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Editorial
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It is indeed my great pleasure to report on the progress of the
Journal of Food Bioactives (JFB), a dedicated publication of
International Society for Nutraceuticals and Functional Foods
(ISNFF). JFB was first launched in 2018 and has since been
met with much success, publishing many reviews and original
manuscripts. Recently, the International Union of Food Science
and Technology (IUFoST) approved inclusion of the JFB as an
Official journal of the Union. This designation would expand the
mission of the journal with special consideration for publication

of presentations made during its conferences and other activities.
In this regard, the logo of IUFoST will be displayed on the cover
of the journal. I am grateful to my co-editor in chief, the dedicated editorial board members and the reviewers for their hard
work that has contributed to the rapid progress of the journal and
its wide recognition by the scientific community. I would also
like to acknowledge the authors for their outstanding contributions to the journal. Finally, I am grateful to the managerial and
office staff for their support.

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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Abstract
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by globally impaired cognitive
functions. Oxidative stress is involved in the formation of plaques and tangles, which damage neuronal cells in AD.
Treatments retarding the progression of AD or significantly improving cognition are not available. Diet has been
recognized as a modifiable lifestyle factor capable of affecting the risk of developing AD, since it may influence
inflammation and oxidative stress in the brain. Dietary intake of natural antioxidants, such as polyphenols, carotenoids and vitamins C and E, is thought to reduce oxidative stress and to have preventive or therapeutic potential
in AD. Several antioxidants have shown promise in animal models of AD. However, there is no evidence of clinical
efficacy of natural antioxidants in people with AD. The use of antioxidants may be hindered by their limited bioavailability. Furthermore, antioxidants administered in high concentrations could have detrimental effects due to
their capacity to act as prooxidants. Potential effects of natural antioxidants in the prevention of AD should be
assessed in studies with long-term exposure to compounds with high bioavailability. In addition, the assessment
of the effectiveness of antioxidant-rich diets in AD deserves further investigation.
Keywords: Alzheimer’s disease; Antioxidants; Oxidative stress; Prevention; Prooxidant activity.

1. Introduction
Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by globally impaired cognitive functions,
including memory, language, executive and other behavioral functions, and a marked decline in activities of daily life (Lange et al.
1995; Scheltens et al., 2016). AD is the most common form of
dementia, occurring in approximately two thirds of affected individuals (Scheltens et al., 2016). The disease is characterized by
neuronal and synaptic loss, and its neuropathological hallmarks
are the extracellular deposition of misfolded amyloid-β (Aβ) in
senile plaques and the intracellular accumulation of hyperphosphorylated tau forms in neurofibrillary tangles (Butterfield and
Lauderback, 2002; Crews and Masliah, 2010). The pathogenesis
of AD is complex and incompletely understood. The accumulation
of the neurotoxic Aβ peptide in the brain appears to play a critical
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role in the pathophysiology of AD, causing oxidative stress and
neuroinflammation and ultimately leading to neuronal dysfunction
and cell death (Butterfield and Lauderback 2002; Querfurth and
LaFerla 2010). Disease-modifying therapies retarding the progression of AD or significantly improving cognitive functions in those
affected by AD are currently not available (Scheltens et al. 2016).
AD has long been believed to be an inevitable consequence
of aging. However, modifiable lifestyle behaviors are gaining increasing recognition as factors capable of affecting the risk of developing AD (Lange, 2018a; Sohn, 2018). In particular, diet and
nutrition may play a role, since they can modulate brain structure
and connectivity and affect cerebral and behavioral changes associated with aging and disease (Gustafson et al. 2015; Huhn et
al. 2015). Nutritional approaches to AD include ketogenic diets
targeting energetic deficits and reduced glucose utilization in AD
(Lange et al., 2017), dietary patterns, such as the Mediterranean
diet, with components that may beneficially affect pathophysi-

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
All rights reserved.

Lange et al.

Natural antioxidants and Alzheimer’s disease

ological processes of AD (Lange et al., 2019a), and medical foods
meeting specific nutritional needs of people with neurodegenerative diseases (Lange et al., 2019b; Lange et al. 2019c).
2. Oxidative stress in AD
Reactive oxygen species (ROS), such as superoxide anion, hydrogen peroxide, hydroxyl radical, singlet oxygen, nitric oxide,
alkoxyl and peroxyl radicals, are produced as a normal part of
metabolism within the mitochondria (Sies, 1985). External factors
promoting the production of free radicals include, for example, environmental pollutants, smoking, radiation and drugs. The endogenous antioxidant capacity is a multi-component system capable
of neutralizing ROS to prevent damage of cellular compartments.
A balance between the generation of ROS and the antioxidative
defense system exists. In particular, the oxidation of unsaturated
lipids in body tissues can be prevented effectively under normal
conditions. Various enzymes, such as glutathione peroxidase and
superoxide dismutase, are involved in the in vivo redox homeostasis and maintain intracellular ROS at low low levels (Sies, 1985).
Oxidative stress in biological systems is characterized by an imbalance between the production of ROS and their removal by the
antioxidant system (Harman, 1981; Sies, 1985), with an associated
disruption of redox circuitry and macromolecular damage (Jones,
2006). The concentrations of ROS can exceed the removal capacity of the antioxidant system due to metabolic demand during aging or under pathological conditions. Excessive production and
uncontrolled regulation of ROS can cause biological dysfunction
(Yu, 1994; Dröge, 2002).
The brain is particularly prone to oxidative stress-induced
damage due to its low antioxidant response capacity; it consumes
around 20% of total body oxygen and contains high concentrations
of polyunsaturated fatty acids subject to lipid peroxidation under
conditions of high metabolic activity and oxygen utilization (Behl
et al., 1994; Romero et al., 1998). The initiation of lipid peroxidation makes the brain a major target for neurodegeneration. ROS
have been shown to act as secondary messengers in various intracellular signaling pathways and as mediators of inflammation and
oxidative damage (Waldbaum and Patel, 2010). Furthermore, oxidative stress appears to be self-propagating, since cellular macromolecules, damaged by oxidative stress-induced excessive release
of ROS, may convert themselves into ROS (Hulbert et al., 2007).
Accumulating evidence suggests that ROS generated via a variety of mechanisms may play complex pathogenetic roles in AD
(Liu et al., 2018). The development of AD is associated with oxidative damage in the brain, including oxidation of nucleic acids,
lipids, proteins and carbohydrates (Nunomura et al., 2006). Progressively increasing oxidative stress has been suggested to be an
early feature of AD and a major contributor to the development of
the characteristic brain lesions in AD (Harman, 2006; Pimplikar et
al., 2010). Oxidative stress may be a result of mitochondrial failure
and/or compromised antioxidant capacity with reduced concentrations of endogenous antioxidants. Oxidative events appear to occur before the onset of Aβ accumulation and plaque formation,
which lends support to the critical role of oxidative stress in the
early stages of AD (Lin and Beal, 2006; Wang et al., 2014). For
example, the modulation of JNK/p38 MAPK pathways by oxidative stress leads to Aβ accumulation and tau protein hyperphosphorylation (Patten et al., 2010). The targeting of DNA by ROS is a
particular problem in aged brains, since they have been shown to
exhibit elevated levels of mitochondrial DNA mutations induced
by oxidative stress (Chomyn and Attardi, 2003; Kraytsberg et al.,

