flavonones and known related bacterial species were specifically described by other reviews
(Mosele et al., 2015; Sánchez-Patán et al., 2012; Shahidi and Peng,
2018). When compared to other flavonoids, bioavailability of flavanone seems to be equivalent to that of flavonols and flavanols
and the elimination of flavanones in urine is not as rapid as that
of catechins, but slightly faster than that of quercetin (Manach et
al., 2003).
11.1.3. Flavan-3-ols
As outlined earlier, tea, chocolate, apples, pears, grapes, and red
wines are rich sources of flavan-3-ols. Bioavailability of flavan3-ols (proanthocyanidins and tea catechins) is very poor due to
their limited absorption and rapid elimination (Manach et al.,
2005a). Absorption of catechins is believed to occur through the
small intestine because bacterial degradation within the colon is
hypothesized to break down the flavonoids into smaller phenolic
acids including hydroxyphenyl acetic acid, hydroxyphenylpropionic acid, phenylpropionic acid, and hydroxyphenylvaleric acid
(Déprez et al., 2000; Rechner et al., 2004). Catechins are metabolized and circulated as sulfated, methylated, or glucuronidated derivatives, as well as various phenolic catabolites absorbed in the
colon (Lee et al., 2002; Meng et al., 2002; Piskula and Terao, 1998;
Sun et al., 2017; Shahidi and Peng, 2018).
11.1.4. Isoflavones
Isoflavones exhibit the highest bioavailability of all subclasses of
dietary flavonoids with urinary excretion of metabolites typically
at 20–50% of their intake level (Donovan et al., 2006; Hollman,
2004; Manach et al., 2005a). Their high bioavailiability is mainly
attributed to the relatively moderate lipophlicity of most of isoflavone aglycones which is in accord with Lipinski’s rule of five that
the molecules with octanol-water partition coefficient log P ranging from 2–5% have better bioavailability (Lipinski et al., 2001).
Isoflavones such as daidzein, genistein, O-desmethylangolensin
and equol are the main flavonoids and their metabolites in an ordinary Japanese diet and are found mainly in the conjugated form
in the plasma samples of Japanese men (Karakaya, 2004), but the
absorption of isoflavones differs between Japanese and Americans
because intestinal microflora, dietary habits, and ethnic background all have an effect (Zubik and Meydani, 2003). However,
there is still controversy about the bioavailability of aglycones
vs glucosides. The intestinal absorption of most isoflavones is
thought to require the release of aglycones from glucoside conjugates (Manach et al., 2004). Zheng et al. (2004) demostrated that
isoflavone aglycones were absorbed more rapidly than glucosides
as reflected in plasma 3 h after feeding and did not differ after 24 h.
Based on this observation they suggested that the glucoside moiety
prevented absorption of the isoflavone, and therefore absorption of
isoflavones from their glucosidic form, depended, at least in part,
on lower gut microbes which cleave the glucose moiety. Thus, the
intestinal absorption of glucosides is thought to be delayed (Izumi
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et al., 2000; Zheng et al., 2004). However, Richelle et al. (2002)
and Zubik et al. (2003) reported that the absorbability of isoflavones does not differ when ingested as either corresponding aglycones or glucosides.
In a study by Rüfer et al. (2008), seven male volunteers were
given either pure daidzein or pure daidzein-7-O-glucoside, both
at a dose of 3.9 µmol/kg body weight. They demonstrated that the
plasma Cmax, at ca. 8–9 h, was three to six times longer after consumption of the glucoside, which is dominant in soy compared
with the aglycone, the main component in fermented soy products.
The bioavailability reported in this study contrasts markedly with
the results of Izumi et al. (2000) and Kano et al. (2006). Izumi
et al. (2000) investigated the tablets containing a crude preparation of soy saponins and either daidzein and genistein aglycone
or their mixed glycosides, which were given to eight volunteers
weighing 51–87 kg at doses of 0.11 (30 mg aglycone and 50 mg
glycosides) and 1.7 (450 mg aglycone and 760 mg glycosides)
mmol. They found that at the higher dose, the isoflavone aglycone
mixture produced plasma Cmax concentrations up to five times
higher than diadzein and genistein glycosides. The Tmax in this
study was ca. 4 h, which is much shorter than the 8–9 h reported
by Rüfer et al. (2008). Crozier et al. (2009) suggested that saponins
might play a role in these differences. According to the study of
Kano et al. (2006) in humans, isoflavone aglycones are absorbed
faster and in greater amounts than glucosides when ingested in the
form of a beverage like soymilk. On the other hand, the colonic
catabolism and in vivo metabolism of isoflavonoids greatly alter
their absorption and distribution. Along with the deglycosidation
in colon, more biotransformations may happen. For example, equol, one of the colonic catabolites of isoflavone aglycones, possesses a much higher lipophilicity and less hydrogen donor ability which may result in its better absorption (Setchel et al., 2002).
Besides equol, various simple phenolic acids derived by cleavage
of heterocyclic ring of isoflavones also affect the actual form of
isoflavones occurring in the plasma rather than only the original
isoflavones and their conjugates which has been discussed in other
publications (Braune and Blaut, 2016; Gaya et al., 2016; Shahidi
and Peng, 2018).
11.1.5. Anthocyanins
Studies have shown that mainly cyanidin-based anthocyanins
conjugated with glucose are absorbed like some other phenolics
frequently found in the diet such as catechin and quercetin glycosides (McGhie et al., 2003). However, there are several important
differences in the absorption and the bioavailability of anthocyanins when compared with other flavonoids (McGhie and Walton,
2007). At dietary relevant doses, it seems that essentially all of the
absorbed catechin or quercetin was present as metabolites, that is,
conjugates of glucuronic acid or sulfate or methyl group (Donovan
et al., 1999; Sesink et al., 2001). In contrast, anthocyanins were
also absorbed and excreted largely unmetabolized in both rats and
humans. Therefore, they do not appear to undergo extensive metabolism of the parent glycosides to glucurono, sulpho or, methylderivatives (Cao et al., 2000; Cooney et al., 2004; Felgines et al.,
2002; Ichiyanagi et al., 2005; Matsumoto et al., 2001; McGhie et
al., 2003; Milbury et al., 2002; Miyazawa et al.,1999; Murkovic et
al., 2001; Tsuda et al., 1999; Wu et al., 2002). This complex array
of information about anthocyanin bioavailability in humans and
animals revealed that the determinants of absorption and excretion
are influenced by the nature of the sugar moiety and the structure
of the anthocyanidin aglycone (Prior and Wu, 2006; Wu et al.,
2005). Anthocyanins exist in the cationic form, but their stability is
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dependent on pH. With the pH change from acid to alkaline during
the digestion and colonic fermentation, the backbone of anthocyanins would change from flavylium to be pseudobase or chalcone
(Aura et al., 2005, Hidalgo et al., 2012). Therefore, pH conditions
may contribute to the difference of absorption, transportation and
metabolism between anthocyanins and other phenolics.
11.2. Tannins
Serrano et al. (2009) have reported the bioavailability of tannins in
a detailed review. Very few studies on bioavailability of polymeric
tannins in humans have been reported and the results are controversial. However, theoretically, polymeric tannins could not penetrate the enterocytes and be absorbed without any decomposition
process. Most studies in humans have been conducted after the
intake of pomegranate juice. It has been reported that ellagitannins
release ellagic acid upon in vivo hydrolysis (Daniel et al., 1991),
and pure ellagic acid has poor bioavailability compared with ellagitannins (Lei et al., 2003). Seeram et al. (2006) demonstrated that
consuming 180 mL of pomegranate juice concentrate was associated with maximum plasma concentration (0.06 µmol/L) of ellagic
acid after 1 h; ellagic acid metabolites, total urolithin A of 0.14
µmol/L and total urolithin B of 0.01 at 6 h. Cerda et al. (2004)
reported that neither punicalagin nor ellagic acid were detected in
plasma or urine following daily intake of 1 L of pomegranate juice
containing 4.37 g punicalagins over 5 days. They detected microbial ellagitannin-derived metabolites, urolithins in fasting plasma
and urine. Urolithins, arise from biotransformation by the intestinal microflora on ellagic acid, which is derived by degradation
of ellagitannin by human microbiota via hydrolysis (Cerda et al.,
2005a). After consumption of other ellagitannin-containing foodstuffs’ namely strawberries, raspberries, walnuts, and oak-aged
wine metabolite excretion (urolithin B) ranged from 2.8 to 16.6%
of the ingested ellagitannins.
The study of Cerda et al. (2005b) showed that metabolite excretion after the consumption of common strawberries, raspberries, walnuts, and oak-aged wine ranged from 2.8 to 16.6% of the
injested ellagitannins. These findings suggest that ellagitannin
metabolism in humans depends on the colonic microflora of each
individual.
11.3. Phenolic acids
Zhao and Moghadasian (2009) have reviewed the in vivo and in vitro investigation on hydroxycinnamates. Caffeic acid, ferulic acid
and as well as the two groups of chlorogenic acids (caffeoylquinic
acids and dicaffeoylquinic acids) were mainly reported in bioavailable studies. Relatively, few bioavailability data have been reported on hydroxybenzoic acids due to their limited distribution in
foods (Shahidi and Naczk, 2003; Fernandez de Simon et al., 1992;
Tomas-Barberan and Clifford, 2000). Most studies have been on
the absorption and metabolism of gallic acid and have shown that
they are well absorbed (Lafay and Gil-Izquierdo, 2008). The compound 4-O-methylgallic acid has been identified as a primary metabolite of gallic acid in human plasma and urine (Mohsen et al.,
2002; Shahrzad and Bitsch, 1998).
As discussed in section 2.2, the major representative of hydroxycinnamic acids in food is caffeic acid. It occurs largely conjugated
with quinic acid, as in chlorogenic acid. In experiments with volunteers who had undergone colonic ablation, chlorogenic acid absorption was also three times lower than that of caffeic acid (Olthof
et al., 2001). A similar observation has been reported by Lafay et