2003; Trifunovic et al. 2004). While oxidative stress appears to be
an important factor contributing to the initiation and progression
of AD, the exact mechanisms involved in the disruption of redox
balance and the sources of ROS remain unknown.
Since antioxidants can scavenge reactive radicals and prevent
oxidation of substrates at low concentrations (Halliwell and Gutteridge, 1995), they are able to sustain cell integrity and are therefore vital to the defense system of plants, animals and humans.
Furthermore, the findings of animal studies suggest that antioxidants may have anti-amyloidogenic effects (Ono et al., 2006).
Therefore, the regulation of ROS levels using antioxidants may
provide a potential therapeutic approach capable of impeding neurodegeneration in AD.
3. Natural antioxidants
Antioxidants have been defined as substances that delay, prevent or remove oxidative damage to a target molecule (Halliwell,
2007). The endogenous antioxidant system in humans, consisting
of enzymatic and non-enzymatic antioxidants, is not sufficient to
maintain the concentrations of free radicals at low levels and depends on the exogenous supply of various antioxidants through
the diet (Pietta, 2000). Most exogenous natural antioxidants are
phytochemicals. Major natural antioxidants with potential therapeutic benefits in AD, including vitamins C and E, carotenoids and
flavonoids, may be found in certain foods. Diets rich in fruits and
vegetables appear to have protective effects against various diseases and have been reported to be associated with reduced rates
of cardiovascular disease and cancer (Cox et al., 2000; Gillman et
al., 1995; Joshipura et al., 1999; Strandhagen et al., 2000). Antioxidants are believed to be the primary food bioactives providing the
protection afforded by fruits and vegetables (Eastwood, 1999). A
review of epidemiological studies concluded that the high content
of polyphenolic antioxidants in fruit and vegetables is likely to be
the main factor responsible for the health benefits observed (Potter, 1997).
Since antioxidant compounds play an important role in scavenging free radicals, their use has been increasingly promoted as
a potential strategy in preventing or reducing neuronal cell death.
Exogenous antioxidants have been found to decrease the toxicity
of β-amyloid in the brains of people with AD (Behl, 1997; Christen, 2000). However, little information is available on the efficacy
of natural antioxidants in neurodegenerative diseases (Pohl and
Kong Thoo Lin, 2018).
In regard to halting neurodegeneration, a variety of natural
oxidants have shown promising results in animal models and cell
culture studies. For example, dietary polyphenols, including resveratrol, curcumin, catechins and anthocyanins, have been demonstrated to obstruct the initiation and progression of Alzheimer
pathology in animals by inhibiting oxidative stress, DNA damage,
β-amyloid aggregation and cell apoptosis in neurocytes (Bastianetto et al., 2007; Darvesh et al., 2010; Mercer et al., 2005). In transgenic mice with an overexpression of Aβ, the administration of
the polyphenol epigallocatechin-3-gallate from green tea has been
found to significantly decrease Aβ deposition, to modulate tau pathology and to reduce β-amyloid-mediated cognitive impairment
(Rezai-Zadeh et al., 2005; Rezai-Zadeh et al., 2008). Furthermore,
the administration of ferulic acid protects mice against Aβ peptide
toxicity induced by intracerebral injection of β-amyloid peptide
(Yan et al., 2001). Both ferulic acid (Mori et al., 2013) and tannic
acid (Mori et al., 2012) markedly decreased AD-like pathology in
rats through the inhibition of β-secretase.
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Furthermore, reduced serum antioxidant levels in humans associated with an increased AD risk may indicate a therapeutic value
of their use. For example, a survey conducted in almost 7,000
adults aged 50 years and over found a significantly negative association between the serum concentrations of lycopene and lutein
and the risk of AD, which suggests that increased consumption of
foods rich in these compounds could decrease the risk (Min and
Min 2014).
Flavonoids and related polyphenols from grapes and other
fruits have shown free radical scavenging activity and antioxidant and anti-inflammatory effects (Joseph et al. 2005). Flavonoids such as quercetin, anthocyanidins and catechins are all antioxidants that may have preventive effects on the aging of brain
functions (Alaei et al., 2015). The best-studied fruit polyphenol,
the stilbenoid resveratrol (trans-3,5,4′-trihydroxystilbene), has
antioxidant and anti-inflammatory properties. The findings of
in vitro and in vivo studies suggest that resveratrol could have
potential in the treatment of AD (Lange, 2018b; Lange and Li,
2018). In addition to its antioxidant activities, resveratrol appears
to be capable of antagonizing amyloid aggregation, suppressing
neuroinflammation, reducing mitochondrial dysfunction, modulating signaling pathways and activating longevity genes such as
sirtuins (Calabrese et al., 2008; Crichton et al., 2013; Lange and
Li, 2018; Witte et al., 2014). Resveratrol has also been shown in
humans to have beneficial effects on glucose control (Bhatt et al.,
2002; Brasnyó et al., 2011; Crandall et al., 2012) and blood flow
(Kennedy et al., 2010).
Despite a multitude of potential neuroprotective mechanisms
related to resveratrol, the translation of the findings in animals to
human AD has so far been impossible. The results of intervention
studies of resveratrol in people with mild cognitive impairment
or mild to moderate AD do not provide evidence of neuroprotective or therapeutic efficacy (Köbe et al., 2017; Turner et al., 2015).
Limiting factors in the clinical use of resveratrol include its poor
solubility and low permeability across the brain blood barrier, and
hence its low bioavailability in the brain (Ahmed et al., 2017).
Potential benefits of resveratrol and other natural antioxidants AD
need to establish a correlation between their bioavailability and
biological effects in vivo. Analogs of resveratrol may offer a better
therapeutic potential (Kapetanovic et al., 2011; Ma et al., 2014;
Pasinetti et al., 2015). For example, the naturally dimethylated
analog, pterostilbene (trans-3,5-dimethoxy-4′-hydroxystilbene),
has the major advantage of higher in vivo bioavailablity (Estrela et
al., 2013). The in vivo effects of pterostilbene found in AD models
suggest that this compound may be more effective in combating alterations in the aging brain (Chang et al., 2012). This may be due to
the more lipophilic nature of pterostilbene, with its two methoxyl
groups, in comparison with the two hydroxyl groups of resveratrol.
The polyphenolic curcumin, a constituent of the spice turmeric,
has strong antioxidant, anti-inflammatory and neuroprotective
activities (Bhat et al., 2019; Rajeswari, 2006). In particular, curcumin has been demonstrated to reverse neurotoxic and behavorial
alterations in animal models of AD (Mendonça da Costa et al.,
2019). However, clinical trials have found no benefits of curcumin
in AD (Goozee et al., 2016). This may be due to the timing and
duration of the interventions or to problems with absorption and
bioavailability. Factors limiting the bioactivity of curcumin include chemical instability, water insolubility, lack of potency and
selectivity toward target enzymes/genes, limited tissue distribution
and extensive metabolism (Nelson et al., 2017). The poor pharmacokinetic and pharmacodynamic properties, the negligible efficacy
in various disease models, the presence of a reactive Michael acceptor and toxic effects under certain conditions (Avonto et al.,
2011; Burgos-Moron et al. 2010) render curcumin an unlikely can-
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didate for therapeutic use. The false in vitro and in vivo activities
of curcumin have led to its classification as a pan-assay interference compound (Baell and Walters, 2014) and an invalid metabolic
panacea compound (Bisson et al., 2016).
In summary, clinical findings demonstrating clinical efficacy of
antioxidants in AD are lacking (Barreca et al., 2016).
4. Natural antioxidants contained in diets
The failure of specific antioxidants to prevent AD in intervention
studies has led some researchers to adopt a more holistic view of
food intake. Emerging evidence suggests that combinations of appropriate antioxidants may have synergistic effects and may be
more effective than single compounds (Veurink et al., 2020). A
combination of antioxidants has been shown to be effective in decreasing apoptosis and markedly improving learning and memory
in transgenic mice (Veurink et al., 2003).
A population-based, prospective cohort study conducted in the
Netherlands, comprising 5,395 participants aged >55 years with a
reliable dietary assessment using a food-frequency questionnaire,
showed that a high dietary intake of vitamin C and vitamin E was
associated with a reduced risk of AD after a mean follow-up of 6
years; adjustments for a large number of potentially confounding
variables were made (Engelhart et al., 2002). It should be noted
that consumption of antioxidants contained in food reflects longterm intake. In comparison with supplementation of synthetic
compounds, antioxidants from food are consumed simultaneously
with other nutrients in a balance that may affect absorption or biological activity (Bronner, 1993).
Prospective studies have reported that high levels of dietary
flavonoid intake were associated with a lower risk of AD (Commenges et al., 2000; Engelhart et al., 2002). In a recent prospective, community-based cohort study comprising 921 participants
with a mean age of 81.2 years, dietary consumption of flavonols,
as assessed using a validated food frequency questionnaire, was
negatively associated with incident AD in models adjusted for age,
sex, education, genetic predisposition and participation in cognitive and physical activities (Holland et al., 2020). These results
suggest that higher dietary intake of flavonols may be associated
with a decreased risk of developing AD. Well-designed trials are
required to confirm the clinical relevance of these findings.
The Mediterranean diet contains high concentrations of natural
antioxidants, including phenolics, carotenoids, and vitamins C and
E (Scarmeas et al., 2006; Vasto et al., 2012). In epidemiological
studies, individuals adhering to a Mediterranean diet have been
found to have a reduced risk of cognitive disorders: Higher adherence was associated with a decreased risk of incident cognitive impairment (Tsivgoulis et al., 2013), while lower adherence
was related to an elevated incidence of mild cognitive impairment
and AD (Gardener et al., 2012). Strict adherence to a Mediterranean diet was associated with a reduction in AD by 34% (Gu et
al., 2010). Healthy, middle-aged individuals who had followed
this diet showed less brain atrophy in magnetic resonance imaging
and less Aβ accumulation than those who had not, demonstrating
the neuroprotective effects of the Mediterrananean diet (Berti et
al., 2018; Mosconi et al., 2018). However, the majority of investigations on the Mediterranean diet and AD are observational and
cannot answer the question whether the association is causal. A
confounding factor in these studies is, for example, the interactions
between diet and other lifestyle factors, such as physical exercise
(Lange, 2018a).
The wide variety of antioxidants contained in the Mediterra-
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nean diet may contribute to a decrease in oxidative stress and the
reduced risk of dementia (Dai et al., 2008; Luchsinger et al., 2004;
Morris et al., 2002; Paleologos et al., 1998). The Mediterranean
diet may also increase plasma concentration of brain-derived neurotrophic factor, which protects neurons against oxidative stress
(Sánchez-Villegas et al., 2011). Although the traditional Mediterranean diet is rich in natural antioxidants, other food components
of the diet, such as omega-3 polyunsaturated fatty acids from fish
and monounsaturated fatty acids from olive oil, may contribute to
the beneficial effects in regard to AD by decreasing or preventing
inflammation (Huang et al., 2013). In addition, the reduced risk
of AD associated with the Mediterranean diet could be mediated
through a decrease in vascular risk factors and beneficial effects
on glucose and lipid metabolism (Biessels et al., 2006; Esposito et
al., 2007; Hu et al., 2013; Martínez-González et al., 2008; Panagiotakos et al., 2003; Rumawas et al., 2009; Stampfer et al., 2000).
In summary, diets rich in fruits and vegetables containing cocktails of natural antioxidants are likely to be beneficial in the prevention of AD. However, our knowledge of the quality and quantity of
individual food bioactives required for effective neuroprotection
is insufficient.
5. Prooxidant activity of antioxidants
Even when seemingly natural and healthy food bioactives are supplemented, possible adverse effects need to be considered (Dunn et
al., 2010; Klein et al., 2011; Lange et al., 2019d). For example, the
administration of antioxidants in high doses has been observed to
cause adverse effects (Zadák et al., 2009), possibly due to prooxidative activity. Biological systems have been postulated to require
a balance between oxidation and antioxidation, with low amounts
of antioxidants being favorable to this system and high doses disrupting the balance (Bouayed and Bohn, 2010).
Prooxidants are substances that induce oxidative stress
through the formation of ROS or by inhibiting the antioxidant
system. While natural antioxidants are used for their preventive
and therapeutic effects, compounds such as polyphenols, flavonoids, carotenoids and anthocyanins, administered at higher doses or under certain conditions, may also act as prooxidants, producing free radicals, causing DNA damage and mutagenesis and
aggravating states of disease (Eghbaliferiz and Iranshahi, 2016).
The antioxidant-induced reduction in cell damage may boost the
occurrence of neoplasia, since the administration of antioxidants
may facilitate the survival of genetically damaged cells (Halliwell and Gutteridge, 2015). For example, epidemiological studies have indicated that diets high in carotenoid-rich fruits and
vegetables and elevated serum concentrations of β-carotene are
associated with a reduced risk of lung cancer (Mayne, 1996; Peto
et al., 1981; Ziegler, 1991). However, an increase in the incidence of lung cancer was observed in heavy smokers receiving
β-carotene supplements for several years (Alpha-tocopherol, beta
carotene cancer prevention study group, 1994; Blumberg and
Block, 1994; Omenn et al., 1996). The latter finding can probably be attributed to the antioxidant effect on cell proliferation
(Khlebnikov et al., 2007).
Factors that can transform the function of an antioxidant into
a prooxidant include the presence of metal ions, the redox potential of the antioxidant and its concentration in matrix environments (Gonzalez et al., 2005; Ionescu et al., 1998; Ionescu et al.
2006). The potent antioxidant vitamin C can act as a prooxidant
depending on the dose administered, with antioxidant and proxidant effects following low and high doses, respectively (Seo and

Lee, 2002). The prooxidant effect of vitamin C is also found when
the vitamin is combined with iron or copper (Duarte and Lunec,
2005; Podmore et al., 1998), with the reduced transition metals
reducing hydrogen peroxide to hydroxyl radicals through Fenton
reaction (Asplund et al. 2002; Urbański and Beresewicz, 2000).
Vitamin E (α-tocopherol) is also a potent antioxidant that may
become a harmful prooxidant in high concentrations (Carlisle et
al. 2000; Blumberg and Block, 1994). In a systematic review and
meta-analysis, elevated mortality rates were found following extended supplementation with β-carotene as well as vitamins A and
E (Bjelakovic et al., 2007). Flavonoids have also been shown to act
as prooxidants in the presence of transition metals, which catalyze
the redox cycling of polyphenols and could lead to the formation
of ROS and phenoxyl radicals (Galati and O’Brien, 2004; Halliwell, 2008; Yordi et al., 2012).
Future human studies should clarify the importance of prooxidative activity of phenolics and carotenoids at the doses administered under physiological conditions, since most available findings
stem from in vitro experiments using high doses of antioxidants
(Wang et al., 2015). Furthermore, the prooxidant activity of polyphenols has been found in the presence of transition metals, such
as iron and copper, and the concentrations of these metals in biological systems are lower than those assessed in in vitro studies
(Eghbaliferiz and Iranshahi, 2016). Therefore, the possible prooxidant activity of natural antioxidants consumed in foods containing
a combination of them may be limited. In addition, prooxidants
have been hypothesized to have essential cell signalling properties
(Procházková et al., 2011) and other beneficial effects, since a mild
degree of oxidative stress could lead to cytoprotection through a
prooxidant-induced rise in the levels of antioxidant defenses and
xenobiotic-metabolizing enzymes (Halliwell, 2008).
6. Future directions
More definitive studies are needed to examine the efficacy of
natural antioxidants in AD. Various factors need to be considered
in the study design of future investigations. Important aspects
are the optimum age for the initiation of antioxidant consumption and the duration of intake. Since the pathogenetic process
leading to dementia may begin many years prior to the onset of
symptoms, supplementation may have to be initiated in young or
middle age. In humans, significant effects would become observable only following decades-long consumption of antioxidants,
which would render respective studies unfeasible. Since optimal
results of the administration of antioxidants may be expected in
early or even presymptomatic stages of AD, the diagnostic identification of subtle neuropathological alterations and biomarkers
related to the disease process are required. Furthermore, the tools
currently used to assess outcomes may not be able to detect minimal changes in cognitive functions in early stages of AD (Morrison et al., 2013).
The bioavailability of polyphenols is limited; they are poorly
absorbed and extensively metabolized, resulting in low serum levels (Bravo, 1998; Cottart et al., 2010; Crozier et al., 2010; Del
Rio et al., 2010). The concerns regarding the bioavailability of
natural antioxidants stem from studies of the pharmacokinetics of
certain agents such as resveratrol. However, the effects of polyphenols could be mediated through the active metabolites of these
compounds or through synergistic effects of several polyphenols
in juice or fruit extracts (Cottart et al., 2010; Scalbert and Williamson, 2000). Future pharmacokinetic studies need to address the
question of the most effective form of antioxidant consumption,
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Table 1. Natural antioxidants in foods and AD

Natural antioxidants

Foods rich in natEfficacy in AD models
ural antioxidant

Efficacy in clinical trials

Vitamin C

Citrus fruits,
cabbage, rosehip

Decrease in oxidative damage
(Monacelli et al., 2017)

No evidence of
neuroprotective
efficacy (Monacelli
et al., 2017)

Vitamin E

Oils

Decrease in oxidative damage
(Gugliandolo et al., 2017)

Not available

Epigallocatechin- Green tea
3-gallate

Decrease in Aβ deposition
and cognitive impairment
(Rezai-Zadeh et al., 2008)

Not available

Ferulic acid

Fruits, vegetables

Decrease in AD-like pathology
(Mori et al., 2013)

Not available

Tannic acid

Grapes, tea

Decrease in AD-like pathology
(Mori et al., 2012)

Not available

Resveratrol

Grapes, berries,
grains

Decrease in amyloid deposition
and improved memory functions
(Lange and Li, 2018)

Clinical efficacy limited due
No evidence of
to poor bioavailability
neuroprotective or
therapeutic effects in
mild to moderate AD
(Köbe et al., 2017;
Turner et al., 2015)

Pterostilbene

Blueberries

Decrease in Aβ- induced
Not available
neurotoxicity and improved cognitive
functions (Lange and Li, 2018)

Curcumin

Turmeric

Inhibition of Aβ- aggregation
(Mendonça da Costa et al., 2019)

Comment
High dietary intake of vitamins
C and E associated with reduced
AD prevalence; high-dose
vitamin E supplementation
associated with increased
morbidity and mortality

Higher in vivo bioavailablity
and possibly better therapeutic
potential than resveratrol

No benefits in
Unlikely therapeutic
clinical trials (Goozee potential due to very poor
pharmacokinetics and
et al., 2016)
-dynamics; possible toxic effects

Future perspectives: Large-scale clinical trials with long-term exposure to antioxidant-rich diets or (combinations of) natural antioxidants with high bioavailability are required
to assess preventive and therapeutic efficacy in AD.

i.e. as tablets, extracts, juice or dietary ingredients. In addition,
nanotechnology may be able to develop antioxidant bioactives or
drugs for the treatment of AD that are able to cross biological barriers and enhance bioavailability (Gao, 2016).
Furthermore, in view of possible toxic effects of curcumin
(Burgos-Moron et al., 2010), antioxidant supplements should be
considered as medicinal products and should therefore be evaluated extensively in the same way as new drugs prior to marketing.
7. Conclusion
Due to its high oxygen consumption and high lipid content, the
brain is highly susceptible to oxidative stress. The accumulation
of ROS poses a significant threat to neurons. When production
of these species exceeds the brain’s antioxidant defense capacity,
substantial neuronal damage may result. It is well established that
oxidative damage of neuronal molecules has a major impact on
AD. The pathogenetic role of oxidative stress in AD has led to the
proposal that increased consumption or supplementation of plantderived antioxidants may reduce the development of neuronal
dysfunction and may offer preventive or therapeutic potential in
AD. Several antioxidants have shown promise in animal models
of AD. However, the findings regarding effects of antioxidants in
AD in humans are controversial and inconclusive. Single antioxidants may not suffice in preventing oxidative damage in AD, since
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a wide variety of endogenous and exogenous antioxidants are involved in the modulation of oxidative stress. Therefore, effects of
dietary natural antioxidant cocktails require further investigation
regarding the prevention of AD. Furthermore, the use of antioxidants in humans may be hindered by limited bioavailability and
insufficient bioactivity in the brain. There is currently no evidence
of clinical efficacy of natural antioxidants in people with AD (see
Table 1).
While antioxidant scavenging of free radicals may have health
benefits, it may also have detrimental effects. Antioxidants, especially when administered in high doses, could disturb the homeostasis associated with the role of ROS in various physiological processes. A controversy surrounding dietary antioxidants concerns
their capacity to act as (toxic) prooxidants, depending on their concentration and the presence of other molecules. Antioxidant activity might increase the survival of precursor tumor cells in altered
matrix environments and could thus enhance malignancy.
Potential effects of natural antioxidants in the prevention of
AD need to be assessed in studies with long-term exposure to
compounds with high bioavailability. Large-scale clinical trials
employing sensitive, valid, reliable and ecologically meaningful
assessments are needed to establish the therapeutic efficacy of
antioxidants. Future studies should employ combinations of antioxidants to maximize bioavailability to different cellular compartments. In addition, the assessment of the effectiveness of antioxidant-rich diets in AD warrants further investigation.
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Abstract
SARS CoV-2 virus is primed by proteases before it attaches to host cells and causes the Coronavirus Diseases-2019
(COVID-19). The proteases that activate SARS-CoV-2 virus can be inhibited by proteins naturally occurring in human plant foods such as legumes. Food science contribution to the fight against SARS-CoV-2 infection and COVID-19 needs to extend beyond the traditional involvement in developing and securing high quality foods to include investigating foods rich in plant protease inhibitors as novel foods for SARS-CoV-2 and COVID-19 prevention.
Keywords: SARS-CoV-2; COVID-19; Prevention; Plant protease inhibitors.

Food Science contribution to the SARS-CoV-2 infection and
COVID-19 pandemic is not limited to rinsing food and cleaning
food processing facilities surfaces, the global food chain supply,
consumer behavior, and food security. Food scientists do much
more to help fight SARS-CoV-2 infectivity and COVID-19 with
the quality of foods being developed, cooked, and putting on the
table. The time for food scientists and food research sponsors to
contribute further to the fight against SARS-CoV-2 is now and
cannot wait and here is why.
Social distancing, confinement, mask wearing, and regular
hand washings are among the best practices to prevent SARSCoV-2 infection. When these protective measures fail, SARSCoV-2 is transmitted from an infected individual to another. Here
is what we know about the virus. SARS-CoV-2 uses proteases to
prime the virus and allow it to attach to the receptor angiotensin
converting enzyme 2 (ACE2) that is located on nasopharyngeal,
lung, heart, and intestine cell surfaces. If inhibited to bind to the
cell receptor, the virus vanishes. If successful to attach after being
primed/activated or after endocytosis the virus penetrates the cell,
replicates, and causes COVID-19. The severity of COVID-19 can
be amplified by obesity, diabetes, hypertension, cardiovascular
disease, kidney disease, asthma, or allergies because individuals
with these conditions have impaired endothelial cells and elevated
levels of serum proteases that can catalyze SARS-CoV-2 activation. Obesity affects about 30% of the US population (about 110