al. (2006) in a rat model. Chlorogenic acid has been identified by
several authors in urine after the ingestion of coffee or pure chlorogenic acid, suggesting its direct absorption in the gut (Cremin
et al., 2001; Gonthier et al., 2003; Ito, et al., 2005; Olthof et al.,
2001, 2003). However, in many studies, chlorogenic acid was not
detected in the plasma or bile (Azuma et al., 2000; Booth et al.,
1957; Bourne and Rice-Evans, 1998; Choudhury et al., 1999; Lafay et al., 2006; Nardini et al., 2002). Furthermore, Farah et al.
(2008) confirmed that caffeoylquinic acids and dicaffeoylquinic
acids, which are major chlorogenic acid compounds in coffee, are
absorbed in the human body, being differentially absorbed and/
or metabolized throughout the whole gastrointestinal tract. Their
study also evidenced that urine is not a major excretion pathway
of intact chlorogenic acids and their metabolites and identified
sinapic, gallic, p-hydroxybenzoic, and dihydrocaffeic acids as major urinary metabolites of chlorogenic acid in humans. In addition,
their study showed that the main chlorogenic acids present in the
green coffee matrix were highly bioavailable in humans.
Ferulic acid, quantified as urinary excretion, shows low to high
bioavailability (0.4–98%) depending on the food source (Anson
et al., 2009; Bourne et al., 2000; Heleno et al., 2015; Karakaya,
2004; Manach, et al., 2005a). For instance, in wheat grain, most of
ferulic acid is bound to arabinoxylans and other indigestible polysaccharides restricting its release in the small intestine (Anson et
al., 2009). Kern et al. (2003) have also shown that only a small proportion (<3%) of ferulic acid and sinapic acid have been recovered
in the urine in relation to the total amount of ingested commercial
high-bran breakfast cereal. The bioavailability of ferulic acid was
somewhat higher from other food matrices such as tomato (11–
25%; Bourne and Rice-Evans, 1998), rye bread, (<28%; Harder
et al., 2004), or beer (19–98%; Bourne et al., 2000). Therefore,
appropriate processing techniques should be identified to increase
free ferulic acid in the cereal matrix in order to improve its bioavailability. However, the exact mechanism for the absorption of
hydroxycinnamic acids is not clear. Konishi et al. (2003, 2004)
showed that hydroxycinnamic acids might be transported across
the intestinal epithelial cells by monocarboxylic acid transporters.
Studies of Poquet et al. (2008), Adam et al. (2002) and Zhao et
al. (2004) and (2008) suggest that a passive diffusion mechanism
may be involved in the absorption of hydroxycinnamic acids. The
metabolism of hydroxycinnamic acids may occur in the liver, intestinal mucosa, kidney, and/or by intestinal microflora (Chesson
et al., 1999; Zhao and Moghadasian 2008). During metabolism,
hydroxycinnamic acids may undergo a number of enzymatic reactions including dehydroxylation, demethylation, dehydrogenation,
hydrogenation, O-methylation, sulphation, glucuronization, GSH
conjugation, and/or glycination (Zhao and Moghadasian 2009). As
for colonic fermentation, the α/β-oxidation usually breaks the C-C
covalent bonds of the side chain of hydroxycinnamic acids, leading to the shortening of the side chains with the formation of a
carboxyl group. Meanwhile, dehydroxylation and decarboxylation
also degrade hydroxycinnamic acids into simpler phenols, which
may contribute a higher absorption of catabolites of hydroxycinnamic acids in the colon (Knockaert et al., 2012; Ludwig et al.,
2013). Conjugation of phenolic acids, the colonic metabolites of
flavonoids, also seems to occur less efficiently, with conjugation
percentages ranging from 13 to 100%, depending on the type of
phenolic acid involved (Olthof et al., 2003).
11.4. Tyrosol/hydroxytyrosol
Olive oil and its production wastes are the major sources of oleuropein, hydroxytyrosol and tyrosol. Several human studies have
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shown that olive oil phenols are bioavailable (Caruso et al., 2001;
Miró-Casas et al., 2001, 2003a, 2003b; Visioli et al., 2000, 2003;
Vissers et al., 2002). In a human ileostomy study, it was shown that
up to 66% of the ingested olive oil phenols were absorbed in the
small intestine (Vissers et al., 2002).
Urinary recoveries as high as 80% of the ingested amounts
of hydroxytyrosol have been reported in humans (Miró-Casas et
al., 2003a, 2003b), with considerably lower excretions of tyrosol
(20−25% of the initial doses) (Miró-Casas et al., 2001). Over 90%
of the urinary metabolites were conjugates (Caruso et al., 2001;
Miró-Casas et al., 2001, 2003a, 2003b; Visioli et al., 2000; Vissers
et al., 2002), mainly glucuronidated metabolites, yet free phenols
and methyl conjugates, with or without glucuronidation, were also
excreted in the human urine. Along with the phase II metabolism,
the phase I also influences the bioavailability of tyrosol. Actually,
tyrosol can be transformed to hydroxytyrosol depending on the
hydroxylation of CYP-450, which is proven to be CYP2A6/CYP2D6. In addition, enthanolin the wine could significantly increase
the bioavailability of tyrosol (Rodríguez-Morató et al., 2016a).
More information about different analytical approaches that have
been developed to measure the plasma and urinary levels of both
hydroxytyrosol and tyrosol and the details of their absorption, distribution, metabolism and excretion processes have been provided
by Rodríguez-Morató et al. (2016b).
11.5. Stilbene (trans-resveratrol)
Oral absorption of trans-resveratrol is high but its bioavailability
is very low because it is rapidly and extensively biotransformed
by first-pass metabolism (Walle et al., 2004; Wenzel and Somoza
2005). Meng et al. (2004) reported that free and conjugated resveratrol were detectable in human plasma after a high-dose administration of the pure compound (0.5–1 mg/kg) to fasting subjects.
However, it was not detectable in human plasma after its ingestion
from grape juice (0.6–1.8 mg of total resveratrol). These results
suggested the lower bioavailability of resveratrol glycosides in
grape juice in comparison with its pure aglycone and/or possible
influence of the matrix sugar content on resveratrol bioavailability.
Walle et al. (2004) demonstrated that the absorption of a dietary
relevant 25 mg oral dose of resveratrol was at least 70% and that
in vivo the molecule was metabolized not only through sulphate
and glucuronic acid conjugation of the phenolic groups but also
through hydrogenation of the aliphatic double bond, probably due
to the intestinal microflora. Vitaglione et al. (2005) showed that
trans-resveratrol in humans can be actually absorbed after moderate wine consumption (300 or 600 ml). In this study, 25 subjects
were involved and it was clearly demonstrated that resveratrol absorption after wine consumption is highly variable. Further, the
same study revealed that trans-resveratrol was found in the serum
of roughly half of the subjects participating in the experiments, in
the free or in the glucuronidated form and in very different concentrations. In the colon, the double bond of C2 structure between two
aromatic rings of stilbene would be hydrogenated. Meanwhile, hydroxylation, dehydroxylation, and various conjugation would also
modify stilbene aglycone into different products. Therefore, much
more derivatives of stilbene were found in actual human pharmacokinetic study (Rotches-Ribalta et al., 2012a).
12. Health benefits of phenolic compounds
As discussed earlier, the by-products of the agri-food industries
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constitute an interesting source of phenolic compounds. Potential
health benefits of many phytochemicals have been demonstrated
by in vitro and in vivo studies and excellent reviews and works
on this topic have been presented and published (Biedrzycka and
Amarowicz, 2008; Boris, 1996; Bravo, 1998; Chandrasekara and
Shahidi, 2011; Dillard and German, 2000; Halliwell 1996; Heinecke 1997; Hertog et al., 1993a,b; Huang et al., 1992; Isanga and
Zhang, 2007; Lakhanpal and Rai, 2007; Lampe, 1999; Nichenametla et al., 2006; Oomah and Mazza, 1999; Shahidi and Chanderasekara, 2013; Shahidi, 1997, 2000 and 2007; Shahidi and Ho
2007; Stintzing and Carle, 2004; Weichselbaum et al., 2010; Yang,
et al., 2008). Furthermore, Fraga et al. (2010) reported the possible mechanisms involved in rendering the health benefits of polyphenols. However, this contribution mainly reviews the studies on
health benefits related to the phenolic constituents extracted from
by-products of agri-food industry.
The health benefits of phenolics are primarily in several areas,
including cancer, atherosclerosis and other cardiovascular disease, the aging process and immune response-enhancing effect,
diabetes, mental health, spasmodic conditions, ulcers, and among
others (Dillard and German, 2000; Shahidi 2007). Oxidation of
low-density lipoprotein (LDL) is a key event leading to the formation of atherosclerotic plaques (de Vries et al., 1998). It is generally reactive oxygen species (ROS) as well as enzymes, such as
lipoxygenase and myeloperoxidase, are involved in the oxidation
of LDL (Heinecke, 1997; Morton et al., 2000). Some studies have
shown support for the role of dietary phenolics against cardiovascular disease due to their antioxidant effects (Hertog et al., 1993a;
Nardini et al., 1995; Renaud and Lorgeril, 1992). Flavonoids have
also been reported to exert positive effects on the cardiovascular
system through modulation of the nitric oxide synthase system
(Fitzpatrick et al., 1998; Park et al., 2000; Visioli et al., 1998).
However, not all epidemiological studies have found a protective
effect of dietary phenolic compounds against heart disease (Rimm
et al., 1996; Hertog et al., 1997).
Phenolic compounds in nuts and their by-products, mainly ellagic acid, resveratrol, and flavonoids provide protection against harmful free radicals and are known to reduce the risk of coronary heart
disease and atherosclerosis. Cashew nut shell phenolics are used in
traditional medicine as anti-inflammatory, antidiarrheal, anti-asthmatic and depurative agents. Previous studies have confirmed their
biological properties, including antibacterial, anti-inflammatory,
antiproliferative, antioxidant and enzymatic inhibitory activities
(de Sousa Leite et al., 2016; de Souza et al., 2018). Chen et al.
(2005) reported on the extracted almond skin flavonoids and demonstrated their antioxidant capacity in vitro. These flavonoids were
found to be bioavailable and acted synergistically with vitamins C
and E to protect low-density lipoprotein (LDL) cholesterol against
oxidation in hamsters and humans. Walnut skin phenolics also have
been shown to inhibit oxidation of low-density lipoprotein (LDL)
cholesterol, a key step in atherogenesis (Anderson et al., 2001).
Phenolic compounds in red wine and wine by-products, particularly the anthocyanins, hydroxycinnamic acids, proanthocyanidins
other flavonoids and stilbenes, are hypothesized to be the beneficial components responsible for inhibiting the oxidation of lowdensity lipoprotein (LDL) and thus, providing protection against
atherosclerosis (Frankel et al., 1993; Tebib et al., 1994; Yamakoshi
et al., 1999).
Resveratrol has been reported to exhibit antioxidant (Soares et
al., 2003; Oh and Shahidi, 2017; Oh and Shahidi, 2018), cardioprotective (Chen and Pace-Asciak, 1996; Wang et al., 2002) and
anti-inflammatory properties (Subbaramaiah, et al., 1998; Martin
et al., 2004). Other studies have shown that resveratrol can inhibit
cellular events associated with carcinogenesis—cancer chemo-
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preventive activity including tumour initiation, promotion and
progression (Jian et al., 1999). In vivo studies have indicated that
resveratrol has anticancer effects against intestinal (Ziegler et al.,
2004), colon (Tessitore, et al., 2000) and skin cancer (Nichenametla et al., 2006). In contrast, other studies reported no anticancer effect and even carcinogenic properties at high dosage levels
of resveratrol (Bove et al., 2002; Sato et al., 2003). Furthermore,
Scalbert and Williamson (2000) noted that the very low concentration of resveratrol in red wine (0.3 to 2.0 mg/L) (Frankel et al.,
1995) makes the attribution of protective effects to this compound
unlikely. In addition to that, it acts as modulator of lipoprotein metabolism (Goldberg et al., 1995; Soleas et al., 1997), inhibitor of
platelet aggregation (Bertelli et al., 1995; Pace-Asciak et al., 1995)
and vaso-relaxing agent (Chen, and Pace-Asciak, 1996; Jager and
Nguyen-Duong, 1999).
Proanthocyanidin-rich extracts from grape seeds display anticataract activity in rats (Yamakoshi et al., 2002). Since oxidative
stress is responsible for cataract formation (Taylor et al., 1995)
the inhibition of cataract progression was suggested to be due
to the antioxidant activity of the grape seed proanthocyanidins
(Yamakoshi et al., 2002). In other studies, grape seed extracts were
found to possess antiulcer properties in rats (Saito et al., 1998).
It was suggested that the antiulcer property was due to the radical scavenging activity of the grape seed proanthocyanidins and
their ability to bind proteins. Studies in animal models show that
procyanidins from grape seeds inhibit chemically induced lipid
peroxidation, DNA fragmentation, and subsequent apoptosis in
a dose-dependent manner (Bagchi et al., 1998). Rats fed with a
diet enhanced with procyanidins had higher plasma antioxidant
activity and their hearts were less susceptible to ischemia/perfusion damage induced by iron and copper ions (Facino et al., 1999).
Quiñones et al. (2013) reported that ingestion of procyanidins had
an antihypertensive effect in spontaneously hypertensive male rats
with a significant decrease in systolic and diastolic blood pressure.
The antihypertensive effect of procyanidins for spontaneously hypertensive rats was dose-dependent up to 375 mg/kg (maximum
decrease 6 h post-administration), although the procyanidins-fed
group did not show any effect on blood pressure of Wistar-Kyoto
rats (Quiñones et al., 2013). Besides, procyanidins could reduce
not only animal weight and plasma lipid but also inflammation
tumor necrosis factor-α (TNF-α) and C-reactive protein (CRP)
(Terra et al., 2011; Caimari et al., 2013). More recently, Shi et al.
(2019) fed high-fat diet to one hundred male C57BL/6 mice with/
without proanthocyanidins extracts for 180 days. It was found
that the proanthocyanidins extracts could significantly decrease
the weight gain, serum levels of triacylglycerols, total cholesterol,
and LDL cholesterol in the high-fat diet group but increased their
HDL cholesterol level. The differential effect of grape seed extract
and its active constituent procyanidin B2 3,3″-di-O-gallate against
prostate cancer stem cells was also investigated by Tyagi (2019).
Human studies also show that diet rich in procyanidins decrease/inhibit lipid peroxidation of LDL cholesterol and increase
free radical scavenging capacity (Natella et al., 2002; Fuhrman et
al., 1995). Procyanidins were reported to selectively inhibit protein kinase C (Takahashi et al., 2000) and intensively promote hair
growth by enhancing proliferation of mouse hair epithelial cells in
vitro and activating hair follicle growth in vivo (Takahashi et al.,
1999). Procyanidins were also found to slow the proliferation and
decrease apoptosis of pancreas β-cells induced by hydrogen peroxide and promote proliferation of normal pancreas β-cells (Zhong,
2003).
Berries peel and pomace are the good source of anthocyanins.
The anthocyanins extracted from bilberry (Vaccinium myrtillus)
juice have been reported to protect the vascular system in vivo by

increasing the permeability of capillary blood vessels (Azar et al.,
1987). Anthocyanins have been shown to have stimulatory effect
on the secretion of tumour necrosis factor-α in macrophages in
vitro (Wang and Mazza, 2002) which are responsible for cytostatic
and cytotoxic activities on malignant cells (Camussi et al., 1991).
Inhibitory effects of apple polyphenols and related compounds on
cariogenicity of streptococci suggest their possible application in
dentifrices (Yanagida et al., 2000).
Dried citrus fruit (Citrus reticulata) peels are widely used as
remedies to alleviate coughs and reduce phlegm in the respiratory
tract in Chinese medicine (Ho and Lin, 2008; Ou, 1999).Citrus flavonoids attract considerable attention, for their significant biological activities, including anti-inflammatory, anticancer, and antiatherogenic activities (Tripoli et al., 2007). The anti-inflammatory
activity of citrus peel extract highly correlated with the content of
nobiletin and tangeretin (Ho and Lin, 2008). A study demonstrated
that onion and potato peels also can serve as a natural source of
anti-inflammatory substances (Albishi et al., 2013b).
Tea phenolic compounds have been reported to exhibit a very
broad spectrum of medicinal activities. Zandi and Gordon (1999)
showed that the extracts from old tea leaves (OTL) have potential
as natural antioxidants. Farhoosh, et al. (2007) proved that black tea
waste extracts had antioxidant activities comparable with or even
better than those of old tea leave extracts. It has been demonstrated
that flavonoids compounds in tea have very strong antioxidant and
free radical scavenging activities, and are much more effective than
vitamins C and E at protecting cells from free radical damage (Vinson et al., 1995; Wiseman et al., 1997). Green tea phenolic components inhibit intestinal uptake of glucose through rabbit intestinal
epithelial cells and thus may contribute to the reduction of blood
glucose levels (Kobayashi et al., 2000). Epigallocatechingallate,
a phenolic component of green tea, has been found to reduce the
incidence of chemically induced tumours in the oesophagus, liver,
lungs, skin and stomach of experimental animals (Huang et al.,
1992; Shahidi and Naczk, 2004). Epigallocatechingallate was also
reported to possess effective antioxidant properties and can provide
protection in vitro against both peroxyl radical and hydroxyl radical-induced oxidation of DNA (Hu and Kitts, 2001). This radical
scavenging activity suggests that phenolic compounds may provide
protection against carcinogens. Yen and Chen (1994) showed that
aqueous extracts of black, green, oolong and pouchong tea inhibit
>90% of the mutagenicity of a selected number of chemicals toward S. typhimurium TA98 and TA100. Numerous papers have
reported effects on coronary heart disease (Au Kono et al., 1996;
Hertog et al., 1993a; Tijburg et al., 1997) and inhibition of carcinogenesis (Dreostic et al., 1997; Jankun et al., 1997; Majima et al.,
1998; Naasani et al., 1998; Stoner and Mukhtar, 1995; Wang et al.,
1991; Wiseman et al., 1997; Yang, 1997) in experimental animals
by tea or tea catechins. These inhibitions were observed at all three
levels of cancer progression, namely initiation, promotion, and
transformation (Mitscher et al., 1997). This raises the possibility
that tea drinking may reduce the incidence of both cancer and heart
disease in humans. Residents of Shizuoka, Japan, where green tea
is produced and consumed, were shown to have lower mortality
rates from stomach, lung and liver cancers than comparable populations in non-green tea consuming area (Oguni et al., 1992). In
addition they prevent teeth from decaying by inhibiting the biological activities of the cariogenic streptococci, Streptococcus mutans
and Streptococcus sobrinus (Cao, 1995; Ishigami, 1991; Sakanaka,
1991, 1995). Various in vitro studies have reported that flavonols
inhibit many pathogenic microorganisms including Vibrio cholerae
(Boris, 1996), Streptococcus mutans (Sakanaka et al., 1992) and
Shigella (Vijaya et al., 1995).
Mammalian lignans are recognized as phytoestrogens due to
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their estrogen moderating activity (Ososki and Kennelly, 2003).
There is evidence that lignans from flaxseed can reduce mammary
tumor size and number in rats (Thompson et al., 1996a, 1996b).
Hibasami et al. (1996) reported that catechin-rich persimmon extract induced programmed cell death (apoptosis) in human lymphoid leukemia cells. Citrus flavonoids, in particular, flavanones
have been shown to display anticarcinogenic and antiallergenic
(Noguchi et al., 1999) activity in vitro. Wang et al. (2005) reported
that lingonberries contained potent free radical scavenging activities for DPPH, peroxyl, hydroxyl and superoxide radicals. Extracts
of the lingonberries also applied to cell cultures induced cancer
cell apoptosis and suppressed cell damage from UV radiation. The
authors suggested that the antioxidant compounds in lingonberry
may make them possible candidates for a role in cancer chemoprevention and treatment.
Caffeic acid is known to selectively block the biosynthesis of
leukotrienes, components involved in immunoregulation diseases,
asthma and allergic reactions (Koshihara et al., 1984). Other studies have suggested that caffeic acid and some of its esters possess
antitumour activity against colon carcinogenesis (Rao et al., 1993;
Olthof et al., 2001). Caffeic acid derivatives have also been shown
to be potent and selective inhibitors of human immunodeficiency
virus type 1 (HIV-1) integrase which catalyzes the integration of
the viral DNA into the host cell. Caffeic and ferulic acid derivatives have also been suggested to be potential protective agents
against photooxidative skin damage (Saija et al., 1999).
Quercetin provides many health promoting benefits, including
improvement of cardiovascular health, eye diseases, allergic disorders, arthritis, reducing risk for cancers and many more chronic
health problems (Lakhanpal and Rai, 2007). Kerry and Abbey (1997)
showed that quercetin can inhibit LDL oxidation in vitro. This action
protects against atherosclerosis. Quercetin has been reported to be a
potent inhibitor of human immunodeficiency virus (HIV)-1 protease
(Xu et al., 2000). This compound has also been shown to decrease
the infectivity of herpes simplex virus type I, poliovirus type I and
parainfluenza virus in vitro (Kaul et al., 1985). Phenolic extracts
from by-products (peel) of onion and potato has been reported to
exhibit a potent in inhibition of LDL cholesterol oxidation, DNA
scission and cyclooxygenase-2 expression (Albishi et al., 2013b).
Numerous studies on the antioxidant activity have shown that
pomegranate juice contains high levels of antioxidants—higher
than most other fruit juices and beverages (Gil et al., 2000; Seeram
et al., 2008). The major contribution to the total antioxidant capacity
of pomegranate juice is attributed to punicalagin originating from
the peels (Gil et al., 2000; Tzulker et al., 2007). Clinical research
studies suggest that pomegranate juice changes the blood parameters such as LDL, HDL, and cholesterol (Aviram and Dornfeld,
2001; Aviram et al., 2000, 2004; Kaplan et al., 2001), slow the rate
of prostate cancer (Pantuck et al., 2006), and may be helpful against
heart disease (Sumner et al., 2005), alzheimer’s disease (Singh et
al., 2008), cancer (Khan et al., 2007; Malik and Mukhtar, 2006;
Seeram et al., 2007) improvement of sperm quality (Türk et al.,
2008) and erectile dysfunction in male patients (Forest et al., 2007).
Pomegranate leaf tannins containing abundant ellagitannins,
mainly ellagic acid (Lan et al. (2009), which had a potent white
fat depot-lowering action in obese mice induced by a high-fat diet,
and also decreased the cellular levels of triglycerides (TG) by a
single orally administered lipid emulsion (Lei et al., 2007). Meng
et al. (2005) observed that ellagic acid has a noticeable activity of
modulating lipid metabolite of high-lipid rat and inhibiting HMG2CoA reductase in vitro.
The protective role of a cashew tree leaf extract against
streptozotocin-induced diabetes in both mice and rat is reported
(Kamtchouing et al., 1998; Swanston-Flatt et al., 1989). The as-
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tringent cashew tree bark is rich in tannins and popularly used for
healing wounds. It’s also indicated for combating hypertension,
in the treatment of gastric disturbances, and for anti-inflammatory
and bactericidal treatment (Alasalvar and Shahidi, 2009).
The mango peel extract shows protective effect on hydrogen
peroxide induced hemolysis, lipid peroxidation, degradation of
membrane proteins and its morphological changes. (Ajila and
Prasada Rao, 2007). Aqueous stem bark extract from selected species of mango, which was used in pharmaceutical formulations
and used as a food supplement in Cuba under the brand name of
Vimang, has been reported to display a potent in vitro and in vivo
antioxidant activity and anti-inflammatory activity, and also used
to prevent age-associated oxidative stress (Garrido et al., 2004;
Pardo-Andreu et al., 2006; Martinez et al., 2000; Rodriguez et al.,
2006; Sanchez et al., 2000).
Hydroxytyrosol in olive mill waste water (OMWW) is considered as natural antioxidants with considerable commercial and
economic interest. It has high added value, due to its antioxidant
and potentially beneficial (to human health) properties. Results
of in vitro research demonstrate that hydroxytyrosol inhibits human LDL oxidation, scavenges free radicals, inhibits platelet aggregation, the production of nitric oxide and prostaglandin E2 for
RAW264.7 mouse macrophages and the production of leucotriene
for human neutrophils, and confers cell protection (Plastina et al.,
2019). It also acts against both gram (+) and gram (−) bacteria. In
addition, phenolic substances are the major contributors to OMWW’s antimicrobial properties (Granados-Principal et al., 2010).
13. Future considerations
The commercial development of natural antioxidants such as polyphenols from by-products of food industry for health promoting
purposes is of major interest. Before final recommendations are
made it is necessary to further confirm the lack of toxicity from
extracts of such by-products and to investigate further bioavailability and dosage. In addition to these considerations, more attention is needed in the following areas to add value the by-products
as nutraceuticals.
Role of individual phenolic compounds;
Optimum processing conditions for by-products and their economic parameters;
Extraction parameters for high and non-toxic recoveries of phenolics;
Mode of action of different phenolic compounds in specific
body organs;
The synergistic action of variety of phenolic antioxidants;
Bioavailability and bioefficacy studies in human.
Further, the bioactive components in ethnic foods and their byproducts have not been studied extensively. Therefore, more work
on these areas would be helpful for the better understanding of
diversified role of phenolic compounds.
14. Conclusions
Agro-industrial by-products serve as valuable sources of phenolic
compounds such as phenolic acids, flavonoids, tannins, lignans,
stilbenes, coumarins, and other nutraceuticals including carotenoids and betalains. Substantial evidence suggests that phenolic
compounds and other nutraceuticals in by-products may provide
one or more health beneficial effects. Phenolic compounds of varying structures possibly act as antioxidants, free radical scavengers,
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anticarcinogens, cadiopreventatives, antimicrobials, antivirals and
may play a significant role in maintaining the health of humans.
Therefore, importance of nutraceuticals and other natural health
products has been well recognized in connection with health promotion and disease risk reduction. Growth in the use of nutraceuticals from by-products is expected to continue.
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Abstract
The total phenolic content of date palm (Phoenix dactylifera L.) seeds (samples 1 and 2) and leaves were determined and for the first time their antioxidant activity in a food system investigated. The anti-inflammatory activity
and potency of samples in the inhibition of radical-induced DNA scission and human low-density lipoprotein (LDL)
cholesterol oxidation was also evaluated. The total soluble phenolic content of the date palm leaves was 106.96
mg gallic acid equivalents (GAE)/g sample and ranged from 68.73 to 82.62 mg GAE/g of date seeds. Extracts
showed good radical scavenging activity in the different in vitro tests conducted in this work and were found to be
effective in inhibiting the oxidation of cooked ground meat. Soluble phenolic extract from date seeds of sample 1
was most effective in inhibiting DNA strand scission by 74.15%, while soluble phenolics from palm leaves showed
the highest inhibition of LDL cholesterol oxidation (87.82%). Both samples significantly inhibited mRNA level of
COX-2 at concentrations as low as 5 µg/mL, with the most potent inhibitory effect being for date palm leaf extracts at 50 µg/mL. 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.
Keywords: Date seeds; Leaves; Antioxidant activity; Phenolic profile; DNA breakdown inhibition; LDL oxidation inhibition.

1. Introduction
Phoenix dactylifera L. (Date palm) belonging to the family Arecaceae is considered as one of the oldest cultivated fruit trees. It
is believed to be indigenous to the countries of the Middle East
since at least 6,000 BC (Copley et al., 2001). Saudi Arabia is one
of the main homelands of the date palm tree, where it is grown on
about 90% of the cultivated land (Shaheen, 1990). The date palm
(Phoenix dactylifera) is dioecious, medium-sized tree with pinnate
leaves carrying about 150 leaflets having spines on the petiole. It
consists of small yellowish flowers attached directly to the spikelets which develop into fruits. The fruits are known as dates. They
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are oval-cylindrical in shape and have single seed and their color
ranges from bright red to bright yellow when unripe, depending on
the variety (Vyawahare et al., 2009).
Date palm fruits serve as an important component of the diet in
most of the arid and semiarid regions of the world (Biglari et al.,
2008). The various parts of the plant are widely used in traditional
medicine for the treatment of a number of disorders, including
memory disturbances, fever, inflammation, paralysis, loss of consciousness, and nervous disorders (Anonymous, 1985; Nadkarni,
1976). Many pharmacological studies conducted on date palm
fruits have shown that they possess antiulcer (Al-Qarawi et al.,
2005), anticancer (Ishurda and John, 2005), anti-diarrhetic (Abdul-
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la and Al-Taher, 2008), hepatoprotective (Mohamed et al., 2008)
antimutagenic (Vayalil, 2002), antihyperlipidemic (Salah and AlMaiman, 2005), anti-inflammatory (Mohamed and Al-Okbi, 2004)
and antioxidant (Allaith, 2005; Javanmardi et al., 2003) activities,
among others. Although the health promoting activities of date
palm fruits are well documented, there is hardly any scientific support for the health promoting activities of the bioactives present
in their by-products, namely the seeds and the leaves, which have
also been used over the centuries for medicinal purposes. This
sparked our interest to investigate the bioactive constituents in
these by-products and their associated health effects.
The potential antioxidant activity of date palm seeds and leaves
was of special interest to us because of the well documented evidence of the role of phenolic compounds as natural scavengers of
free radicals and reactive oxygen species (ROS) that cause oxidative damage to lipids, proteins and nucleic acids. Therefore, preventing the formation of free radicals with their deleterious health
effects is important in disease risk reduction (Shahidi, 2000).
Phenolic compounds have been demonstrated to exhibit positive effects on certain types of cancer (Birt, 2006), coronary heart
disease (Hertog et al., 1995), and various inflammatory disorders
(Andriantsitohaina et al., 1999). While the exact mechanisms of
these effects are unknown, the health promoting activities of compounds involved are often attributed to their phenolic constituents
and ability to act as antioxidants, among others. In this study, the
total phenolic content of date palm seeds and leaves were evaluated along with their antioxidant potential and phenolic profiles
in order to gain insight into their possible application as natural
antioxidants with health promoting effects.
2. Materials and methods
2.1. Materials
Dried, defatted and powdered date seeds (samples 1 and 2) and
leaves were kindly provided by Dr. Abdulrahman S. Al-Khalifa,
King Saud University, Saudi Arabia. The defatted powdered date
seeds were used as such, while the dried palm leaves were ground
in a coffee grinder before extraction of the phenolics. The dried
samples before extraction and after grinding were made to pass
through a 0.5 mm sieve, vacuum packed and stored in a freezer
at −20 °C until analyzed. All experiments described below were
carried out in triplicates and the results were reported as means ±
standard deviation.
Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) was purchased from Acros Organics (Fair Lawn, NJ, USA).
Organic solvents and reagents such as methanol, acetone and sodium carbonate were purchased from Fisher Scientific Co. (Nepean,
ON, Canada). The compounds 2,2′-azobis (2-methylpropionamidine) dihydrochloride (AAPH), 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS), Folin and Ciocalteau’s phenol
reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and all phenolic
standards with purity (≥96%) were obtained from Sigma-Aldrich
Canada Ltd. (Oakville, ON, Canada). Lipopolysaccharides from
Escherichia coli 0111:B4 were acquired from Sigma-Aldrich (St.
Louis, MO, USA). TRIzol reagent was purchased from Invitrogen
(Carlsbad, CA, USA). StrataScript First Strand complementary
DNA Synthesis kit was obtained from Stratagene (Santa Clara,
CA, USA). ABI Prism 7900HT Sequence Detection System and
TaqMan Universal PCR Master Mix for Real-time PCR were
developed by Applied Biosystems (Carlsbad, CA, USA). The
TaqMan Assay-On-Demand Gene Expression Assays was pur-

chased from Applied Biosystems: COX-2 (Mm01307329_m1),
TBP (Mm00446973_m1). All other chemicals were of analytical
reagent grade and used without any further purification.
2.2. Extraction of phenolics
Soluble and insoluble-bound phenolic compounds were extracted
and fractionated as described by Krygier et al. (1982). Powdered
date seed and palm leaves (10 g) 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, the supernatants combined
and desolventized under vacuum at 40 °C and the resulting slurry
which contained soluble phenolics was lyophilized for 72 h at −48
°C and 46 × 10−3 mbar (Freezone 6, model 77530, Labanco Co.,
Kansas City, MO, USA). The freeze-dried portion represented the
soluble phenolics and was stored at −20 °C until used for analysis, within a two months period. The bound phenolic acids in the
residue obtained after separating the supernatant were isolated according to the procedure described by Krygier et al. (1982). The
extracted bound phenolics were dissolved in methanol and stored
at −20 °C until used.
The palm leaves were dechlorophillized by solvent extraction using dichloromethane as described by Alvarez-Parrilla et al.
(2011) before the antioxidant activities of the soluble and bound
phenolics were evaluated. The efficiency of the dechlorphyllization procedure was tested by measuring the reduction of absorbance at 660 nm which is the λmax for chlorophyll and confirmed
using HPLC analysis which showed the removal of chlorophyll
without affecting the phenolic composition of the extract.
2.3. Estimation of total phenolic content
The total phenolic content was determined according to an improved version of the procedure explained by Singleton and Rossi
(1965). Folin Ciocalteu’s phenol reagent (0.50 mL) was added to
test tubes containing 0.5 mL of methanolic extracts. Contents were
mixed thoroughly and 1 mL of sodium carbonate (75 g/L) was
added to each tube. To the mixture, 10 mL of distilled water were
added and vortexed thoroughly. Tubes were then allowed to stand
for 45 min at ambient temperature. Contents were centrifuged for
5 min at 4,000 × g (ICE Centra M5, International Equipment Co.,
Needham Heights, MA, USA). Absorbance of the supernatant was
read at 725 nm. The content of total phenolics in each extract was
determined using a standard curve prepared for gallic acid and the
results were expressed as mg of gallic acid equivalents (mg GAE)
per gram of sample.
2.4. In vitro antioxidant assays
2.4.1. Total antioxidant capacity by trolox equivalent antioxidant
capacity (TEAC)
The TEAC assay is based on scavenging of 2,2′ azinobis-(3-ethylbenzothiazoline-6-sulfonate) radical cation (ABTS.+) and was
determined according to the method described by Van den Berg
et al. (1999) and modified by John and Shahidi (2010). A solution
of ABTS.+ was prepared in 0.1M phosphate buffer saline (PBS;