million) while diabetes affects 34.2 million Americans. In 2017,
nearly half of adults in the US (about 108 million) had hypertension and only about 24% of these individuals had their conditions
under control. Obesity affects 61% of Canadians, 5–6% of Chinese. Cardiovascular disease is the number one killer in the world
(www.cdc.gov).
At current level of understanding, proteases that prime the
SARS-CoV-2 virus for entry into the host and the coagulopathy
that COVID-19 is causing in severely infected individuals are
two targets that those involved in finding a non-vaccine or antiviral cure for COVID-19 are focusing on (Drak Alsibai, 2020;
Ji et al., 2020; Mucha et al., 2020). These two targets can well
be addressed by the food that we consume. Plant foods including legumes (soybeans, lima beans, dry beans, chickpeas, adzuki
beans, mung beans), potato, sweet potato, yams, summer and
winter squash, banana, sunflower seeds, pumpkin seeds, moringa
leaves, and bitter gourd seeds are excellent sources of protease
inhibitors that are bioavailable and can prevent SARS-CoV-2
to attach to the host cells (Srikanth and Chen, 2016). Some of
these plant foods such as winter squash are also excellent sources
of protease inhibitors that are bioavailable and can help prevent
blood clotting, a death causing factor in COVID-19 (Otlewski and
Krowarsch, 1996). When minimally processed, these foods can
serve as good sources of protease inhibitors that can deliver these
bioactives daily and may help individuals fight SARS-CoV-2 in-
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fection (Otlewski and Krowarsch, 1996; Srikanth and Chen, 2016;
Theoharides, 2020).
The rate of SARS-CoV-2 infectivity and COVID-19-induced
mortality appears to be low in countries where minimally processed foods rich in protease inhibitors are consumed regularly
and in sizable quantities. Populations in countries that consume
high volumes of soymilk and soy products rich in protease including Hong Kong, Singapore, Vietnam, Laos, Cambodia, and Macau have a low rate of SARS-CoV-2 infectivity and COVID-19
related deaths https://coronavirus.jhu.edu/map.html. Countries
that consume high volumes of plant foods rich in protease inhibitors such as dry beans and cook the beans by boiling at temperature below 100 °C have a low rate of SARS-CoV-2 infectivity
and COVID-19 related death. Rwanda, Burundi, and the Nicoya
Region of Costa Rica top the list https://coronavirus.jhu.edu/
map.html. Obesity is one of the premier risk factors for severe
COVID-19 outcomes. Plant protease inhibitors may help lose
weight and can also inhibit mast cell overactivation (Hill et al.,
1990). Adopting plant-based diet and cuisine that use minimally
cooked foods may add additional barriers against the severity of
COVID-19.
The time is ripe for food scientists to focus on foods rich in
protease inhibitors and other bioactive compounds that can significantly affect the infectivity of SARS-CoV-2. The focus can be
on basic concept such as minimally processed foods, boiled foods,
and safe and optimal delivery of protease inhibitors, anti-angiogenic foods, or other health enhancing dietary bioactives to the
circulation well before SARS-CoV-2 infection and help individuals, especially those with risk factors such obesity and diabetes, to
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Losso
fight SARS-CoV-2 attachment to the host or COVID-19.
Performing research on antiviral foods and working along with
virologists is the best contribution food scientists can make to help
combat SARS-CoV-2 infection and COVID-19 pandemic.
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Abstract
Aronia berries (Aronia melanocarpa and Aronia mitschurinii) are underutilized functional food, rich in bioactives.
Aronia berries have abundant levels of anthocyanins, proanthocyanidins, flavonols, and phenolic acids that may
reduce the risk of non-communicable diseases such as diabetes, metabolic syndrome, and neurological disease.
Aronia polyphenols are bioavailable, and the majority are transformed into low molecular-weight phenolics. The
impact of biotransformation on aronia polyphenols health effects is not fully understood. The objective of this
review is to analyze aronia berry composition, including polyphenols nutrients. Additionally, this review summarizes recent preclinical and clinical studies on the polyphenol bioavailability and health benefits upon aronia berry
consumption to better understand its potential as a functional food.
Keywords: Aronia berry; Anthocyanin; Chronic disease; Composition; Polyphenol.

1. Introduction
Aronia Medik. (chokeberries), are deciduous shrubs and a member of the Rosaceae family (Sidor and Gramza-Michałowska,
2019; Mahoney et al., 2019). Aronia berry color ranges from red,
purple, to black, depending on the species (Sidor and GramzaMichałowska, 2019). The four main Aronia species include A.
arbutifolia (L.), A. melanocarpa (Michx.), A. prunifolia (Marshall), and A. mitschurinii (Mahoney et al., 2019; Kulling and
Rawel, 2008). A. mitschurinii is the primary species used for commercial aronia berry production in North America (Brand et al.,
2017; Mahoney et al., 2019). The ‘Nero’ and ‘Viking’ cultivars of
A. mitschurinii are crosses between A. melanocarpa and Sorbus
aucuparia L. and grow from 3 to 6 feet tall (Mahoney et al., 2019;
Kulling and Rawel, 2008). From May to June, white flowers grow
on the shrubs, and by late August and September, the berries are
fully matured, with a diameter between 6.1 to 17.8 mm (Kulling
and Rawel, 2008).
Aronia berry is consumed as whole berries, but most of the
crop is processed to juice, juice concentrates, extracts, fruit

powders, jams, or fermented products. Aronia berry is rich in
polyphenols, which may contribute to its health benefits. Aronia berries contain a mixture of polyphenolic components and
have abundant anthocyanins and proanthocyanidins (Taheri et
al., 2013). Although the in vivo bioactivity and bioavailability of
polyphenols are not fully understood, the antioxidant and antiinflammatory actions of polyphenols may decrease the risk of
cardiovascular disease, metabolic syndrome, inflammation, and
neurodegenerative disease (Jakobek and Seruga, 2012; Bhaswant
et al., 2017). The mechanisms by which anthocyanins, proanthocyanidins, and other polyphenols found in aronia berries are an
active reseach area.
Aronia berry remains an underutilized functional food. Prior reviews have addressed aronia berry composition (Sidor and
Gramza-Michałowska, 2019), polyphenol bioavailability (Denev,
Kratchanov, Ciz, Lojek, and Kratchanova, 2012), and health benefits (Sidor and Gramza-Michałowska, 2019). Additional reports on
the composition, polyphenol bioavailability, and bioactive mechanisms have been published since these publications. Therefore,
this paper aims to provide an updated and expanded review of the
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Table 1. Aronia berry and juice sugar content and profile

Sugar

Mass in fruit (g/100 g fwb)

Mass in juice (g/100mL)

total sugars

6.21–42.10a,g

8.9–19.6e,f

fructose

2.2–15.8b

1.5–4.1e,f

glucose

1.09–5.7c,d

1.5–4.2e,f

sorbitol

4.36–12.99c,b

3.5–7.7e

sucrose

0.07–1.53b,d

0.03–6.8e,f

inositol

0.0684g

–†

maltose

0.0496g

–

glycerol

0.00983g
†Data

–
aOchmian

Abbreviations: fwb, fresh weight basis.
not available in literature.
nowska et al., 2015. fHandeland et al. 2014. gVázquez-Espinosa et al. 2019.

et al., 2012.

current scientific literature on aronia berry composition, the pharmacokinetics of the polyphenols, and its potential for improving
health. We expect that characterizing the progress and knowledge
gaps in these areas will accelerate research, development, and aronia berry utilization.
2. Methods

bDenev

et al., 2018.

cMayer-Miebach

et al., 2012. dŠnebergrová et al., 2014. eSos-

time, and other factors (Veberic et al., 2015). Furthermore, analysis may further introduce variability from extraction methods
(e.g. selection of solvent, berry particle sizes, solid-solvent ratio,
time, and temperature) or analytical approach (e.g. HPLC vs. gas
chromatography, specific or non-specific methods) (Denev et al.,
2018).
3.1. Carbohydrates

Publications were identified through Medline, Elsevier, Google
Scholar, and Pubmed databases using keywords such as aronia, antioxidants, anthocyanins, bioavailability, chokeberry, proanthocyanidins, cancer, cardiovascular disease, diabetes, functional foods,
and polyphenols. Studies were limited from 2010 until 2020 and
from 2015 for preclinical and human intervention studies. Compositional data were compiled for black aronia berry (A. melanocarpa and A. mitschurinii).
3. Aronia composition
The functional components in aronia berry include nutrients,
polyphenols, fiber, and sorbitol. Other components such as organic acids, protein, and lipids contribute to fruit quality and stability. The abundance and distribution of these components vary
significantly among the studies reviewed in this paper. Variability
may arise from aronia genetic variability, environment (location,
humidity, temperature, rain, fertilizers, and infections), harvest

Aronia berry carbohydrates are primarily sugars and fiber (Tables 1 and 2). Fresh aronia berry contains 15 to 20.9 g/100 g fwb
of carbohydrates (Sidor and Gramza-Michałowska, 2019). The
sugars in aronia berry and juice are mainly fructose and sorbitol
with lower amounts of glucose and sucrose, ranging from 6.2 to
20.9 g/100 g fwb or 8.9 to 19.6 g/100 mL. Sorbitol is abundant
in aronia berry with 4.36–12.99 g/100 g fwb of the whole berry.
As a sugar alcohol, sorbitol contains about 2.6 calories per gram
and has diuretic, laxative, and cathartic properties (US Food and
Drug Administration, 2020; Featherstone, 2015). A majority of
the berry sugars are extracted into juice, whereas its fiber is mainly distributed in the pomace. The pomace contains 57.8 to 71.5
g/100 g dwb of total dietary fiber and insoluble fiber at 43.8 to
61.7 g/100 g dwb (Schmid et al., 2020). The berry pomace fibers
include cellulose (34 g/100 g dwb), hemicellulose (32 g/100 g
dwb), lignin (22.7 g/100 g dwb), and pectin (7.52 g/100 g dwb).
Although these fibers’ structures and solubility vary, increased
fiber reduces cardiovascular disease risk, aids in glycemic control, and helps maintain a healthy weight (Schmid et al., 2020;

Table 2. Aronia berry pomace fiber content

Fiber

Mass in pomace (g/100 g dwb)

total fiber

57.8–71.6a

insoluble fiber

43.8–61.7a

soluble fiber (high molecular weight)

7.3–15.1a

soluble fiber (low molecular weight)

0.8–2.6a

lignin

22.68b

cellulose

34.56b
7.52b

total pectin

32.08b

hemicellulose
Abbreviations: dwb, dry weight basis. aSchmid et al., 2020. bNawirska and Uklańska, 2008.
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Table 3. Protein content and amino acid profile of aronia berry and pomace

Protein or amino acid

Mass in fruit (mg/100 g fwb)

Pomace (mg/100 g dwb)

total protein

700a

4,900–24,000b

aspartic acid (mg)

0.01–0.035c

0.891d

glutamic acid (mg)

0.04–0.029c

1.979d

serine (mg)

0.023–0.039c

0.368d

histidine (mg)

0.007–0.008c

0.247d

glycine (mg)

0.009–0.018c

0.638d

threonine (mg)

0.033–0.039c

0.298d

arginine (mg)

0.01–0.013c

0.791d

alanine (mg)

0.015–0.022c

0.41d

tyrosine (mg)

0.003–0.006c

0.247d

valine (mg)

0.021–0.025c

0.421d

methionine (mg)

ND–0.001c

0.177d

phenylalanine (mg)

0.004–0.006c

0.43d

isoleucine (mg)

0.008–0.012c

0.378d

leucine (mg)

0.007–0.01c

0.686d

Abbreviations: fwb, fresh weight basis; dwb, dry weight basis; ND, not detected. aLancrajan, 2012. bSójka et al., 2013. cHwang and Thi, 2016. dPieszka et al., 2015.