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

121

Phenolic content, antioxidant and anti-inflammatory activities
pH 7.4, 0.15 M sodium chloride) (PBS) by mixing 2.5 mM AAPH
with 2.0 mM ABTS stock solution at 1:1 (v/v) ratio. The solution
was heated for 12 min at 60 °C, protected from light and stored
at ambient temperature. The radical solution was used within 3
h as the absorbance of the radical itself depletes with time. Date
seed and palm leaf extracts were dissolved in PBS and diluted accordingly to have it fit in the range of values in the standard curve
prepared using different concentrations of trolox. To determine
TEAC values for date seed and palm leaf extracts, 40 µL of samples were mixed with 1.96 mL of ABTS.+ solution. The absorbance
of the above mixture was read at 734 nm after 6 min as the extracts
needed a minimum of 6 min for completion of the reaction. The
decrease in absorption at 734 nm after 6 min of addition of a test
compound was used for calculating TEAC values. Blank measurement of ABTS.+ stock solution was also made. TEAC values were
expressed as millimoles of trolox equivalents (TE) per gram of
sample. TEAC values were determined as follows:
ΔATrolox = Atrolox solution after 6 min − Ablank after 6 min
ΔAextract = Aextract after 6 min − Ablank after 6 min
ΔATrolox = m × [Trolox]
TEACextract = (ΔAextract/m) × d
where, ΔA = reduction of absorbance, A = absorbance at a given
time, m = slope of the standard curve, [Trolox] = concentration of
trolox, d = dilution factor.
2.4.2. DPPH radical scavenging capacity (DRSC) using electron
paramagentic resonance (EPR)
DRSC assay was carried out using the method explained by Madhujith and Shahidi (2006). Two millilitres of 0.18 mM solution of
DPPH in methanol were added to 500 µL of appropriately diluted
soluble and bound phenolics extracts in methanol. Contents were
mixed well, and after 10 min the mixture was passed through the
capillary tubing, which guides the sample through the sample cavity of a Bruker e-scan EPR spectrophotometer (Bruker E-scan,
Bruker Biospin Co., Billercia, MA, USA). The spectrum was recorded on a Bruker E-scan food analyzer (Bruker Biospin Co.).
The parameters were set as follows: 5.02 x 10−2 receiver gain, 1.86
G modulation amplitude, 2.621 s sweep time, 8 scans, 100.000
G sweep width, 3,495.258 G centre field, 5.12 ms time constant,
9.795 GHZ microwave frequency, 86.00 kHZ modulation frequency, 1.86 G modulation amplitude. For quantitative measurements
of radical concentration remaining after reaction with the extracts,
the method of comparative determination based on the corresponding signal intensity of first-order derivative of absorption curve
was used. DRSC of the extracts was calculated using the following
equation:
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adduct was detected using a Bruker E-scan EPR (Bruker Biospin
Co., Billercia, MA, USA). Date palm seed and leaf extracts were
dissolved in deionized water and appropriately diluted. Trolox was
used as a reference antioxidant. Extracts (100 μL) were mixed with
100 μL of 10 mM H2O2, 200 μL of 17.6 mM DMPO, and 100 μL of
0.1 mM FeSO4. After 1 min, the EPR spectrum of the mixture was
recorded at 5.02 × 102 receiver gain, 1.86 G modulation amplitude,
2.621 s sweep time, 8 scans, 100.000 G sweep width, 3,495.258
G centre field, 5.12 ms time constant, 9.795 GHz microwave frequency, 86.00 kHz modulation frequency, and 1.86 G modulation
amplitude. Hydroxyl radical scavenging capacities of the extracts
were calculated and expressed as mmol TE/g sample, using the
following equation.
Hydroxyl radical scavenging capacity (%)100 − (EPR signal
intensity of extracts/EPR signal intensity of control) × 100.
2.4.4. Determination of reducing power
The reducing power of the extracts was determined as described
by Amarowicz et al. (2002). A standard curve for trolox was constructed and results were expressed as mmol of TE/g of sample.
2.4.5. Analysis of oxygen radical absorbance capacity (ORAC)
The ORAC assay was carried out in accordance with the method
detailed by Madhujith and Shahidi (2007) with slight modifications. ORACFL was determined using a Fluostar Optima plate
reader (BMG Labtech, Durham, NC, USA) equipped with an incubator and two injector pumps with fluorecsein as the probe and
AAPH as the radical generator. The reaction was carried out in 75
mM phosphate buffer (pH 7.0) using a 96-well Costar 2650 black
plate (Nepean, ON, Canada). To each well, 20 µL of phenolic extracts were added followed by 200 µL of fluorescein (0.11 µM in
PBS). The mixture was incubated for 15 min at 37 °C in the builtin incubator of the Fluostar Optima plate reader. The microplate
reader was programmed to inject 75 µL of AAPH (17.2 mg/mL
in PBS) into each well, yielding a final well volume of 295 µL.
The plate was shaken for 4 s after each addition at a 4 mm shaking
width. Fluorescence was determined and recorded every minute
for 25 cycles (cycle time, 210 s). Results were calculated using the
differences in the area under the fluorescein decay curve between
the blank and the sample and expressed as mmol TE/g of defatted material. TE was calculated using a standard curve prepared
with trolox. A blank was also run using only phosphate buffer and
fluorescein. Excitation filter for an excitation wavelength of 485
nm and emission filter for an emission wavelength of 520 nm were
used.

DPPH radical scavenging capacity % = 100 − (EPR
signal intensity for the medium containing the additive/
EPR signal intensity for the control medium) × 100.

2.5. Determination of 2-thiobarbituric acid reactive substances
(TBARS) in cooked ground meat system

From the standard curve plotted for the DRSC of trolox, the
scavenging activity of sample extracts was determined and expressed as mmol TE/g date seed or palm leaf.

Shoulder meat used for this test was purchased from a local supermarket and analyzed for its fat content. The fat content of the
ground meat sample was 12.73 ± 0.27%, as determined according to the Bligh and Dyer (1959) method as modified by Shahidi
(2001).
To determine the activity of samples for inhibiting TBARS formation, the method described by Shahidi and Alexander (1998)
was followed with slight modifications. To prepare the meat model
system, 80 g of freshly ground meat (5 days postmortem) were

2.4.3. Hydroxyl radical scavenging capacity using EPR
Hydroxyl radical was generated via Fe (II)-catalyzed Fenton reaction and spin-trapped with DMPO. The resultant DMPOOH
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mixed with 20 mL of deionized water in a Mason jar. Test samples
were added to the meat at a concentration of 200 ppm GAE (gallic
acid equivalents), calculated from the values of the total phenolic
content assay). A positive control was prepared by adding 200 ppm
of butylated hydroxyanisole (BHA) and a control was prepared
without any antioxidant. Meat systems were thoroughly mixed and
cooked in a water bath at 80 °C for 30 min with occasional stirring.
After cooling to room temperature, the samples were homogenized,
transferred into plastic bags and stored at 4 °C until analyzed for
TBARS on days 0, 2, 5, 7, 10, and 14 after preparation. Briefly, 2.0
g of each meat mixture were blended with 5.0 mL of 10% (w/v)
trichloroacetic acid (TCA). Then 5.0 mL of 0.02 M 2-thiobarbituric
acid (TBA) solution were added and the mixture was vortexted for
30 s and then centrifuged at 1,000 g for 10 min. The supernatant
was filtered through a Whatman no. 3 filter paper and heated in
a boiling water bath for 45 min. The solution was cooled to room
temperature and the absorbance was subsequently read at 532 nm.
A standard curve was prepared using 1,1,3,3-tetramethoxypropane
(1–6 μg/mL) as malondialdehyde (MDA) precursor. The TBARS
values were then calculated using the standard curve and expressed
as milligrams MDA equivalents per kg sample.
2.6. Inhibition of peroxyl and hydroxyl radical induced supercoiled DNA strand scission
The inhibition activity of the date seed and palm leaf extracts
against supercoiled DNA strand scission induced by peroxyl
and hydroxyl radicals was evaluated according to the method of
Chandrasekara and Shahidi (2011) with slight modifications. Supercoiled plasmid DNA (pBR 322 from Escherichia coli RRI)
was dissolved at a concentration of 25 μg/mL in 10 mM, pH 7.4
phosphate buffer solution (PBS). In an Eppendorf tube, 4 µL of
supercoiled plasmid DNA solution (50 µg/mL) were added to 2
µL of sample and 4 µL of AAPH (22.5 mM in PBS), in the order
stated for peroxyl radical-induced oxidation. The mixture was centrifuged and incubated at 37 °C for 1 h. Upon completion of incubation, the loading dye (2 µL), consisting of 0.25% bromophenol
blue, 0.25% xylene cyanol and 50% glycerol in distilled water,
was added to the reaction mixture. A control with DNA alone and
a blank devoid of phenolic extracts were also prepared.
The samples were loaded onto a 0.7% (w/v) agarose gel prepared in Tris-acetic acid-EDTA (TAE) buffer (40 mM Tris acetate,
1 mM EDTA, pH 8.5) containing SYBR safe DNA gel stain (5
µL/50 mL of gel). Gel electrophoresis was run at 85 Volt for 75
min at 4 °C using a model B1A horizontal mini gel electrophoresis
system (Owl Separation systems Inc., West Chester, PA, USA) in
TAE buffer. The bands were visualized under UV light using Alpha-ImagerTM gel documentation system (Cell Biosciences, Santa
Clara, CA, USA). The images were analyzed using ChemiImager
4400 software (Cell Biosciences, Santa Clara, CA, USA) to quantify DNA scission. The protective effect of the date seed and palm
leaf extracts was calculated using retention percentage of the supercoiled DNA based on the following equation:
DNA retention, % = (Intensity of supercoiled
DNA with the oxidative radical and extract/intensity of supercoiled DNA in control) × 100%.
2.7. Cupric ion induced human low density lipoprotein (hLDL)
peroxidation
The method of Chandrasekara and Shahidi (2011) was used to

measure the human LDL cholesterol oxidation inhibitory activities
of date seed and palm leaf extracts. Human LDL cholesterol (in
PBS, pH 7.4, with 0.01% EDTA) was dialyzed against 10 mM PBS
(pH 7.4, 0.15 M NaCl) for 12 h under nitrogen at 4 °C, and EDTAfree LDL was subsequently diluted to obtain standard option concentration of 0.1 mg/mL with PBS. The diluted LDL cholesterol
solution (0.8 mL) was mixed with 100 µL of extract (0.125 and 0.5
mg/mL) in an Eppendorf tube. Oxidation of LDL cholesterol was
initiated by adding 0.1 mL of 100 µM CuSO4, solution in distilled
water. The mixture was incubated at 37 °C for 20 h. The initial
absorbance (t = 0) was read at 234 nm immediately after mixing
and conjugated diene (CD) hydroperoxides formed at the end of 20
h were measured. The correct absorbance at 20 h against 0 h was
employed to calculate the percentage inhibition of CD formation
using the following equation:
% inhibition of CD formation = (Absoxidative −
Abssample)/(Absoxidative − Absnative) × 100
where Absoxidative = absorbance of LDL mixture and distilled water
with CuSO4 only, Abssample = absorbance of LDL with extract and
CuSO4, and Absnative = absorbance of LDL with distilled water.
2.8. Inhibition of LPS stimulated COX-2 expression in J774A.1
mouse macrophage cells
2.8.1. Cell and cell culture condition
The J774A1 cells were obtained from American Type Culture Collection (ATCC, Menassas, VA, USA). J774A.1 cells were cultured
in DMEM media with 10% fetal bovine serum and 1% Amphotericin B/Streptomycin/Penicillin at 37 °C and 5% CO2. All experiments for J774A.1 were conducted in the same medium.
2.8.2. mRNA isolation, cDNA synthesis and gene expression analysis
To determine the mRNA expression levels in J774A.1 mouse macrophages, cells were cultured in 6 well plates (Costar, Corning
Incorporated, Corning, NY, USA) overnight. J774A.1 cells were
incubated in DMEM media with 10% fetal bovine serum and 1%
antibiotic/antimycotic. Samples (50, 20 and 5 µg/mL) were used to
treat the macrophages, and media were replaced every 24 h. After
48 h incubation, for the control group, media were replaced, and
for induction group, 10 ng/mL LPS were added into the media for
inducing pro-inflammatory mediators (Huang et al., 2012). After
4 h induction, culture medium was discarded and cells were collected according to the previously published protocol (Trasino et
al., 2009). Briefly, cells were washed with PBS twice and TRIzol
reagent was added for total RNA isolation. StrataScript First Strand
complementary DNA Synthesis kit (Stratagene, Santa Clara, CA,
USA) was used to reverse transcribed complementary DNA. Inhibitory effect of date seed and palm leaf phenolic extracts on COX-2
expression was examined by real-time PCR. Real-time PCR was
performed on ABI Prism 7900HT Sequence Detection System using TaqMan Universal PCR Master Mix. The TaqMan gene expression assay for prostaglandin-endoperoxide synthase 2 (COX-2) was
acquired from Applied Biosystems (Carlsbad, CA, USA) and used
for gene detection. The mRNA amounts were normalized to an internal control, TATA (thymine adenine thymine adenine)-binding
protein (TBP) mRNA. The following amplification parameters
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Table 1. Total phenolic content of date seeds and date palm leaves1

Sample

Crude yield of soluble
phenolics (g/100g sample)

Total phenolics (mg GAE/g sample)
Soluble phenolics

Bound phenolics

0.95a

2.43 ± 0.06d

Date seed 1

15.14

68.73 ±

Date seed 2

13.81

82.62 ± 3.70b

2.50 ± 0.12d

Palm leaves

30.23

106.96 ± 1.76c

0.49 ± 0.01e

1Data

are expressed as means ± SD (n = 3). Means ± SD followed by the same letter within a column are not significantly different (p > 0.05).GAE, gallic acid equivalents.