Slavin, 2013).
3.2. Protein and amino acids
Similar to other berries, the protein and amino acid content of aronia berry is relatively low (Table 3), 700 mg/100 g fwb and 4,900
to 24,000 mg/100 dwb. Most of the protein and amino acids are
distributed in the pomace (Sidor and Gramza-Michałowska, 2019).
Aronia berry contains both essential and nonessential amino acids.
Threonine (0.033 to 0.39 mg/100 g fwb berry) is the most abundant among the amino acids, followed by serine (0.023 to 0.39
mg/100 g fwb berry).
3.3. Lipids
Aronia berry has a low lipid content, with a total fat of 0.14 % in a
fresh berry (Table 4). A significant amount of the lipids are in the
seed oil, represented mostly by sterols and phospholipids (Sidor
and Gramza-Michałowska, 2019). The remaining lipids are mainly in the pomace, primarily polyunsaturated fatty acids, which is
90.49% of total fatty acids, whereas saturated fatty acid is 9.51%.
Among the different types of fatty acids, the linoleic (C18:2) and
oleic acids (C18:1) are abundant, at 43.43% and 16.38% of fatty
acids, respectively (Sidor and Gramza-Michałowska, 2019). While
the lipid content of aronia berry is low, processing strategies to
recover lipids from aronia seeds and pomace could be used to develop new sources of seed oils with high proportions of unsaturated fatty acids.
3.4. Vitamins and minerals
Aronia berry contains vitamin A, vitamin E, and vitamin C (Table 5). Total carotenoids (including α-, β-, and ζ-carotenes) can

be up to 97.8 µg/L of aronia berry juice (Oprea et al., 2014; Sidor
and Gramza-Michałowska, 2019). However, vitamin C is the most
abundant micronutrient, with 7.25 to 98.75 mg/100 g fwb (Catană
et al., 2017). Aronia berries also contain a variety of minerals. The
ash content of aronia berry is 0.37 to 0.49 g/100 g fwb, providing major minerals (calcium, magnesium, phosphorus, potassium)
and trace minerals (iron, copper, iodine, zinc, and selenium) (MedlinePlus, 2019). Lead and other heavy metals have been reported in
aronia berry, but these levels are below thresholds where toxicity is
a concern (Juranović Cindrić et al., 2017).
3.5. Organic acids
The content of organic acids in aronia leads to its sour flavor
(Famiani et al., 2015). The titratable acidity is in range with other
berries at 0.85 to 1.22% (Bolling et al., 2015). At least eight organic acids are present in aronia berry, including quinic, malic,
ascorbic, shikimic, citric, oxalic, succinic, and isocitric acids
(Table 6). Fumaric and tartaric acids were also reported in juice.
Quinic acid is the most abundant organic acid in aronia berry
(293 to 591 mg/100 g fwb), followed by malic acid (308 to 350
mg/100 g fwb), but others have reported that malic acid is the
primary organic acid (Denev et al., 2018; Kulling and Rawel,
2008).
3.6. Polyphenols
Aronia berry has a significantly higher polyphenol and antioxidant content than most fruits and vegetables (Nour et al., 2015;
Jakobek and Seruga, 2012; Pérez-Jiménez, 2010). Aronia berry
total polyphenols range from 1.0 to 3.6 g/100 g fwb (Denev et
al., 2018; Nour et al., 2015). The primary polyphenols in aronia
berries include anthocyanins, proanthocyanidins, flavonols, and
phenolic acids. These polyphenols contribute to the health ben-

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

15

Composition, polyphenol bioavailability, and health benefits of aronia berry: a review

King et al.

Table 4. Lipid content and profile of aronia berry fruit and pomace.

Lipid component

Fruit (%)†

Pomace (%)†

Seed oil (g/kg)†

total fat

0.14a

2.9–13b

–

phospholids

–

–

2.8d

sterols

–

–

1.2d

tocopherols

–

–

0.0555d

–

0.02c

–

C12:0

–

0.07c

NDd

C14:0

–

0.12c

trd

C16:0

–

5.48c

5.1d

C16:1

–

0.19c

trd

C18:0

–

1.71c

1.1d

C18:1

–

16.38c

21.4d

C18:2

–

43.43c

71.1d

Gamma 18:3

–

0.03c

–

C18:3

–

29.78c

0.5d

CLA c9-t11

–

0.01c

–

–

0.02c

–

C20:0

–

1.52c

NDd

C20:1

–

0.33c

–

–

0.14c

–

C22:0

–

0.59c

0.8d

C22:5

–

0.17c

–

SFA

–

9.51c

0.7d

–

90.49c

–

PUFA n-6

–

43.6c

–

PUFA n-3

–

29.97c

–

–

1.45c

–

fatty acid
C8:0

C18:4

C20:2

UFA

PUFA n-6/n-3

Abbreviations: CLA, conjugated linoleic acid; SFA, saturated fatty acid; UFA, unsaturated fatty acid; ND, not detected; tr, less than 0.1 g/kg; PUFA, polyunsaturated fatty acid. †Total
fat on fresh weight basis. ‡Data not available in literature. aLancrajan, 2012. bSójka et al., 2013. cPieszka et al., 2015. dZlatanov, 1999.

efits as well as the astringent and bitter flavor associated with
aronia berry.
3.6.1. Anthocyanins
Within black aronia berry, anthocyanins are the most abundant
polyphenol and pigment (Wathon et al., 2019; Sidor and GramzaMichałowska, 2019). The structure of anthocyanins determines the
pigmentation of the fruit by the type of aglycon base or flavylium
ring, sugar, and acylation (Sidor and Gramza-Michałowska, 2019).
Anthocyanins also reduce photooxidation and limit CO2 assimilation in plant tissue. Thus, most of the anthocyanins are located
on the skin’s external layer in the pomace (Veberic et al., 2015).
There are six major anthocyanin aglycons in berries: cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin, which
typically contain a sugar moiety (Bueno et al., 2012). In aronia
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berry, cyanidin glycosides account for 90 to 98.7% of the total anthocyanin content (Veberic et al., 2015; Denev et al., 2018). The
major cyanidin glycosides are include its 3-galactoside (126 to 990
mg/100 g fwb), 3-glucoside (1.7 to 21.5 mg/100 g fwb), 3-arabinoside (52 to 399 mg/100 g ), 3-xyloside (2.7 to 81.2 mg/100 g
fwb), 3,5-hexoside (epi)catechin (14.3 mg/100 g dwb), 3-pentoxide-(epi)catechin (7.26 mg/100 g dwb), 3-hexoside-(epi)cat-(epi)
cat (13.6 mg/100 g dwb) (Table 7). On a fresh weight basis, aronia
berries are among the richest dietary sources of anthocyanins (Denev et al., 2018; Pérez-Jiménez et al., 2010).
3.6.2. Proanthocyanidins
Aronia contains proanthocyanidins with predominately (−)-epicatechin units (32.2 to 99.6 mg/100 g) with a trace amount of (+)-catechin (Table 8, Jurikova et al., 2017). Oligomeric and polymeric
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Table 5. Micronutrient, nitrate/nitrite, and mineral content of aronia berry fruit

Component
vitamins

nitrate/nitrite
minerals

Mass in fruit (mg/100 g fwb)
vitamin C

7.25–98.75a

vitamin A

0.77b

vitamin E

0.008–0.031c

vitamin B2

0.873h

vitamin B5

2.845h

vitamin B6

1.132h

vitamin B7

0.615h

nitrate

4.520–9.850d

nitrite

0.062–0.187d

Na

0.427–1.18e,f

K

135–679g,f

Ca

11.9–116.7g,e

Mg

8.3–66.9g,f

P

23.9–95.6e

Zn

0.055–0.84f,e

Fe

0.132–1.42f,e

Se

0.0021–0.0028f

Cu

0.82–.211f

Mo

0.0016–0.0021f

Mn

0.132–1.789f

Ni

0.0143–0.0740f

V

0.0040–0.0158f

Si

0.237–0.637f

Cr

0.035–0.211f

Li

0.0016–0.0021f

Sr

0.132–1.789f

Al

0.288–0.440f

Sn

0.062–0.072f

As

0.020–0.036f

Cd

0.0016–0.0041f

Ba

0.148–0.666f

Pb

0.0048–0.0091f

Sb

ND-0.029f

Co

0.0019–0.0043f

B

0.288–1.422f

Abbreviations: fwb, fresh weight basis. aCatană et al., 2017. bLancrajan, 2012. cBorowska and Brzóska, 2016. dOchmain et al., 2012. ePavlović et al., 2015. fJuranović Cindrić et al.,
2017. gŠnebergrová et al., 2014. hAsănică et al., 2019.

(−)-epicatechins make up monomers, dimers, tetramers, hexamers, octamers, and decamers, but most proanthocyanidins in aronia
berries have polymerization greater than 10 (Taheri et al., 2013).
Aronia berry proanthocyanidins are distributed 70% in the flesh,
25% in the skin, and 5% in the seeds (Mayer-Miebach et al., 2012).

Proanthocyanidin consumption may have a wide range of human
health benefits, including reducing oxidative stress, improving
blood circulation, and reducing cancer symptoms (Rauf et al.,
2019). Additionally, when used as food ingredients, proanthocyanidins create foamability, oxidative stability, and heat stability and
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Table 6. Organic acid content of aronia berry and juice

Acid

Mass in fruit (mg/100 g fwb)

Mass in juice (mg/100 mL)

quinic acid

293–474a

280b

malic acid

308–350a

708b

ascorbic acid

56. 9–72.2a

4b

shikimic acid

8.76–8.99a

6b

citric acid

31.1–33.5a

7b

oxalic acid

3.21–3.39a

–†

succinic acid

7.08–7.48a

–

fumaric acid

–

5.1–10.7d

tartaric acid

–

32.1–207d

isocitric acid

2.25–3.73c

Abbreviations: fwb, fresh weight basis.

†Data

–

not available in literature.

aDenev

et al., 2018.

bMarkkinen

et al., 2019. cŠnebergrová et al., 2014. dDjuric et al., 2015.

Table 7. Anthocyanin content and profile of aronia berry, juice, and pomace

Anthocyanin

Mass in fruit
(mg/100 g fwb)

total anthocyanins

284–631a

Mass in juice
(mg/100 mL)

Mass in pomace
(mg/100 g dwb)

cyanidin-3-galactoside

126–990b

87.4–94.0a

4520–9760f

cyanidin-3-glucoside

trace-21.5b,c

10.2–13.5a

21–225.8f

cyanidin-3-arabinoside

52–392c,d

24.7–58.6a

1840–3120f

cyanidin-3-xyloside

2.7–81.2c,d

0.48–1.25a

167–275f

pelargonidin-3-arabinoside

5.04e

cyanidin-3,5-hexoside-(epi)catechin

14.3f

cyanidin-3-pentoside-(epi)catechin

7.26f

cyanidin-3-hexoside-(epi)cat-(epi)cat

13.6f

Abbreviations: fwb, fresh weight basis; dwb, dry weight basis. aDenev et al., 2018. bBorowska and Brzóska, 2016. cWangensteen et al., 2014. dHwang and Thi, 2016. eVeberic et
al., 2015. fOszmiański and Lachowicz, 2016.