were used for PCR: 50 °C for 2 min, 95 °C for 10 min, and 46 cycles of amplification at 95 °C for 15 sec and 60 °C for 1 min.
2.9. High performance liquid chromatographic (HPLC) analysis
of phenolic compounds
Free and bound phenolic compounds were identified and quantified using high performance liquid chromatography with photodiode array detection (HPLC-DAD) and electrospray ionization
mass spectrometry (HPLC-ESI-MS/MS) according to the method
of John and Shahidi (2010). Phenolic compounds were analyzed
using an Agilent 1100 Series HPLC system (Agilent Technologies,
Palo Alto, CA, USA) equipped with a quaternary pump (model
G1311A), a degasser (model G1379A), an autosampler (automatic
liquid sampler, ASL, model G1329A) and a diode array detector
(Model G1315B DAD) linked to an HP-ChemStation data handling system. Twenty five microliters of the sample extracts were
automatically injected into a prepacked SupelcosilTM LC-18 column (250 mm × 4.6 mm inner diameter, 5-μm particles, Supelco,
Bellefonte, PA, USA) at room temperature. A gradient profile using two solvents was applied at room temperature (Wijeratne et
al., 2006), with solvent A: 5% aqueous formic acid and solvent B:
acetonitrile/methanol (5:95, v/v) and a flow rate of 0.8 mL/min.
The gradient was as follows: 0 min − 15% B; 7 min − 31% B;
14 min − 47% B; 21 min − 63% B; 25 min − 85% B; 32 min −
95% B. The wavelengths of the diode array detector (DAD) were
set at 280, 325 and 360 nm for monitoring phenolic compounds.
Tentatively identified phenolic compounds were quantified on the
basis of their peak areas and comparison with a calibration curve
obtained with the corresponding standards.
For HPLC-MS analysis, an Agilent 1100 SL LC/MSD ion trap
mass spectrometer (Agilent Technologies, Palo Alto, CA, USA)
was connected to the Agilent 1100 HPLC system via an ESI interface in the negative ion detection mode. The MS revealed the
negative molecular ions; MS-MS broke down the most abundant
one with dependent collision-induced dissociation. The selected
values for spray chamber parameters were as follows: capillary
potential, 3,500 V; gas temperature, 350 °C; drying gas flow, 13 L
min−1; nebulizer pressure, 414 kPa. For full scan MS analysis, the
spectra were recorded in the range of m/z 50–700. Identification of
compounds by HPLC-MS analysis was carried out by comparing
retention times and mass spectra of the unknown peaks to those of
the standards.
2.10. Statistical analysis
Statistical analysis was performed using SigmaStat version 10.0
(Jandel Corp., San Raphael, CA, USA). Results were subjected
to ANOVA, and differences between means were located using
Tukey’s multiple comparison test. Correlations between various
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parameters were also investigated. Significance was determined at
p ≤ 0.05 level. All data were reported as the mean ± SD for three
replications.
3. Results and discussion
3.1. Total phenolic content
The yields of soluble phenolics extract from date seed 1, 2 and
palm leaves were 15.14, 13.81 and 30.23 g/100g sample, respectively (Table 1). The content of total soluble phenolics in these
extracts, expressed as mg gallic acid equivalents (GAE)/g samples,
was in the decreasing order of palm leaves (106.96), date seed 2
(82.62) and date seed 1 (68.73) (Table 1). The total phenolics were
predominantly in the soluble rather than the bound form in all three
samples tested. Although palm leaves had higher soluble phenolics
content, the bound phenolics were 5 times lower than those of the
date seeds. There was also a significant (p ≤ 0.05) difference between the contents of soluble phenolics of the tested samples, but
the difference in the content of bound phenolics between the two
date seed samples was insignificant (p > 0.05).
The literature on the phenolic content and antioxidant activities of date seeds and date palm leaves is scarce, though considerable work has been carried out on date fruit. The total phenolics
in date fruit varied from 2.49 to 8.36 mg of GAE/g FW (Mansouri et al., 2005; Wu et al. 2004a; 2004b), which is much lower
than that in date seeds. The total content of phenolics in date seeds
was 1.02–44.30 mg of GAE/g fresh weight (Al-Farsi et al., 2007).
This is much lower than that in the present study, probably because dried seeds were used in this study. Al-Turki (2008) also
reported that the total phenolics of date seeds ranged from 66.68
(Hilali US) to 14.51 (Amir Hajj US) mg GAE/g dry weight. Messaoudi et al. (2013) studied the total phenolic content of methanol
and ethyl-acetate extracts of seeds from seven Algerian palm date
(Phoenix dactylifera L.) fruit varieties. The total phenolic content
of the methanolic extracts ranged from 27.2 to 38.5 mg of caffeic
acid equivalents (CAE)/100g fresh weight, while the content in
ethyl acetate extracts ranged from 22.8 to 42.6 mg CAE/100g fresh
weight. All the varieties tested contained mainly catechin or
epicatechin derivatives, as well as derivatives ofsinaptic acid,
cinnamic acid, and coumaric acid. Thus, the by-products of dates,
namely the seeds and leaves, had much higher phenolics content
than the fruit which can be exploited as a valuable source of bioactive phenolics.
3.2. Antioxidant activity Assays
The antioxidant activity of the phenolic compounds in date seeds
and palm leaves were assessed using five different antioxidant
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1Data are expressed as means ± SD (n = 3). Means ± SD followed by the same letter within a column are not significantly different (p > 0.05). 2 TEAC, trolox equivalent antioxidant capacity, 3ORAC, oxygen radical absorbance
capacity.

0.024 ± 0.001b 41.59 ± 0.66b 5.48 ± 0.60b
0.0007 ± 0.0001b 8.82 ± 0.48
0.063 ± 0.001b
21.13 ± 0.13b 0.07 ± 0.01b
Palm leaves 76.74 ± 3.81b 0.50 ± 0.01c

22.18 ± 2.21a 2.85 ± 0.20a
0.17 ± 0.003a
6.01 ± 0.01b
0.64 ± 0.01a
Date seed 2 35.75 ± 1.53a 1.76 ± 0.03b

13.54 ± 0.69a

0.071 ± 0.005a,b 0.005 ± 0.0005a

22.47 ± 0.42a 3.12 ± 0.05a
0.17 ± 0.003a
4.26 ± 0.04ac
0.006 ± 0.0005a
0.60 ± 0.08a
Date seed 1 39.26 ± 0.48a 1.84 ± 0.02a

12.94 ± 0.52a

0.076 ± 0.003a

Soluble
phenolics
Bound
phenolics
Soluble
phenolics
Bound
phenolics
Soluble
phenolics
Bound
phenolics
Soluble
phenolics
Bound
phenolics

Sample

Soluble
phenolics

Reducing power (mmol
TE/g sample)
Hydroxyl radical scavenging
activity (mmol TE/g sample)
DPPH radical scavenging activity (mmol TE/g sample)
TEAC2 (mmol TE/g sample)

Table 2. Antioxidant activities of date seeds and date palm leaves1

Bound
phenolics

Phenolic content, antioxidant and anti-inflammatory activities
ORAC3 (mmol TE/g sample)

John et al.

activity assays, namely, TEAC, DPPH and hydroxyl radicals
scavenging activities, reducing power and ORAC assay. As different ROS have different reaction mechanisms, it is necessary to
use multiple assays to compare foods, dietary supplements, and
botanicals for prediction of their antioxidant efficacy (Prior and
Cao, 2000; Prior et al., 2003; Phipps et al., 2007). The remarkable
antioxidant activities of date seeds and palm leaves in these different systems were analyzed and the results are presented in Table
2. Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid), was used as the calibration standard in all tests, and the results are expressed as mmol trolox equivalents (TE)/g sample. The
samples followed a similar trend with respect to their antioxidant
capacities, with the soluble phenolics in palm leaves exhibiting a
higher activity than date seeds. However, the bound phenolics in
palm leaves showed much lower activities than those in date seeds.
However, there was no significant (p > 0.05) difference between
the antioxidant activities of the two date seed samples. A relationship existed between the content of phenolic compounds and antioxidant activity, showing that samples with higher phenolic content are more effective free radical scavengers.
With respect to antioxidant activity of date seeds and palm
leaves, little information is available in the existing literature. AlTurki (2008) reported TEAC values ranging from 0.68 to 0.046
mmole per gram of dry weight in Hilali US and Hayany (US) date
seeds, respectively. Meanwhile, the DPPH values ranged from
0.016 to 0.004 mmole TEAC/g of dry weight in Sukari (SA) and
Khalasa (SA) seeds, respectively. However, no literature values
existed for the other antioxidant activity assays employed here for
date seeds, though they have been conducted for date fruits.
Kriaa et al. (2012) examined the antioxidant capacity and
phenolic content of three varieties of Phoenix dactylifera leaves,
namely Deglet Nour, Medjhoul, and Barhee.All the extracts tested
exhibited antioxidant and radical-scavenging activities at different
levels and potencies. Correlation analysis indicated that there was
a linear relationship between antioxidant potency, free radicalscavenging ability, and the content of phenolics and flavonoids in
the exytracts of Phoenix dactylifera leaves.
It is clear that consumption of date fruits at Tamar stage provides a total antioxidant value equivalent to several common fruits
such as sweet cherry, orange fruit and Brussels sprouts (Blomhoff,
2005). Thus, compared to these fruits, dates are considered as a
good source of antioxidants, mainly due to their phenolics which
are the major contributors to antioxidant activity (Allaith, 2008)
and potential health benefits (Al-Turkri, 2008).
3.3. Inhibition of oxidation in meat model system
Lipid oxidation is a major cause for quality deterioration in muscle
foods that lead to the formation of a number of products which are
responsible for off odour and off flavour development (Kanner et
al., 1991). The TBARS values of antioxidant-treated meat samples
stored at 4 °C over 14 days are shown in Table 3. The extracts and
reference antioxidants (BHA and chlorogenic acid) were added at
200 ppm GAE. The extracts were effective in inhibiting the oxidation of cooked meat in comparison with the control which showed
the highest TBARS values at the end of a 14-day storage period.
The samples arranged in the order of their effectiveness in inhibiting the formation of TBARS, reflecting their phenolic content, is
as follows, BHA > Date seeds 2 > Dechlorophilized Palm leaves >
Palm leaves as such > Date seeds 1 > Control.
Martín-Sánchez et al (2014) studied the effect of date palm
co-products and annatto extract on lipid oxidation and microbial
quality in a pork liver pâté. The spreadable pork liver pâtés were
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Table 3. Effect of different antioxidants (soluble extracts at 200 ppm GAE) on the formation of TBARS in a cooked lean meat model system1

TBARS (mg of MDA equiv/kg pork)

Soluble extracts added to pork

Concentration.
(g/kg pork)
Day 0

Day 2

Day 5

Day 7

Day 10

Day 14

Control

–

3.14 ± 0.14

4.75 ± 0.18

4.89 ± 0.12

4.46 ± 0.10

4.85 ± 0.27

5.71 ± 0.11

BHA

0.20

1.07 ± 0.14

0.95 ± 0.05

0.65 ± 0.05

0.48 ± 0.04

0.68 ± 0.04

0.75 ± 0.02

Palm leaves, dechlorophillized

0.50

0.74 ± 0.01

2.14 ± 0.02

2.40 ± 0.09

2.13 ± 0.03

3.01 ± 0.03

3.50 ± 0.11

Palm leaves, as such

0.50

1.20 ± 0.10

2.58 ± 0.13

2.59 ± 0.06

2.88 ± 0.06

3.67 ± 0.15

4.15 ± 0.22

Date seeds 1

0.46

0.86 ± 0.09

3.13 ± 0.02

3.79 ± 0.17

3.78 ± 0.09

3.37 ± 0.05

4.63 ± 0.10

Date seeds 2

0.30

1.05 ± 0.49

1.78 ± 0.09

2.64 ± 0.07

2.68 ± 0.05

3.52 ± 0.17

3.35 ± 0.16

1Data

are expressed as means ± SD (n = 3). Abbreviations : MDA, malondialdehyde; and BHA, butylated hydroxyanisole.

made using fresh date coproducts (2.5 and 7.5%) as a potential
functional ingredient and an ethanolic annatto extract (128 mg/kg)
as colorant. The effect of these 2 ingredients on lipid oxidation
and microbial quality of the pâtés was assessed during a 21 day
storage. The pâtés containing 7.5% date paste had the highest content of phenolic compounds during storage. The combination of
2.5% date paste and annatto protected pâtés against lipid oxidation
throughout the entire storage period.
3.4. Supercoiled plasmid DNA strand scission inhibition
DNA molecules are easily attacked by free radicals that induce
base modification and strand scission; this leads to mutagenesis
and possibly cancer. Thus, the effectiveness of the extracts to prevent the DNA strand scission is a reflection of their positive effects
against many diseases. Peroxyl radicals used in the present study
are known to exert oxidative damage in biological systems due to
their comparatively long half-life and thus greater affinity to diffuse
into biological fluids in cells (Hu and Kitts, 2001). Soluble extracts
from the dates and palm leaf samples were dissolved in PBS at a
concentration of 0.3 mg/mL before mixing them with DNA. Figure 1 shows the percentage of supercoiled DNA strands retained
after incubation with peroxyl radicals generated by AAPH. Soluble phenolic extract from date seeds 1 was most effective showing
a DNA strand scission inhibition of 74.15%, followed closely by
dates seeds 2 (72.83%); while bound phenolic extract from leaves

was least effective with 3.14% inhibition.
Radicals cleave supercoiled pBR 322 plasmid DNA (form I)
to nicked circular DNA (form II) as shown in Figure 2. Lane 1
represents the native DNA without any additives and lane 2 represents the blank, where the reaction mixture does not contain any
antioxidant. The presence of a high intensity form II band and the
disappearance of form I band in lane 2 indicate that the DNA was
completely nicked. The date seed and palm leaf extracts which
were added in the remaining wells showed good strand scission
inhibiting activity as is clearly displayed by the greater intensity of
form I band or the supercoiled plasmid DNA.
The DNA scission inhibitory effects of the date and palm leaf
extracts, as observed in the present study, may be due to their ability to scavenge peroxyl radicals as shown in ORAC and TEAC
assays (Table 2).
3.5. Inhibition of cupric ion-induced human LDL cholesterol peroxidation
Oxidation of polyunsaturated lipid components of LDL cholesterol
by ROS plays a key role in the pathogenesis of atherosclerosis (Esterbauer, 1993). Furthermore, transition metal ions may promote
oxidative modification of LDL cholesterol through hydroperoxides
(Decker et al., 2001). According to Decker et al. (2001), both free
radical scavenging and copper chelating activity of antioxidants
are responsible for inhibition of LDL cholesterol oxidation.

Figure 1. Inhibition percentage of supercoiled pBR 322 plasmid DNA scission in peroxyl radical-mediated systems with extracts from date seeds and palm
leaf.
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Figure 2. Effect of addition of palm leaf and date seed phenolic extracts in peroxyl radical treated DNA system. Lane 1: Control (DNA only); Lane 2: Blank
(DNA and AAPH); Lane 3: soluble palm leaf extract ; Lane 4: bound palm leaf extract (Run A); and Lane 5: Soluble date seeds 1 extract; Lane 6: Bound date
seeds 1 extract; Lane 7: Soluble date seeds 2 extract; Lane 8 (Run B): Bound date seeds 2 extract; S, supercoiled plasmid DNA strands; N, nicked DNA strands.

The antioxidant activity of date seed and palm leaf soluble phenolic extracts was determined by measuring the concentration of
conjugated dienes formed during copper-catalyzed human LDL
cholesterol oxidation in vitro, and the results were expressed as
percentage inhibition of oxidation based on the CD value after 20 h
incubation (Table 4). The soluble phenolics of palm leaves showed
the highest inhibition of 87.82%, followed by soluble extract of
date seed 2 (74.22%), and subsequently the soluble phenolics of
date seed 1 (58.84%). The mechanism by which phenolics in date
seed and palm leaf extracts inhibit LDL cholesterol oxidation may
be a combined effect of chelation of cupric ions (which catalyzes
the oxidation) as well as scavenging of peroxyl radicals formed
(Decker et al., 2001)

macrophage J774A.1 cells. Date seed 1 extracts were not included
in this test due to their lower activity in previous antioxidant tests
performed here. Before the anti-inflammatory assay, cytotoxicity
of samples was examined; 50 µg/mL of date seed 2 and palm leaf
extracts showed inhibitory effect on macrophage growth, while
lower concentrations (20 and 5 µg/mL) did not show any growth
inhibitory effect. Samples (50, 20 and 5 µg/mL) were used to treat
the macrophages for 48 h prior to LPS induction. The cells were
then incubated with 10 ng/mL LPS for 4 h to induce inflammatory
effect. Inhibitory effect of samples on COX-2 expression was examined using real-time PCR.

3.6. Inhibition of LPS stimulated COX-2 expression in J774A.1
mouse macrophage cells
The mRNA expression of the inflammatory mediator, cyclooxygenase-2 (COX-2) was monitored in order to test the involvement
of transcriptional events during their biosynthesis. Date seed 2 and
palm leaf extracts were tested for their inhibitory effect on lipoploysaccharide (LPS)-stimulated expression of COX-2 in mouse
Table 4. Inhibition of LDL cholesterol oxidation in the presence of date
palm leaves and date seed soluble phenolic extracts1

Sample soluble phenolic extract

Inhibition (%)

Palm leaves

87.82 ± 3.50a

Date seed 1

58.84 ± 1.11b

Date seed 2

74.22 ± 5.02c

1Data are expressed as the mean ± SD (n = 3). Values with different letters in the same
column are significantly different (p < 0.05).