Table 8. Tannin content and profile of aronia berry and pomace

Proanthocyanidin

Mass in fruit (mg/100 g fwb)†

Mass in pomace (mg/100 g dwb)‡

total tannins

522–1000a

6200–9720c

monomers (total)

5.17b

–

62.9–124a

–

12.5a

–

–

21.9–28.2c

trimers

10.3a

–

tetramers

0.7a

–

pentamers

0.75a

–

hexamers

1.04a

–

heptamers

0.56a

–

octamers

0.51a

–

decamers

0.16a

–

>10-mers

69a

(−)-epicatechin
dimers
procyanidin B2

Abbreviations: fwb, fresh weight basis; dwb, dry weight basis; –, data not available in literature. †Data for monomers through > 10-mers as (−)-epicatechin equivalents. ‡Data for
monomers through > 10-mers as (+)-catechin equivalents. aDenev et al., 2018. bDudonné et al., 2015. cOszmiański and Lachowicz, 2016.
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Table 9. Flavonol content reported in aronia berry fruit, juice, and pomace

Flavonols

Mass in fruit (mg/100 g fwb)

Mass in juice (mg/100 mL)

Mass in pomace (mg/100 g dwb)

quercetin-3-rutinoside

3.9–61.7a

15.5–62.8a

22.7–43.7d

quercetin-3-glucoside

4.4–29.2a,b

11.5–36.7a

32.7–67.1d

quercetin

6.5–30.2a,c

6.8–8.2a

–

quercetin-3-galactoside

6.6–30.2a,c

–

49.0–102d

quercetin-3-robinobioside

1.03–11.3a

–

14.9e

quercetin-3-vicianoside

2.6–4.3a

–

19.6e

isorhamnetin pentoside hexoside

1.12f

–

–

isorhamnetin 3-O-neohesperidoside

1.16f

–

–

isorhamnetin 3-O-rutinoside

0.83f

–

–

Abbreviations: fwb, fresh weight basis; dwb, dry weight basis; –, data not available in literature. aDenev et al., 2018. bOchmian et al., 2012. cBorowska and Brzóska, 2016.
dOszmiański and Lachowicz, 2016. eRodríguez-Werner et al., 2019. fTian et al., 2017.

ids (Table 10). These other phenolic acids include vanillic, ferulic,
syringic, and gallic acids.

increase astringency (Shi et al., 2003).
3.6.3. Flavonols

3.6.5. Non-extractable polyphenols

Flavonols are less abundant in aronia berry relative to proanthocyanidins and anthocyanins. The major flavonol in aronia is quercetin (Table 9), and it can increase by 5% during juice pasteurization
(Jurikova et al., 2017). Quercetin distributed as its 3-rutinoside
(3.9 to 61.7 mg/100 g fwb), 3-glucoside (4.03 to 29.2 mg/100 g
fwb), 3-galactoside (6.6 to 30.2 mg/100 g fwb), 3-robinobioside
(1.03 to 11.3 mg/100 g fwb), 3-vicianoside (2.36–5.38 mg/100 g
fwb) (Table 9). Other aronia berry flavonols include myricetin,
isorhamnetin, and kaempferol.
3.6.4. Phenolic acids
The phenolic acid profile of aronia berries is mainly neochlorogenic and chlorogenic acids with lower levels of other phenolic ac-

In the studies reviewed, most of the experiments have used analytical methods to assess extractable polyphenols (EPs).The solvents
used to obtain EPs are typically aqueous-organic, commonly containing water, methanol, or acetone (Han et al., 2019). In contrast,
non-extractable polyphenols (NEPs), also known as insolublebound phenolics, require enzymatic, acidic, or alkaline hydrolysis
to be liberated to the extraction medium (de Camargo et al., 2016).
These methods dissociate non-extractable polyphenols from cellulose, hemicellulose, polysaccharides, and polypeptides. Advanced
techniques, such as ultrasound-assisted extraction and microwaveassisted extraction, are not able to successfully extract NEPs. The
most effective method to release the NEPs is hydrolysis (Dzah
et al., 2020). However, hydrolysis conditions may degrade polyphenols. After juicing, aronia pomace is a good source of NEPs.

Table 10. Phenolic acid content reported in aronia berry fruit, juice and pomace

Phenolic acid

Mass in fruit (mg/100 g fwb)

Mass in juice (mg/100 mL)

Mass in pomace (mg/100 g dwb)

neochlorogenic acid

59–186a,b

41.6–172a,f

169j

chlorogenic acid

17–188a,c

88.6–139a

204j

caffeic acid

60–75a,c

0.12–0.18g

–

protocatechuic acid

0.77d

2.49–5.74f

–

vanillic acid

0.25–0.46c

–

–

p-Coumaric acid

0.02d

–

–

dicaffeoylquinic acid

3.74e

–

–

ferulic acid

0.01d

1.99h

–

syringic acid

–

–

4.16k

ellagic acid

1.57d

–

–

gallic acid

–

0.004–0.69h,i

–

salicylic acid

–

–

–

Abbreviations: fwb, fresh weight basis; dwb, dry weight basis; –, data not available in literature. aDenev et al., 2018. bOchmian et al., 2012. cHwang and Thi, 2016. dDudonné et al.,

2015. eTian et al., 2017. fSosnowska et al., 2016. gPozderović et al., 2016. hValcheva-Kuzmanoca et al., 2013. iWilkoska et al., 2017. jRodríguez-Werner et al., 2019. kSzop et al., 2013.
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Enzyme-assisted extraction and high-pressure extraction methods
have also been applied to recover NEPs from aronia berry pomace
(Grunovaitė et al., 2016; Kitrytė et al., 2017); however, alkaline
hydrolysis is expected to be the most efficient method to recover
NEPs (de Camargo et al., 2016). The profile of aronia berry NEPs
recovered by enzyme- assisted extraction and high-pressure extraction is similar to its free polyphenol profile (Grunovaitė et al.,
2016; Kitrytė et al., 2017).
3.7. Astringent compounds
Although aronia berries show potential for numerous health benefits, consumption of whole aronia berry is limited by its astringency and bitterness. Adding sugar or ethyl butyrate to aronia
juice may reduce its bitterness, but does not change astringency
and consumers’ preference (Duffy et al., 2016). Amygdalin is an
aromatic cyanogenic glucoside compound that is responsible for
a bitter-almond smell and contributes to aronia berry astringency.
There are no recent studies on amygdalin content in aronia berries, but prior studies have reported 52.3 mg/100 g fwb in pomace
(Kulling and Rawel, 2008). Proanthocyanidins also contribute to
astringency, due to its interactions with salivary proteins (Soares
et al., 2018). Some hydroxycinnamic acids, including vanillic and
syringic acid, may also contribute to astringency (Sáenz-Navajas
et al., 2010). Additional research to characterize the relative astringency of these components in aronia berries can help inform
product development and masking strategies in food production.
4. Polyphenol bioavailability
Aronia berries contain higher antioxidant capacity than most foods
(Pérez-Jiménez et al., 2010), but these tests neglect polyphenol
metabolism and bioavailability. Thus, to understand the antioxidant and human health-promoting mechanisms of aronia polyphenol consumption, it is necessary to consider the metabolism and
bioavailability of its polyphenols. While reports on polyphenol bioavailability have increased, there is still limited knowledge about
the dynamics of polyphenol metabolism (Neilson et al., 2017; Shahidi et al., 2019). Bioavailability depends on their physicochemical stability, complex formation, food interaction, gastrointestinal
absorption, and hepatic and gut metabolism (Luca et al., 2019).
Recent work has described how the gut microbiome contributes
to aronia polyphenol metabolism and bioavailability (Istas et al,
2019). Significant inter-individual variability of polyphenol metabolism and bioavailability may explain the variable outcomes in
human intervention studies and are summarized in Table 11. The
following subsections focus on describing the metabolism and bioavailability of aronia berry polyphenols.
4.1. Anthocyanins
Anthocyanin structure and stability is pH-dependent. Upon consumption, the oral cavity pH is 5.6–7.9, which enhances anthocyanin hydrolysis. Given the short time period at this pH, only a
fraction are hydrolyzed in the oral cavity (Braga et al., 2018). In
the stomach, the acidic pH of 1.5–3.5 increases the proportion of
anthocyanins as flavylium cations (Braga et al., 2018). At the small
intestine, the pH of 6.7 to 7.4 favors the anthocyanin chalcone and
quinoidal base formation, promoting hydrolysis to low molecular
weight phenolics (Braga et al., 2018). A fraction of anthocyanins
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are directly absorbed in the stomach and small intestine. However,
anthocyanins have low absorption in the small intestine, and the
majority of them will be catabolized by gut microbiota (Denev et
al., 2012). Upon absorption, anthocyanins and their metabolites
undergo phase I and phase II metabolism in enterocytes and the
liver (Denev et al., 2012). Phase I metabolites include phloroglucinaldehyde, 3,4-dihydroxybenzaldehyde, and hydroxybenzoic acid.
Phase II metabolites are glucuronidated and methylated cyanidin.
In the colon, gut microbiota hydrolyzes the anthocyanins into phenolic acids such as hippuric acid, phenylpropanoid acid, and ferulic acid (Wiczkowski et al., 2010; Denev et al., 2012). A human
supplementation study utilizing 13C-cyanidin-3-glucoside reported
5.4% urinary excretion of anthocyanins and its metabolites (Czank
et al., 2013). It would be expected that cyanidin-3-galactoside metabolism would be similar (Figure 1).
4.2. Proanthocyanidins
Proanthocyanidins have limited bioavailability because of their
polymeric structures. Larger polymers are unable to translocate
across the phospholipid bilayer of intestinal cells membrane,
be transported by carrier proteins, and entirely dissolve into the
aqueous phase of the small intestine (Luca et al., 2019). Moreover, human enzymes are not able to hydrolyze proanthocyanidins.
Therefore, only monomers or dimers can be absorbed in the small
intestine (Williamson and Clifford, 2017). The majority of proanthocyanidins reach the colon unchanged. A proportion of B-type
proanthocyanidins are hydrolyzed by gut microbiota to valerolactones and phenolic acids (Appeldoorn et al., 2009). Thus, phenolic
catabolites’ rate and profile are highly dependent on the gut microbial composition (Luca et al., 2019). The remaining proanthocyanidins are excreted and in the feces (Neilson et al., 2016).
4.3. Quercetin
The metabolism and bioavailability of quercetin depends on its
glycosylation (Kaşıkcı and Bağdatlıoğlu, 2016). Quercetin glucosides and galactosides are absorbed in the small intestine, whereas
rutinosides are not. Rutin (quercetin-3-rutinoside) is deglycosylated by microbiota and then absorbed through passive diffusion (Luca et al., 2019). Quercetin glucosides and galactosides
are hydrolyzed in the gut and liver, and aglycones mainly undergo
Phase II metabolism. If the flavonols are not absorbed in the small
intestine, they enter the gut, where the microbiota hydrolyzes the
quercetin (Luca et al., 2019). The bacteria hydrolyze quercetin to
low molecular polar metabolites (Santhakumar et al., 2018). Some
of these compounds are 4-dihydroxyphenylacetic acid (DOPAC),
3-hydroxyphenyl acetic acid (3-OPAC), 3,4-dihydroxybenzoic
acid (PCA), and vanillic acid (Ameida et al., 2018). The rate of
formation of microbial metabolites depends in-part on nutrients
presence (Rodriguez-Castaño et al., 2019). These low molecular
compounds are absorbed in the large intestine and then metabolized in the liver (Atala et al., 2017). Quercetin metabolites are
excreted through feces and urine, mainly as benzoic and hippuric
acid (Luca et al., 2019).
4.4. Phenolic acids
The predominant phenolic acids in aronia, chlorogenic and neochlorogenic acids, require de-esterification of quinic acid prior to
absorption (Denev et al., 2012). The bioavailability of these com-
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9.1
1.0
2.2
4.4
1.1
16
1
21.3

cyanidin 3-arabinoside
cyanidin glucuronide
peonidin 3-galactoside
peonidin monoglucuronide
peonidin 3-arbinoside
total metabolites

32.8 ± 10.9

methylated cyanidin glucuronide

cyanidin-3-O-glucoside

12.8 ± 0.4

methylated cyanidin glucuronide

cyanidin 3-galactoside

3.76 ± 0.78

peonidin 3-galactoside

32.7

8.85 ± 0.50

cyanidin 3-arabinoside

total anthocyanins

14.5 ± 4.0

cyanidin glucuronide

Data are means ± standard deviation, when available from primary data source.

aronia juice (0.8 mg of anthocyanins/g of body weight)

23.4 ± 2.3

150 ± 98

peonidin-3-O-galactoside
cyanidin 3-galactoside

122 ± 50

cyanidin-3-O-glucoside
96.1

1270 ± 810

3-(4-hydroxyphenyl)propionic acid

total anthocyanins

12100 ± 2700

hippuric acid

aronia extract (7.1 g)

32.4 ± 6.5

protocatechuic acid

aronia extract (500 mg)

Cmax (nM)

Polyphenols

Source (dose)

Table 11. Summary of aronia berry juice and extract polyphenol bioavailability to plasma

2

0.5

2

1

2

1

1

1

1.3 ± 0.1

2.5 (2–3)

2.5 (2–3)

4.0 (4)

3.5 (3–4)

2.0 (2)

2.5 (2–3)

2.8

2 67 ± 0.67

1.60 ± 0.24

6.33 ± 1.45

5.33 ± 0.67

1.00 ± 0.00

Tmax (hours)

13 adults

3 male adults

6 adults

Participants

Wiczkowski et al., 2010

Kay et al., 2005

Xie et al., 2016

Reference
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pounds are low because esterase is limited in the small intestine.
In the colon, bacteria release caffeic acid from chlorogenic acid
(Heleno et al., 2015). Subsequently, absorbed phenolic acids undergo phase II metabolism in tissues prior to excretion.
4.5. Aronia polyphenol bioavailability
The maximum plasma concentration of dietary polyphenols in
humans is in the nanomolar or low micromolar range (Istas et al.,
2019). The highest level of polyphenols reported in plasma after aronia consumption has been 1.4 and 592 nmol/L, and appearing in the
plasma between 0.5 and 4 h after consumption (Pojer et al., 2013).
This wide range of absorption is partly because of differences in fruit
composition, glycosylation, and anthocyanidin type. For example, a
review on anthocyanins bioavailability concluded that galactosides
were more bioavailable than arabinosides (Pojer et al., 2013). Additionally, the report compared aronia berry and elderberry extract bioavailability, containing 721 mg and 720 mg anthocyanidins, respectively (Pojer et al., 2013; Cao et al., 2001; Kay et al., 2005). After
participants consumed both extracts, plasma anthocyanin concentrations were similar at 96.08 nM and 97.20 nM, respectively (Cao et
al., 2001; Kay et al., 2005). In a double-blind, placebo-controlled
study compared polyphenol metabolites in plasma after the consumption of whole aronia fruit or aronia extract (Istas et al., 2019).
The total plasma polyphenol concentration was 30 ± 156 µM and 14
± 106 µM after 12 weeks of consuming extract and whole berries,
respectively (Table 11). In addition, 20 metabolites were found in
the volunteers consuming aronia extract, while only five metabolites
were found after whole fruit consumption.
Another study evaluated the pharmacokinetics of anthocyanins
and selected metabolites in adults’ plasma (n = 6) that consumed
500 mg of aronia extract (Xie et al., 2016). Hippuric acid had the
highest plasma concentration (0.87 to 3.5 μg/mL), followed by
3-(4-hydroxyphenyl)propionic acid (0.033 to 0.48 μg/mL), peonidin-3-O-galactoside (0.029 to 0.266 μg/mL), cyanidin-3-O-glucoside (0.014 to 0.180 μg/mL), and lastly protocatechuic acid (0.004
to 0.007 μg/mL) (Xie et al., 2016). A separate study found eight
metabolites in the blood and urine consuming of 0.8mg of anthocyanins/ kg of body weight from aronia juice (Wiczkowski et al.,
2010). The concentration of anthocyanins in the plasma was maximal at 1.3 hours after consumption, reaching 20.4 to 51.8 nmol/L.
However, all of these studies had significant inter-individual variability in polyphenol pharmacokinetics. Larger studies are needed
to characterize the importance of these variations to human health.
5. Health benefits of aronia berry consumption
Non-communicable diseases (cancer, diabetes, cardiovascular diseases, and depression) have an enormous social and economic toll
worldwide (Centers for Disease Control and Prevention, 2020).
Thus, multiple studies have focused on effective treatments to lower the risks of non-communicable diseases. Given the high polyphenol content of aronia berries, preliminary evidence indicates its
preventive and therapeutic effects on non-communicable diseases.
Here, we summarize recent preclinical (Table 12) and human intervention studies (Table 13) with aronia berry, juice, or extracts.
5.1. Cancer prevention
Recent studies have demonstrated anti-carcinogenic mechanisms
of aronia polyphenols in vitro. Aronia extract prevents the growth,
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migration, and invasion of SK-Hep1 human liver cancer cells (Thi
and Hwang, 2018). Liver cancer cell growth, adhesion, and migration were reduced by the aronia extract. Furthermore, aronia
extract inhibited the expression of proteases involved in metastasis (MMP-2/9, MT-1 MMP). Another study isolated catechol from
fermented aronia juice and characterized its inhibition of cancer
stem cells (Choi et al., 2018). Catechol inhibited the formation
of cancer stem cells and reduced the production of IL-6, which
enhances cancer cells’ survival. Additionally, catechol inhibited
Stat3, a key transcription factor necessary for cancer stem cell
formation. Thus, aronia components can inhibit multiple cancer
mechanisms in vitro. Further studies that account for aronia polyphenol and bioavailability are needed to determine these studies’
relevance to human health.
5.2. Diabetes
Preclinical and human studies have reported that aronia consumption may reduce insulin resistance. In rodents, aronia juice concentrate consumption increased plasma levels of adiponectin, the most
abundant peptide secreted by key monomers that have an interrelationship between insulin resistance and inflammation (Baum
et al., 2016). Aronia juice consumption also decreased intestinal
glucosidase activity and increased DPP IV activity in diabetic mice
(Yamane et al., 2016). An open-label trial of aronia juice for adults
with type 2 diabetes reported improvement of glycemic control,
with decreased fasting blood glucose and glycated hemoglobin
(Milutinović et al., 2019). Thus, aronia consumption appears to
be a promising treatment for diabetes. Further well-controlled human intervention studies on aronia berry are needed to increase the
evidence base for its anti-diabetic activity.
5.3. Cardiovascular disease
Cardiovascular disease is a leading cause of death in the US (Centers for Disease Control and Prevention, 2020). Poor diets, low
physical activity, excessive drinking, and smoking may increase
cardiovascular disease risk. Increased blood pressure, adiposity,
total and LDL cholesterol, and elevated inflammation and oxidative stress increase cardiovascular disease risk. Preclinical experiments have demonstrated aronia berry extract increases vasodilatory nitric oxide in cultured endothelial cells, and L-NAME
induced hypertensive rats (Varela et al., 2015; Cebova et al., 2017).
In rats, this increase is associated with increased nitric oxide synthase activity, reduced inflammation, and hypertension (Cebova et
al., 2017). Consumption of aronia berry powder, extract, and juice
also inhibits weight gain, lipid dysmetabolism, and inflammation
in diet-induced obesity in mice (Bhaswant et al., 2017; Jeong and
Kim, 2019; Yamane, Kozuka, Yamamoto, et al., 2016).
Aronia berry consumption improves biomarkers associated with
cardiovascular disease risk in human intervention studies, but these
changes depend on the participant populations. Aronia extract (116
mg) and powder (12 mg) consumption improved flow-mediated dilation, a marker of vascular function, in healthy men (Istas et al.,
2019). Consumption of 300 mL/day of aronia juice and 3 g/day of
aronia powder reduced systolic/diastolic blood pressure in adults
with mildly elevated hypertension, but did not modulate serum lipids (Loo et al., 2016). Aronia extract reduced total and LDL cholesterol in healthy former smokers, and these changes were associated
with increased urinary excretion of peonidin-3-galactoside, cyanidin-3-galactoside, and 3-(4-hydroxyphenyl)propionic acid (Xie et
al., 2017). Open-label trials of aronia juice for adults with type 2

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

King et al.