Figure 3. Inhibitory effect of date seed and palm leaf extracts on LPS stimulated COX-2 expression in J774A.1 mouse macrophage cells. Cells were
pretreated with samples for 48 h prior to LPS induction, after 4 h of induction, RNA was isolated and COX-2 expression was examined. Negative control indicate COX-2 expression level without LPS stimulation and positive
control was measured after 10 ng/mL LPS stimulation for 4 h.
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Table 5. Major phenolic compounds in date palm seeds and leaves identified using HPLC/ESI-MS/MS

No.

Phenolic compound

Retention time (min)

[M-H]–

Fragments

Extracts in which detected1

1

Caffeoyl hexoside

4.0

342

179

Date seedS

2

Methyl gallate

4.1

183

169

Date palm leafS

3

Protocatechuic acid

7.1

153

109

Date palm leafB

4

Catechin

8.4

289

245, 125

Date seedB

5

p-Hydroxybenzoic acid

9.6

137

93

Date palm leafB

6

Proanthocyanidin dimer isomers

8.7, 9.1, 11.4

577

425, 405, 289

Date palm leafS, date seedS

7

Epicatechin

11.9

289

245, 125

Date palm leafS, date seedS

8

5-O-caffeoylshikimic acid isomers

12.1, 13.0

335

–

Date seedS

9

p-Coumaric acid

14.4

163

119

Date seedB, Date palm leafB

10

Apigenin di-C-hexoside

13.2

593

325, 427

Date palm leafS

11

Ferulic acid

15.3

193

178, 150

Date palm leafB

12

Quercetin-3-heteroside

18.0

463

301

Date palm leafS

13

Rutin

18.6

609

301

Date palm leafS,B

14

Isorhamnetin hexoside

20.9

477

462, 315

Date palm leafS,B

15

Isorhamnetin-3-rhamnoglucoside

21.2

623

315, 300

Date palm leafS

16

Hydrocaffeic acid

27.2

181

–

Date seedS

17

Isorhamnetin

31.5

315

271, 254, 151

Date seedS,B

1S,

soluble phenolic extracts and B, bound phenolic extract.

In Figure 3, negative control indicate COX-2 expression level
without LPS stimulation and positive control was measured after 10
ng/mL LPS stimulation for 4 h. It is clear that macrophages treated
with LPS alone had the highest levels of COX-2 mRNA, which
were lowered by the addition of date seed or palm leaf extracts. Both
samples significantly inhibited mRNA level of COX-2 at concentrations as low as 5 µg/mL (Figure 3) and a concentration dependent
inhibitory effect was observed, with the most potent inhibitory effect
being for date palm leaf extracts at 50 µg/mL. The level of COX-2
mRNA was reduced by 35.3 and 42.4% in date seed 2 and palm leaf
extract (50 µg/mL) treated macrophages, respectively.
Cyclooxygenase-2 (COX-2)-catalysed synthesis of prostaglandin E2 plays a key role in inflammation and its associated diseases
such as cancer and cardiovascular disease (Zhong et al., 2012;
Shahidi and Zhong, 2009; O’Leary et al., 2004). There are numerous reports demonstrating that flavonoids inhibit COX-2 activity
(Liang et al., 2001; Raso et al., 2001). However, transcriptional
regulation of COX-2 can also be important. The effect of date seed
and palm leaf extracts on COX-2 mRNA expression suggests the
involvement of a pretranslational or transcriptional mechanism in
the inhibition of COX-2 protein production. The polyphenols in the
extracts may be the main inhibitors of COX-2 activity. Compared
to steroidal and non-steroidal chemical drugs for treating inflammation, naturally derived substances are readily available at lower
costs with limited side effects and intolerance (Zhong et al., 2012)
and it is clear from the above data that date seeds or palm leaves
can serve as a natural source of anti-inflammatory substances.
3.7. High performance liquid chromatographic (HPLC) analysis
of phenolic compounds
The phenolic compounds in date palm seed and leaf extracts were
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identified on the basis of their retention times, absorbance spectra,
and ESI-MS fragmentation pattern which were compared to previously published data (Table 5) (Al-Farsi et al., 2005; Mansouri et
al., 2005; Ziouti et al., 1996).
Proanthocyanidin dimer and epicatechin were the common
phenolic compounds present in both the date seed and palm leaf
soluble phenolic extracts. In HPLC-ESI-MS, the mass spectrum
of compound 6 at m/z 577 gave fragment ions at m/z 425, 405
and 289. In addition, the UV spectrum of compound 6 is similar
to that of (+)catechin/(−)epicatechin. Therefore, compound 6 was
identified to be a proanthocyanidin dimer. Proanthocyanidin dimer
isomers with retention times of 8.7, 9.1 and 11.4 min were detected
at m/z 577 and showed similar fragmentation patterns.
Methyl gallate, apigenin di-C-hexoside, quercetin-3-heteroside,
rutin, isorhamnetin hexoside and isorhamnetin-3-rhamnoglucoside
were detected only in the soluble phenolic extracts of date palm
leaf; while caffeoyl hexoside, 5-O-caffeoylshikimic acid isomers,
hydrocaffeic acid and isorhamnetin were present only in the soluble phenolic extracts of date seeds. Alkali hydrolysis of the bound
phenolics released certain simple phenolic acids that were not
detected in the soluble extracts, Protocatechuic acid, p-hydroxybenzoic acid, p-coumaric acid, ferulic acid, rutin and isorhamnetin
hexoside were present in the bound form in date palm leaf; while
catechin, p-coumaric acid and isorhamnetin as bound phenolics in
the date seed.
Khallouki et al. (2018) determined the phytochemical composition of mature Moroccan Medjool dates (Phoenix dactylifera).
The amount of total phenolic compounds, determined by analytical
high performance liquid chromatography (HPLC) in combined 2%
aqueous acetic acid and methanol extracts was 61.3 mg/100g wet
weight. The major components were chelidonic acid at 29.44 mg/
kg and di-caffeoyl shikimic acid isomers at 9.49 mg/kg wet weight,
respectively.
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. There is very scanty information in literature with respect to
the phenolic profile of date palm seeds and leaves. Ziouti et al.
(1996) investigated the phenolic compounds in the leaves and
detected catechin, epicatechin, rutin, quercetin-3-galactoside,
isorhamnetin-3-rhamnoglucoside, isorhamnetin heteroside and
isorhamnetin-3-galactoside. All these compounds were also found
in the present study along with others, as listed in Table 5. Flavonoids were found to be the main phenolic compounds in the leaves.
They were chiefly flavonol heterosides. These two aglycons
(quercetin and isorhamnetin) were previously detected by acid
hydrolysis in the leaves of some date palm cultivars (Ouafi et al.,
1988). Flavan-3-ols were also part of the phenolic composition of
the leaves, the main ones being (+)-catechin and (−)-epicatechin.
More complex forms of flavans (proanthocyanidins), as detected
in the present study, were also reported by Ouafi et al. (1988).
Phenolic profiles of date seeds have not previously been reported
though there are several reports on the HPLC phenolic profile of
date fruits (Al-Farsi et al., 2005; Mansouri et al., 2005; Hong et al.,
2006). Caffeoylshikimic acids, which have been characterized in
date fruits (Maier and Metzler, 1965), were also detected in date
seeds. These are of interest for their potential fungitoxic activity.
Caffeic acid derivatives are known to be toxic to microorganisms
and could be involved in plant defense mechanisms (Ziouti et al.,
1996). Gas chromatography coupled with mass spectrometry (GCMS) analysis of date palm (Phoenix dactylifera L.) revealed that
p-hydroxybenzoic acid was the major phenolic compound of cell
wall-bound phenolics (Boucenna-Mouzali et al., 2018)
The results presented here suggest that date by-products, in particular seeds and leaves, serve as a good source of phenolics with
antioxidant activity that could potentially be considered as inexpensive sources of natural antioxidants that could be used in food
and non-food applications.
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Abstract
Choline-rich foods in the diet are metabolized by intestinal microflora to trimethylamine (TMA). TMA is subsequently oxidized in the liver by hepatic flavin monooxygenases (FMO), yielding trimethylamine oxide (TMAO) in
vivo. TMAO has been reported to cause blood vessel inflammation and induce vascular diseases and atherosclerosis. To investigate the preventive effect of nobiletin on choline chloride—induced vascular oxidative stress and
inflammation, the choline chloride-treated rats were intragastric administrated of nobiletin. The serum content
of IL-1β, MCP-1, IL-6 and TNF-α were analyzed by Enzyme-Linked Immunosorbent Assay (ELISA), and the contents
of glutathione (GSH), malondialdehyde (MDA), nitric oxide (NO) and superoxide dismutase (SOD) were measured.
The results revealed that nobiletin decreased the oxidative stress of the aorta and serum inflammatory cytokines
level of the experimental rats to reduce the level of vascular inflammation.
Keywords: Choline chloride; TMAO; Nobiletin; Oxidative stress; Vascular inflammation.

1. Introduction
The association of L-carnitine in high-fat dairy products and egg
yolks with high incidence of vascular diseases including atherosclerosis has been convincingly demonstrated in an investigation from
over twenty-five hundred people (Koeth, et al., 2013). L-Carnitine
is metabolized by intestinal microbiota to release trimethylamine
(TMA), which is then absorbed by the gut into portal circulation
and rapidly oxidized by hepatic flavin monooxygenases (FMO) in
the liver to form trimethylamine oxide (TMAO) and subsequently
released to the blood system. TMAO in blood induces oxidative
stress and vascular inflammation, attacks vascular cells and causes vascular diseases such as atherosclerosis (He and Chen, 2018;
Koeth et al., 2013; Micha et al., 2010). A citrus peel phytochemical, nobiletin (5,6,7,8,3′,4′-hexamethoxyflavone, Nob), was identi-

fied as an inhibitor of both nitic oxide (NO) and superoxide (O2−)
generation in inflammation-associated tumorigenesis (Murakami et
al., 2000). It has been found that nobiletin regulates intracellular
reactive oxygen species (ROS) generation (Choi et al., 2007), to
alternate NF-κB signaling pathway and decreases the inflammatory
markers of COX-2 and iNOS (Xiong et al., 2015). In this study we
aimed to investigate whether nobiletin can inhibit TMAO-induced
vascular oxidative stress via an anti-inflammation mechanism.
2. Materials and methods
2.1. Animal experiments
Forty of Sprague-Dawley (SD) rats, aged 4–6 weeks were pur-
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chased from the Hubei Research Center of Laboratory Animals
[Hubei province, China; certification NO. SCXK (E) 2015–0018].
The rats were housed in a room with its temperature maintained at
25 ± 1 °C with 50% relative humidity and 12 h of light/dark cycle
and were with free access to water and normal commercial laboratory rodent diet 5001. All animal experiments were performed in
accordance with the Guidelines for the Care and Use of Laboratory Animals, Ministry of Science and Technology, China. Forty
SD rats were randomly divided into five groups (8 rats/group,
half male and half female): normal group (NOR), choline chloride-treated group (CON), 100, 200 or 400 mg/kg bw of nobiletin
(98% purity, purchased from Nanjing Spring & Autumn Biological
Engineering Co., Ltd. (Nanjing, Jiangsu, China) according to the
method described [6]) treated group (LCN, MCN, HCN). Except
the rats of NOR group, all rats in other groups received drinking
water with a mass concentration of 3% choline chloride (Cat#: 6748-1, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) in
the entire experimental cycle. All treatments lasted for four weeks
after a week of adaptive feeding. Twentyfour hours after the final
dose administration, all rats were euthanized by CO2 asphyxiation
and laparotomy was performed. Proximal aorta and blood samples
were collected from each animal.
2.2. Histopathological analyses
The proximal aorta samples were fixed in 10% (v/v) neutral formalin for 24 h, and paraffin sections were made according to the routine method. To observe the pathological symptoms of the tissue,
Hematoxylin and eosin (H&E) staining was carried out according
to standard protocols. The aortic tissue was sliced and fixed with
10% formalin, and then stained with oil red O staining. Subsequently, the slices were observed at 200× magnification under a
BH2 optical microscope (Olympus, Hino, Tokyo, Japan).
2.3. Determination of serum inflammatory cytokines of IL-1β,
MCP-1, IL-6 and TNF-α
All the experimental rats were euthanized after four weeks consecutive treatment. Blood was collected from three randomly selected rats of each group, and the serum was obtained after centrifugated at 1,500 rpm for 10 min. The serum pro-inflammatory
cytokines, (Interleukin-1β (IL-1β, abcam, # ab100768), monocyte
chemotactic protein-1 (MCP-1, abcam, # ab100778), IL-6 (abcam, # ab100772), and tumor necrosis factor (TNF)-α (abcam, #
ab100785) levels were determined using Enzyme-Linked Immunosorbent Assay (ELISA) according to the manufacturer’s instructions. The optical density value at a wavelength of 450 nm of each
well was read immediately using a microtiter plate reader (LabSystems Multiskan MS, Thermo Fisher Scientific Inc., Waltham,
MA, USA).
2.4. Determination of serum GSH-ST, MDA, NO and SOD levels
Blood samples obtained from rats were naturally coagulated for
20 min after collection then centrifuged at 112 × g for 10 min. The
supernatant was collected and stored at −20 °C. Serum GSH-ST
(A004), MDA (A003), NO (A012) and SOD (A001) levels were
determined using GSH-ST, MDA, NO or SOD detection kit (purchased from Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the manufacturer’s instructions. Absorbance
was measured on a MK3 Microplate reader (Thermo Fisher Scien-
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tific Inc., Waltham, MA, USA).
2.5. Statistical analysis
Statistical evaluate was performed by running the one-way analysis of variance (ANOVA) or one-way Student’s t test and Duncan’s
Multiple Range Test. Data were presented as the means ± SD for
the indicated number (≥3 replicates) of independently performed
experiments. A probability value of p < 0.01 was considered statistically significant.
3. Results
3.1. Histological assessment
It was observed from histological analyses (Figure 1) that choline
chloride treated mice suffered from intimal thickening, slight endothelial tissue shedding and local elevating in the aortic intima
close to the cardiac. Proliferation of elastic fibers in the tunica
media of the aorta was also observed. Vacuolar degeneration was
also found in the intima and tunica media, which demonstrates that
choline chloride induced a cardiovascular inflammation. The results of oil red O staining (Figure 2) showed that the vessels in the
outer and middle layers were stained red in the choline chloridetreated rats’ aorta. After co-treatment with nobiletin, the aorta lipids accumulation was significantly reduced, and the inhibition of
nobiletin was obvious with dose increase. The histological phenotypes indicated above are consistent with the reported findings, i.e.
generated from choline (Seldin et al., 2016; Tang and Hazen, 2014)
L-carnitine (Koeth et al., 2013), or phosphatidylcholine (Tang et
al., 2013) among others, TMAO induces vascular inflammation
(Seldin et al., 2016). Treatment with nobiletin showed that aortic
intimal thickening was greatly reduced, the aortic smooth muscle
cells arranged evenly, and smooth muscle cell hyperplasia was not
observed. Hence, conclusion can be drawn that nobiletin efficiently
prevents cardiovascular inflammation induced by choline chloride.
3.2. Nobiletin regulating the expression of serum IL-1β, MCP-1,
IL-6 and TNF-α
The serum concentration of IL-1β, MCP-1, IL-6 and TNF-α was
measured (Figure 3). The expression levels of IL-1β, MCP-1, IL-6
and TNF-α were low in the NOR group, whereas choline treatment
(CON group) led to a remarkable up-regulation of the above mentioned four cytokines in the serum. In the meantime, the contents
of IL-1β, MCP-1, IL-6 and TNF-α in the serum of the HCN treated
group were down-regulated to 38.8%, 62.8%, 43.1% and 38.4%,
respectively, compared with the CON group, demonstrating that
nobiletin inhibited choline chloride (TMAO) induced inflammation.
3.3. Effect of nobiletin on serum GSH-ST, MDA, NO and SOD
To address the oxidative status in choline-exposed mice without or
with nobiletin co-treatment, serum levels of GSH-ST, MDA, NO,
SOD were examined (Figure 4). The results of this work indicates
that choline alone (CON group) markedly enhanced MDA content,
inducing a 4.5-fold increase comparing with the NOR group, while
dramatically reducing SOD activity to only 34.7% of NOR group.
However, the changes stimulated by choline chloride were dra-
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Figure 1. H&E staining results of cardiovascular tissue in rats of different treatment groups. (At the end of the experiment, the proximal aorta samples from
five randomly selected rats in each group were harvested, then H&E staining was performed. The scale bar represents 200 μm)

matically mitigated after nobiletin treatment. It is noteworthy that
the elevated MDA levels and decreased SOD activity after choline chloride stimulation revealed that excessive oxidation had occurred in choline chloride induced rat model of cardiovascular inflammation. The findings that nobiletin repressed choline-induced
inflammatory response indicates the strong antioxidant capability
of nobiletin, in agreement with the results from the antioxidant activity in a yeast model (Wang et al., 2018).
4. Discussion
Mounting evidence has shown that western high-fat diets rich in

phosphatidylcholine, choline, L-carnitine and other TMA-containing nutrients are closely associated with the development of
cardiovascular diseases (CVD), such as atherosclerosis (Brown
and Hazen, 2018). Recent advances in the research of microbiota
function on TMA-generating foods, such as choline chloride, suggested that the TMAO molecule after FMO oxidation of TMA
specifically and rapidly activates endothelial cell-specific signaling events resulting in vascular disease pathogenesis. Additionally,
TMAO-enhanced risk of vascular damage is closely associated
with the overproduction of both ROS and inflammatory cytokines
(Violi et al., 2017). Hence, it can be rationalized based on these
findings that targeting the inhibition of TMAO generation in the
microbial stage may provide an efficient novel strategy in delay-

Figure 2. Oil red O staining results of cardiovascular tissue in rats of different treatment groups. (At the end of the experiment, the proximal aorta samples
from five randomly selected rats in each group were harvested, then oil red O staining was performed. The scale bar represents 200 μm)
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Figure 3. Effect of nobiletin on serum pro-inflammatory cytokines level
in choline chloride-treated SD rats. The average content of serum proinflammatory cytokines of each group is expressed as the mean ± SD (n
= 3 per group). Values not sharing the same superscript letters (a–e) of
the same indexs are significantly different between the groups. p < 0.01.

ing, preventing, even curing vascular diseases by reducing oxidative stress and inhibiting inflammation.
In cardiovascular disease (CVD) prevention, vegetables and
fruits are excellent sources of heart-healthy diet due to their rich
content of phytochemicals and dietary fiber. A myriad of epidemiological data suggests that intake of dietary phytochemicals, such
as polyphenols, have health promoting benefits in reducing vascular diseases through attenuating oxidative stress and inflammation (Otto, 2016). As a dietary medicinal food in China for many
centuries, tangerine peel is rich in polyhydroxyflavonoids such as
hesperidin, and polymethoxyflavones, such as nobiletin and tangeretin. The mechanism of anti-inflammatory effects of polymethoxyflavones was to inhibit NF-κB and ROS production, which are
the major pathogenic causes of vascular diseases (Mulvihill et al,
2011). Nobiletin was found to effectively prevent atherosclerosis
induced by low density lipoproteins at the level of vascular walls
by targeting macrophage foam-cell formation and reducing plasma
cholesterol concentrations, as well as by inhibiting the oxidation
of low density lipoproteins (Mulvihill et al, 2011). In this study,
in vivo experiments indicated the preventive effect of nobiletin on
choline (TMAO) stimulated cardiovascular inflammation. Furthermore, we identified that the inhibition of ROS-mediated oxidative
stress underlie the preventative effect of nobiletin on vascular endothelial cells. Excess ROS plays a key role in the inflammatory
pathogenesis. The cellular constitutes including proteins, lipids,
and DNA will be oxidized upon cells receiving oxidative stimuli
(Manish et al, 2014; Meng et al., 2017). Vascular endothelium usually acts as barrier blocking macromolecules and inflammatory
cells from the blood to tissue. The oxidative stress leads to the
migration of inflammatory cells through the endothelial barrier
and generates carotid artery atheromatous plaque. Previous studies
have shown that pro-atherogenic stimuli induce the generation of
oxidative stress in vascular endothelial cells and result in intimalmedial thickening and arteriosclerotic progression (Li and Förstermann, 2013). Nobiletin regulated the oxidative markers such
as GSH-ST, MDA, NO and SOD, which were altered by TMAO
stimulation.
In summary, the results of this study showed that nobiletin
reduced the damage of TMAO to the vascular by decreasing the
level of ROS-mediated oxidative stress, and inhibiting inflammation.
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Figure 4. Effects of nobiletin on the content of liver function and oxidative metabolites in vivo. Serum levels of GSH-ST (U/L), MDA (nmol/mL),
NO (nmol/mL) and SOD (U/mL). The average content of data in each group
is expressed as the mean ± SD (A: n = 8 per group). The significant difference among each group was analyzed by one-way ANOVA and Duncan’s
multiple range tests. Different letters of a–e represent significant differences of the same indexes when p < 0.01.
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Abstract
Oxidative stress plays an important role in Alzheimer’s disease. To arrest oxidative stress, this contribution first
identified and quantified phenolic bioactives present in the pulp and peel of pomegranate using high-performance
liquid chromatography. Punicalagin β rendered the greatest antiradical activity as evaluated by on-line HPLC-ABTS
method, which was followed by punicalagin α, gallic acid, and epicatechin. Furthermore, the scavenging activity
against peroxyl and DPPH radicals, as well as the reducing power were investigated. Extracts obtained from the
peel showed much higher phenolic contents and antioxidant properties than that of the pulp, hence being selected
as potential inhibitor of acetylcholinesterase, a key enzyme involved in the progress of Alzheimer’s disease. Phenolics from pomegranate peel showed inhibition of acetylcholinesterase, which was dependent on the phenolic
concentration. Therefore, pomegranate peel may be considered by the industry as a functional food ingredient and
possibly for manufacturing of nutraceuticals.
Keywords: Punica granatum L.; Phenolic profile; Antiradical activity; Reducing power; Acetylcholinesterase.

1. Introduction
Pomegranate (Punica granatum L.) and its processing by-products are rich sources of phenolic antioxidants (Ambigaipalan et
al, 2016, 2017; Yang et al., 2016). In recent years, the interest in
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this fruit has increased due to scientific evidence supporting its
numerous benefits to human health (Akhtar et al., 2015). In fact,
pomegranate bioactives have been reported to potentially prevent
and/or reduce the risk of development of atherosclerosis, Alzheimer’s disease, and certain types of cancer (Al-Jarallah et al., 2013;
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Ambigaipalan et al., 2016, 2017; Morzelle et al., 2016).
Oxidative stress induced by excess free radicals plays a critical
role in LDL-cholesterol oxidation and DNA damage, which are
well accepted biomarkers for potential development of cardiovascular diseases and cancer (Amarowicz and Pegg, 2017; Khanna
and Jackson, 2001). Furthermore, Alzheimer’s disease progression
has also been reported to be enhanced by oxidative stress (Pohanka, 2014). Therefore, the role of oxidative stress in severe diseases
is clear and requires attention.
Acetylcholinesterase (AChE) and butyrylcholinesterase
(BChE) are the key enzymes during the progress of Alzheimer’s
disease. Cholinesterase inhibitors have shown consistent efficacy
towards mild, moderate and severe types of Alzheimer’s disease.
However, treatment with blockers of the acetylcholine-degrading
enzyme acetylcholinesterase are obviously prone to many sideeffects (Maelicke and Albuquerque, 2000). Galantamine, an anticholinesterase drug, is originated from a plant material. Therefore,
increasing the options of natural compounds bearing acetylcholinesterase could be helpful.
Beta-amyloid protein, a pro-inflammatory agent, is among the
main pathologic features of Alzheimer’s disease. Patients under nonsteroidal anti-inflammatory drug treatment have been reported to
show a lower risk of development of Alzheimer’s disease than those
who were not under medication (Tuppo and Arias, 2005). Several
plant food phenolics have been shown to exhibit anti-inflammatory
effects (Melo et al., 2015; Zhang and Tsao, 2016). Therefore, the
anti-inflammatory effect of phenolic compounds may be helpful in
the management and/or prevention of Alzheimer’s disease.
Although the neuroprotective effects of pomegranate peel extract after chronic infusion with amyloid-β peptide in mice has been
demonstrated, it was not possible to state if the protective effect
was only due to acetylcholinesterase inhibition or a combination
of it with the anti-inflammatory effects of the phenolics present
in the test sample (Morzelle et al., 2016). Furthermore, phenolics
may modulate gene expression (Shahidi and de Camargo, 2016).
Therefore, it is unclear if the results could be attributed to inhibition
of acetylcholinesterase activity or inhibition of neuronal acetylcholinesterase gene expression. Hence, to shed further light in the potential bioactivity of phenolics from pomegranate peel, the inhibitory effect of phenolic extracts was evaluated towards commercial
acetylcholinesterase in vitro. The antioxidant potential was also
evaluated due to its pivotal role in Alzheimer’s disease. Phenolic
acids, monomeric flavonoids, and punicalagins were positively
identified and quantified by HPLC. In addition, the contribution of
major phenolics of test samples were screened for their antiradical
activity using an on-line HPLC-ABTS radical cation method.
2. Materials and methods
2.1. Material
The pomegranate fruits (species Wonderful) were purchased from
CEAGESP, São Paulo, Brazil. The fruit was imported from the
United States. The peel was separated from the pulp and seeds. The
samples were stored in laminated polyethylene at 4 °C until use.

(trolox), 2,4,6-tris(2-pyridyl)-S-triazine (TPTZ), 2,2′-azobis(2amidinopropane) dihydrochloride (AAPH), physostigmine, acetylcholinesterase, acetylthiocholine iodide, 5,5′-dithio-bis(2-nitrobenzoic acid) (DTNB), Folin-Ciocalteu, punicalagin α and β,
rutin, quercetin, epicatechin, gallic acid, ferulic acid, p-coumaric
acid, delphinidin 3-glucoside, cyanidin 3-glucoside, cyanidin-3,5diglucoside, pelargonidin 3,5-diglucoside and pelargonidin 3-glucoside were purchased from Sigma Aldrich (St. Louis, MO, USA).
Tris-HCl was purchased from Merck (Merck, Darmstadt, Germany). Chromatographic solvents were HPLC-grade and the remaining chemicals and solvents were of analytical grade.
2.3. Phenolic extraction
The extracts were prepared using 80% ethanol [1:10 sample/solvent ratio (m/v)] (Qu et al., 2010). The samples were extracted
in shaker table (Model ET-1401, Tecnal, Piracicaba, SP, Brazil)
protected from light at room temperature (24 ± 2 °C) for 24 hours.
The resulting extract was centrifuged at 1956.2 g (Model NT 825,
New Technique, Brazil) and the supernatant was concentrated at
35 °C using a rotary evaporator (Model 801, Fisatom, Brazil). The
extracts were stored at −80 °C for further analysis. Chemical analyses were then performed on the pulp and peel extracts.
2.4. Phenolic composition using high-performance liquid chromatography (HPLC)
The identification of major phenolic compounds was performed on
a high-performance liquid chromatography (HPLC) system (Shimadzu 20A, Shimadzu Co., Kyoto, Japan), equipped with a pumping system (LC-20 AT), autosampler (SIL-20AHT), column oven
(CTO-20A), communicator (CBM-20A) and UV/Vis detector
(SPD-20A). Phenolic acids and monomeric flavonoids were separated on a Spherisorb ODS-C18 column (4.6 × 250 mm × 5 μm,
Waters, Milford, MA, USA) at 35 °C. The injection volume was
10 μL. Data acquisition and processing were performed using LC
solution software (Kyoto, Japan). The mobile phase consisted of
1% formic acid (A) and methanol (B). The flow rate was adjusted
to 0.7 mL min−1. The detection of monomeric flavonoids and phenolic acids was carried out at 280 and 370 nm, respectively, while
anthocyanins were detected at 520 nm. The elution gradient used
was as follows: 0–60% B for 45 min; 100% B, 50 min; 100% A,
60 min (He et al., 2011). To improve the method performance, punicalagins were separated with the same HPLC system and column
but with a different solvent system. The mobile phase consisted of
acetonitrile (A) and 1% formic acid (B). The elution gradient used
was as follows: 97% B, 0 min; 95% B, 5 min, 85% B, 10 min; 70%
B, 16 min; 97% B, 18 min, held at 97% B from 18–30 min. The
flow rate was adjusted to 1 mL min−1. The injection volume was
10 μL, the column temperature was 40 °C, and the detector was
set at 260 nm. Phenolic compounds were identified by comparing
their retention times and UV spectral data with coded and authentic standards under the same conditions as the samples. Calibration
curves were used for quantification.
2.5. On-line HPLC-ABTS radical cation scavenging activity

2.2. Chemicals
The compounds 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt
(ABTS), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid

The identification of phenolics was performed on a Shimadzu
20A high-performance liquid chromatography (HPLC) system
equipped with a SPD-M10AVP photodiode array detector (DAD)
and a SPD-20A UV/vis detector (Shimadzu Co., Kyoto, Japan).
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Separations were conducted on an ODS-A C18 column (4.6 × 250
mm × 5 μm). The extracts were filtered using a 0.22 µm filter (Millipore) before the injection (10 µL). The mobile phases consisted
of 1% formic acid (A) and methanol (B). The flow rate was adjusted to 0.7 mL min−1 and the elution gradient used was as follows: 0
min, 100% A, 45 min 40% A, 50 min 100% A, which was followed
by column equilibration from 50 to 60 min (He et al., 2011). The
compounds were identified using UV spectral data and by comparing their retention times with coded and authentic standards. The
contribution of individual phenolics to the ABTS radical scavenging activity was evaluated using an HPLC-ABTS radical cation
scavenging method (Tiveron et al., 2016; Tremocoldi et al., 2018).
A stock solution containing 140 nM potassium persulfate and 7
mM ABTS was prepared and kept at 25 °C in the dark for 16 hours.
The stock solution was diluted in methanol to obtain an absorbance
of 0.700 ± 0.02 at 734 nm. Each phenolic compound previously
separated by HPLC reacted with the ABTS radical cation in the online system. The ABTS radical cation flow was adjusted to 0.7 mL
min−1, the absorbance was monitored at 734 nm and the scavenging activity was calculated according to their respective negative
peaks. The results were expressed as trolox equivalents.
2.6. DPPH radical scavenging activity (DRSA)
The test samples were screened for their ability to scavenge DPPH
radicals (Brand-Williams et al., 1995). The phenolic extract (0.50
mL) was added to ethanol (3.0 mL) and a 60 μM DPPH solution
(300 μL). After 45 min in the dark, the absorbance of the mixture
was read at 517 nm using a UV-visible spectrophotometer (UNICO
Instrument Co.) (de Camargo et al., 2012). The radical scavenging
activity was calculated using the following equation.
DPPH radical scavenging activity (%) = [(Abscontrol − Abssample)/(Abscontrol)] × 100
where Abscontrol is the absorbance of DPPH radical + ethanol and
Abssample is that of DPPH radical + phenolic extract or trolox. The
results were expressed in μM trolox equivalent g−1 of phenolic extract.
2.7. Oxygen radical absorbance capacity (ORAC)
The ORAC assay was performed as described by Melo et al.
(2015). The extracts were diluted in 75 mM potassium phosphate
buffer (pH 7.4). In a microplate, each extract (30 µL) was mixed
with 508.25 mM fluorescein (60 µL), and 76 mM AAPH (110 µL)
which was followed by incubation at 37 °C in a microplate reader
(Molecular Devices, LLC, Sunnyvale, CA, USA). The absorbance
was read every min for 2 h and the excitation and emission wavelength were set to 485 and 528 nm, respectively. The results were
expressed as μmol trolox equivalent g−1 of phenolic extract.
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Table 1. Quantification of phenolic compounds (µg g−1) in extracts of
pomegranate peel and pulp using high-performance liquid chromatography (HPLC)

Pulp

Peel

193.0 ± 11.3b

1,005 ± 8.23a

Phenolic acids
Gallic acid
p-coumaric

6.40 ± 0.24b

23.20 ± 1.16a

Ferulic acid

13.30 ± 0.84b

103.2 ± 1.52a

Epicatechin

18.55 ± 1.42b

198.4 ± 11.4a

Rutin

8.97 ± 0.69b

144.6 ± 4.09a

Punicalagin α

63.0 ± 2.0b

7,500 ± 11.0a

Punicalagin β

66.0 ± 4.0b

6,241 ± 10.0a

Cyanidin-3,5-diglucoside

5573 ± 20.8b

23,573 ± 20.8a

Delphinidin 3-glucoside

9430 ± 10.0b

50,640 ± 20.0a

Pelargonidin 3,5-diglucoside

870.0 ± 10.0b

8,053 ± 25.2a

Flavonoids

Hydrolysable tannins

Anthocyanins

Cyanidin 3-glucoside

756.7 ± 11.5b

22,830 ± 10.0a

Pelargonidin 3-glucoside

870.0 ± 10.0b

8,053 ± 25.2a

Data represent mean values for each sample ± standard deviation (n = 3). Means
followed by different lower case letters within a row show difference between the
samples (p < 0.0001). Abbreviations: GAE, gallic acid equivalents; QE, quercetin
equivalents.

using a UV-visible spectrophotometer (UNICO Instrument Co.)
after incubation in a water bath at 37 °C for 30 min. The results
were expressed in μmol iron sulphate g−1 of phenolic extract.
2.9. AChE inhibition assay
The photometric method described by Ellman et al. (1961) was
used to determine acetylcholinesterase activity. Physostigmine (1
mg mL−1) was used as the positive control. The reaction rates were
calculated using GraphPad Prism software (version 5.0) and the
IC50 values were determined.
2.10. Statistical analysis
The experimental design was randomized with four replicates and
the results expressed as mean ± standard deviation. The results
were submitted to analysis of variance (ANOVA) using SAS software and F test (p < 0.05).

2.8. Ferric reducing antioxidant power (FRAP)
The reducing power assay (Benzie and Strain, 1996) was based
on the method described by de Camargo et al. (2014). The FRAP
reagent, which is a mixture [25 mL of acetate buffer (acetate 300
mM, pH = 3.6) + 2.5 mL of TPTZ 10 mM TPTZ in 40 mM HCl)
+ 2.5 mL of FeCl3 (20 mM in aqueous solution)] was prepared at
the time of analysis. Phenolic extracts (90 μL) were added to the
FRAP reagent (2.7 mL). The absorbance was read at 595 nm using
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3. Results and discussion
3.1. Identification and quantification of phenolic compounds by
high performance liquid chromatography
Pomegranate peel extracts contained a higher amount of total
phenolics (128.4 mg g−1) in relation to that of pomegranate pulp
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Table 2. Radical scavenging activity (µmol TE g−1 DW) of pomegranate peel and pulp extracts by HPLC-DAD-ABTS on-line

Sample

Compound
gallic acid
20.24c

Peel

860.62 ±

Pulp

124.04 ± 3.28c

epicatechin
545.53 ±

23.17d

119.59 ± 1.34c

punicalagin α
1,129.73 ±

43.90b

140.04 ± 2.33b

punicalagin β
1,324.98 ± 49.59a
299.09 ± 0.86a

Data represent mean values for each sample ± standard deviation (n = 3). Means followed by different lower case letters within a row show difference between the samples (p <
0.0001). Abbreviations are: TE, trolox equivalents; and DW, dry weight of phenolic extract.

(17.9 mg g−1) extracts (Table 1), as evaluated by HPLC. Likewise,
pomegranate pulp extracts showed a lower content of total flavonoids (17.6 mg g−1) compared to that of the peel extracts (127.2
mg g−1). Various studies have shown that fruit by-products serve
as excellent sources of phenolic compounds (Madrigal-Carballo
et al., 2009; Mastrodi Salgado et al., 2012). Furthermore, their
biological activity has been demonstrated in several model systems in relation to their protective role in prevention of human
LDL-cholesterol oxidation and DNA damage, which are biomarkers related to cardiovascular disease and cancer development, respectively.
Gallic acid was the main phenolic acid in both tested samples
(Table 1), followed by ferulic acid. The concentration of the latter one was 7.8-fold higher in the peel compared to the pulp. The
presence of p-coumaric acid was also noted. Epicatechin and rutin
were the monomeric flavonoids present. Structure/activity discussions have been in the spotlight due to their potential in anticipating potential benefits under physiological conditions. While all
phenolic acids and epicatechin are simple phenolics (aglycones),
rutin is a quercetin molecule linked to a sugar moiety (quercetin3-O-rutinoside). Several pieces of evidence have demonstrated
phenolic aglycones may be more bioacessible than their conjugated counterparts (Shahidi and Peng, 2018). Likewise, extracts containing high amounts of aglycones also show a higher antiradical
activity compared to that of extracts containing their conjugated
counterparts (Yoshiara et al., 2018). Amongst the monomeric phenolics, the high content of gallic acid in both samples makes the
test materials good candidates as functional foods and/or nutraceutical ingredients. However, considering all phenolics, hydrolysable tannins (punicalagin α and β) made the highest contribution
to the phenolic profile of pomegranate peel extract, which is in
good agreement with the literature (Ambigaipalan et al., 2016).
These bioactive compounds are involved in plant defense against
ultraviolet radiation and/or attack by pathogens (Díaz-de-Cerio et
al., 2016).
To our knowledge, no genetic study has been reported yet that
could explain the differences in the hydrolyzable tannins (HT, i.e.,
punicalagin) levels between the pulp and the peel pomegranate.
However, Ono et al. (Ono et al., 2012) found that the pomegranate hairy root culture system is appropriate for expressing heterologous genes such as yellow fluorescent protein (YFP). In their
study, 26 putative UDP-glycosyltransferase (UGT) genes, obtained
from a pomegranate fruit peel (a tissue highly abundant in HTs)
RNA-Seq library, were expressed and studied in wild type and
hairy roots. Additionally, two candidate UGTs for HT biosynthesis
were identified based on HPLC and differential gene expression
analyses of various pomegranate tissues. In another work, overexpression and single RNAi knockdown pomegranate hairy root
lines of two UDP-glucosyltransferase (UGT) genes, UGT84A23
and UGT84A24, did not result in clear changes in punicalagin accumulation, although double knockdown lines of these two UGTs
showed reduced levels of punicalagins and bis-hexahydroxydiphenyl glucose isomers. In addition, accumulation of galloyl gluco-

sides (ether-linked gallic acid and glucose) was identified in the
double knockdown lines, suggesting that gallic acid was used by
an unidentified UGT activity for glucoside synthesis, which gives
rise to future prospects for understanding the regulatory control of
HT metabolism in plants and its coordination with other biochemical pathways in the metabolic network (Ono et al., 2016)
More recently, Qin et al. (2017) sequenced and assembled the
pomegranate genome with 328 Mb anchored into nine pseudochromosomes and annotated 29,229 gene models. They discovered
that that the integument development gene INNER NO OUTER
(INO) was under positive selection and potentially contributed to
the development of the fleshy outer layer of the seed coat, an edible part of pomegranate fruit. In addition, the genes encoding the
enzymes for synthesis and degradation of cellulose, hemicelluloses and lignin were also differentially expressed between soft-and
hard-seeded varieties, showing differences in their accumulation
in cultivars differing in seed hardness. In parallel, candidate genes
for punicalagin biosynthesis were identified and their expression
patterns indicated that gallic acid synthesis in tissues could follow different biochemical pathways. As a result of the sequencing
of the pomegranate genome, there will be important opportunities
for unraveling and understanding the biochemical pathway(s) involved in the punicalagin biosynthesis that will be very valuable
for breeding efforts to increase production of this bioactive compound.
3.2. Main phenolics from pomegranate pulp and peel as scavengers of ABTS radical cation
Several studies have reported the scavenging properties of phenolics from pomegranate and their processing by-products towards
ABTS radical (Ambigaipalan et al., 2016, 2017). However, the
individual contribution of pomegranate phenolics to such activity
has not yet been entirely clarified. Furthermore, higher concentrations of particular phenolics do not always translate to higher
activities. Therefore, to shed light on this situation and to fill an
apparent gap in the literature, pomegranate phenolics from pulp
and peel were tested against ABTS radical cation by using an online HPLC-ABTS method.
Regardless of the compound, pomegranate peel showed much
higher scavenging activity compared to that of pomegranate pulp
(Table 2). Amongst pomegranate peel phenolics, punicalagin β
rendered the greatest antiradical activity as evaluated by on-line
HPLC-ABTS method (1,324.9 ± 49.60 µmol trolox g−1), which
was followed by punicalagin α (1,129.73 ± 43.90 µmol trolox g−1).
Gallic acid, a simple phenolic compound, rendered the third highest antiradical activity (860.62 ± 20.24 µmol trolox g−1), while the
monomeric flavonoid epicatechin (545.53 ± 23.17 µmol trolox
g−1) made the lowest contribution. The same trend was found with
respect to the antiradical activity of phenolics from pomegranate
pulp. Therefore, irrespective of the source (peel or pulp), ellagitannins (punicalagin α plus β) serve as the most important antioxi-
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Table 3. Antioxidant activities and reducing power of phenolics of pomegranate pulp and peela

DPPH (µmol TE g−1 DW)

ORAC (µmol TE g−1 DW)

FRAP (µmol Fe2+ g−1 DW)

Pulp

108.3 ± 5.95b

323.8 ± 10.3b

2.47 ± 0.12b

Peel

30.5a

180a

56.5 ± 5.90a

2,372 ±

7,423 ±

Data represent mean values for each sample ± standard deviation (n = 3). Means followed by different lower case letters within a column show difference between the samples
(p < 0.0001). Abbreviations are: TE, trolox equivalents; and DW, dry weight of sample.

dants in pomegranate.
3.3. Phenolics from pomegranate pulp and peel as scavengers
of peroxyl radicals and reducing agents
Reactive oxygen species (ROS), including peroxyl radicals, participate in several detrimental processes in biological systems. Likewise, ferric ions also catalyse oxidative reactions. The relatively long
half-life of peroxyl radical makes these ROS potentially deleterious
to intracellular components and biological fluids (de Camargo et
al., 2014). Peroxyl radical is an intermediate of the Fenton reaction.
Likewise, both Fe2+ and Fe3+ participate in the Haber-Weiss cycle,
however, the ratio of these two chemical forms is important to the
reaction kinetics and the ideal has been reported to be in the range
of 1:1 to 7:1 (Fe3+/Fe2+) (Braughler et al., 1986). A lower concentration of Fe3+ may be helpful to stop and/or delay the Fenton reaction,
which produces ROS involved in lipid oxidation. Therefore, phenolics from pomegranate pulp and peel were tested against peroxyl
radicals (ORAC assay) and for their reducing power (FRAP assay).
In agreement with the results obtained by on-line HPLC-ABTS,
phenolics from pomegranate peel were more effective in scavenging peroxyl radicals and in reducing Fe3+ (Table 3). In addition,
according to the literature, phenolic extracts from pomegranate
by-products also chelated Fe2+ and scavenged hydroxyl radicals
(Ambigaipalan et al., 2016, 2017). The presence of galloyl moiety
in phenolic compounds is important for complex formation with
metal ions (Andjelković et al., 2006) and galloyl groups in phenolics from pomegranate juice and their processing by-products have
been confirmed by mass spectrometry (Ambigaipalan et al., 2016,
2017; Mena et al., 2012).
3.4. Acetylcholinesterase (AChE) inhibition
Pomegranate peel showed a higher total phenolic content, total
flavonoids and higher concentration of all individual phenolics,
than that of the pulp. As mentioned earlier, oxidative stress plays
an important role in Alzheimer’s disease. Pomegranate peel also
displayed a higher antioxidant activity and reducing power than
that of the pulp and was, therefore, evaluated for its potential as
a source of phenolics with inhibition capacity towards AChE enzyme. The selected extract showed a dose-dependent inhibition
towards AChE (IC50 2.48 mg/mL). The highest inhibition of AChE
(58%) was found in extracts at 3 mg/mL, while extracts at 0.3 mg/
mL showed 26% of inhibition. Ademosun and Oboh (2012) evaluated the effects of some citrus fruit juices (grapefruit, lemon, orange and tangerine) on AChE activity in vitro. According to these
authors, AChE activity was also dose-dependently inhibited by
their bioactive compounds. Orange juice, which showed the higher antioxidant activity, also displayed the highest AChE inhibitory
activity, thus lending support to the findings of the present study.
Therefore, considering data from the literature (Morzelle et al.,
2016) and our contribution, dietary inclusion of pomegranate peel
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extract may prevent Alzheimer’s disease, which may at least partly
be attributed to their high content of bioactive compounds, their
antioxidant capacity and inhibitory activity against AChE.
4. Conclusion
The present study demonstrated that pomegranate peel had a
higher concentration of total phenolics and flavonoids as well as
individual phenolics as evaluated by HPLC compared to those of
pomegranate pulp. Irrespective of the starting material, punicalagin β rendered the greatest antiradical activity as evaluated by
on-line HPLC-ABTS method, which was followed by punicalagin α, gallic acid, and epicatechin. Likewise, pomegranate peel
showed higher antioxidant activity and reducing power than that of
the pulp. Pomegranate peel proved to serve as a rich source of phenolics with potential inhibitory activity against AChE enzyme. The
extracts so obtained showed a dose-dependent inhibition towards
AChE. Therefore, due to their antioxidant activity, reducing power
and inhibitory effect against AChE, pomegranate peel may be used
as multifunctional ingredient and a rich source of nutraceuticals.
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