Composition, polyphenol bioavailability, and health benefits of aronia berry: a review

Figure 1. Overview of cyanidin-3-galactoside metabolism, adapted from de Ferrars et al. (2014). Cyanidin-3-galactoside undergoes methylation by the host
to form peonidin-3-galactoside, or is hydrolyzed and glucoronidated. Anthyocyanins are subsequently hydrolyzed in host tissue or by the gut microbiota into
phenolic acids. Phenolic catabolites can undergo enterohepatic circulation and are subjected to further host metabolism prior to excretion.
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metabolic
function

ethanolic aronia extract
(0.03 – 2 mg/mL)
ethanolic aronia extract (50
mg/kg/day), 7 days
aronia extract (10, 100 μg/
mL); cyanidin-3-O-galactoside
(1 or 10 μg/mL)
aronia juice (10 mL/kg, diluted
1:1 with water), 105 days
aronia extract (200, 400 mg/kg);
cyanidin-3-O-galactoside (50 mg/kg)
aronia juice (ad libitum), 28 days

aronia juice concentrate
(1.44 g/kg diet), 12 weeks

aronia juice (50 mg/kg diet), 8 weeks

aronia powder (1% in diet), 10 weeks WG ↓, central obesity ↓, liver weight ↓,
epididymal fat ↓, triglycerides ↓, cholesterol
↓, LDL ↓, insulin resistance ↑
lyophilized aronia powder
(10% in diet), 28 days

BV2 cells

LPS-induced neural
inflammation in mice

HT22 mouse hippocampal cells

aged rats (24 mo.)

scopolamine-induced
memory impaired mice

diabetic KK-Ay mice

high-sucrose, high-fat fed mice

high-carbohydrate,
high-fat fed rats

high-fructose, high-fat dietinduced dyslipidemic mice

high-fat fed mice

anxiety like behaviors ↓
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liver weight ↔, total lipid level ↓,
cholesterol ↓, triglycerides ↓, LDL ↓,
mild fibrosis ↓, FABP1 ↓, FABP4 ↓

adiposity index ↓, total body mass ↓,
systolic blood pressure ↓, glucose tolerance
↑, liver function ↑, cardiovascular function
↑, inflammatory in heart/ liver ↓

High-sucrose diets: BW ↓, glucose ↑, insulin ↓,
triglycerides ↓, adiponectin ↑, HOMA-IR ↑, HOMABCF ↑, FAS ↓, PPARY ↑; High-fat diets: BW ↓,
glucose ↓, insulin ↓, triglycerides ↓, adiponectin
↑, HOMA-IR ↑, HOMA-BCF ↑, FAS ↓, PPARY ↑

BW ↓, blood glucose ↓, white adipose
tissue ↓, DPP IV activity ↑, glucosidase
activity in upper small intestine ↓,

memory ↑, acetylcholinesterase ↓, brainderived neurotropic factor ↑, cAMPresponse element binding protein ↑

dentate gyrus ↔, density of nerve fibers
↑, acetylcholinesterase activity ↑

ROS ↓, intracellular calcium levels
↓, glutamate activity ↓

hippocampal damage ↓, neuroinflammaton ↓

nitric oxide ↓, COX-2 ↓, IL-6 ↓, TNF-α ↓

skeletal muscle cells (hydrogen peroxide ↓) neuronal
cells (inflammatory markers ↓) in vivo (BNDF↑)

aronia juice (ad libitum), 30 days
aonia berry extract in diet (50
mg/kg), applied to cells

nitric oxide synthesis ↑, endothelial
nitric oxide synthase activation ↑

adult rats

aronia extract (0.0001 – 100 mg/mL)

coronary artery endothelial cells

BW ↓, heart weight ↓, TNF-α ↓, IL-6 ↓,
conjugated dienes ↓, nitric oxide synthase ↑,

blood pressure ↓, WG ↓, ACE activity in kidney ↓

Outcomes

rat skeletal muscle cells, primary
neuronal cells from prenatal
rats, mice for in vivo MRI study

aronia extract (57.90 mg/
kg/day), 21 days

L-NAME-induced
hypertensive rats

brain health

freeze-dried aronia berry
in diet (10%), 25 days

spontaneously hypertensive rats

vascular
health

Intervention

Experimental model

Effect
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Yamane, Kozuka,
Yamamoto, et al., 2016

Jeong and Kim, 2019

Bhaswant et al., 2017

Baum et al., 2016

Yamane et al., 2016

H. Y. Lee et al., 2016

Daskalova et al., 2019

H. Y. Lee et al., 2017

Lee et al., 2018

Kim et al., 2019

Tomić et al., 2016

Varela et al., 2015

Cebova et al., 2017

Yamane et al., 2017
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lyophilized aronia berry
(4.5% in diet), 7 weeks

aronia fruit juice (2.5, 5,
and 10 mL/kg, 14 days
aronia berry extract

lyophilized aronia berry
(4.5% in diet), 5 weeks

whole Aronia berry powder
(0.5–10 mg/mL)

male Wistar rats with
TNBS-induced colitis

Human umbilical vein
endothelial cells stimulated
with (TNF-α)

mice injected with CD4+CD62L+
naïve T cells to induced colitis

Caco-2 cells with IC

ethanol extract of aronia berry

ethanol extracts of aronia berry

mice injected with syngeneic
CD4+CD62L+ naïve T cells

foodborne pathogens

foodborne pathogens and
spoilage organisms

Inhibited loss of TEER, prevented IC- induced
barrier permeability, inhibited CLDN1, ZO-1 ↓

colon weight/length ratio ↓, FDG uptake in
spleen, liver and lungs ↓, TNF-α ↓, IFN-γ
↓, prevention of rGSH from ↓, GPx,activity
↔, splenic mitochondrial H2O2 ↓

TNF-α-induced moncyte/endothelia adhesion ↓,
VCAM-1 ↓, ICAM-1 ↔, STAT3 ↓ IRF1 ↓, NF-κB ↔

Valdez et al., 2020

Pei et al., 2019

Iwashima et al., 2019

Valcheva-Kuzmanova
et al., 2018

Pei et al., 2018

colonic Treg ↑, IL-17A+IL-10+ ↑and IL17A+IL-22+ ↑, CD4+ cells ↓, Verrucomicrobia ↓;
Bacteroidetes ↑, Firmicutes ↑, Proteobacteria
, colonic weight/length ratio ↓
TNBS, colon shortening, colone weight ↑, inhibited
colonic weight/length ratio , lesion extension
↓, adhesion score ↓, wall thickening ↓

D.-H. Kim et al., 2018

Raudsepp et al., 2019

Gram-positive: B. cereus ↓, S. aureus ↔ Gramnegative: S. entritidis ↔, C. sakazakii ↔

Gram-positive: B. cereus ↓, B. pumilus ↓, K.
rhizophila ↓, L. monocytogenes ↓; Gramnegative: C. jejuni↓, S. Enteritidis ↓, E. coli ↓

Choi et al., 2018

Thi and Hwang, 2018

Reference

Abbreviations: ACE, angiotensin converting enzyme; ALDH, Aldehyde dehydrogenases; BDNF, brain-derived neurotrophic factor; BW, body weight; cAMP, Cyclic adenosine monophosphate; CLDN, claudin; COX2, Cyclooxygenase-2; DPP IV, dipeptidyl peptidase 4; FAS, fatty acid synthase; FDG, 2-deoxy-2-[18F]fluoro-d-glucose; GPx, glutathione peroxidase; HOMA-BCF, Homeostatic Model Assessment beta cell function; HOMA-IR, Homeostatic Model
Assessment of Insulin Resistance; IC, inflammatory cocktail; ICAM, intercellular adhesion molecule; IFN-γ, interferon gamma; IL-6, Interleukin 6; LDL, low-density lipoproteins; MDA, malondialdehyde; MCP, monocyte chemoattractant protein; MMP 2/9, Matrix Metalloproteinase-2/9; NF-κB, nuclear factor-kappa B; PPARγ, peroxisome proliferator-activated receptor gamma; rGSH, reduced glutathione; ROS, reactive oxygen species; STAT, signal
transducer and activator of transcription; TEER, transepithelial electrical resistance; TNF-α, Tumor necrosis factor alpha; VCAM, vascular cell adhesion molecule; WG, weight gain; ZO, zonula ocludens.

colitis
prevention

antibacterial

proliferation formation ↓, mammosphere formation
↓, ALDH-expressing cell ↓, self-renewal-related
genes ↓, mRNA transcripts , protein levels ↓

human breast cancer cell lines
MCF-7 and MDA-MB-231

catechol isolated from
fermented aronia juice

growth of cancer cells ↓, cell adhesion ↓, wound
healing migration ↑, MMP-2/9 expression↓

human liver cancer SK-Hep1 cells aronia extract (0–200 μg/mL)

Outcomes

cancer
prevention

Intervention

Experimental model

Effect
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Table 13. Recent human intervention studies with aronia berry interventions

Participants

Design

Treatment

Outcomes

References
Istas et al.,
2019

healthy men (n = 66)

double-blinded,
placebocontrolled RCT

(poly)phenol-rich extract
(116 mg, equivalent
to 75 g berries), whole
fruit powder (12 mg,
equivalent to 10 g
berries), 12 weeks

Extract: flow-mediated dilation ↑, plasma
phenolic metabolites ↑, gut microbiota
diversity ↔, Anaerostipes: genus ↑,
Bacteroides ↑; Powder: flow-mediated
dilation ↔, plasma phenolic metabolites
↑, Anaerostipes genus ↑, Bacteroides ↑

adults with
mildly elevated
hypertension (n = 66)

single-blinded,
placebocontrolled RCT

aronia juice (300 mL/d),
oven-dried aronia
powder (3 g/d)

blood pressure ↓, low-grade
inflammation (TNF-α, IL-10) ↓ , serum
lipids ↔, serum glucose ↔

Loo et al., 2016

adolescents
with metabolic
syntdrome (n = 77)

open-label

aronia extract (3 ×
100 mg/day), 8 weeks

total cholesterol ↓, LDL ↓, triacylglycerol
↓, HDL ↑, lipid peroxidation ↓,
acetylcholinesterase ↓, oxidative stress ↓

Duchnowicz
et al., 2018

former smokers
(n = 49)

single-blinded,
placebocontrolled RCT

aronia extract (500
mg/day), 12 weeks

Total cholesterol ↓, LDL ↓, LDL receptor
proteins ↓, blood pressure ↔, inflammation
and oxidative stress biomarkers ↔

Xie et al., 2017

healthy, adult
handball players
(n = 32)

double-blinded,
placebocontrolled RCT

aronia juice (100 mL/d),

Men: lipid peroxidation ↓, oleic acid ↓,
α-linolenic acid↓, TAG ↓, TBARS ↓; Women:
lipid peroxidation ↔, TAG ↑ TBARS ↔

Petrovic et
al., 2016

adults with type 2
diabetes (n = 35)

open-label

aronia juice (50 mL
× 3/d), 3 months

glucose ↓, glycated hemoglobin ↓, total
Milutinović
cholesterol ↓, LDL ↓, HDL ↔, triglycerides
et al., 2019
↓, high sensitive C-reactive protein ↑, blood
urea ↓, creatinine ↔, BMI ↔, systolic blood
pressure ↔, diastolic blood pressure ↔

healthy, adult
runners (n = 10)

double-blinded,
placebocontrolled RCT

aronia juice (200 mL
with breakfast prior to
running a half-marathon)

platelet-monocyte aggregates ↓,
platelet-neutrophil aggregates ↓

Stevanović
et al., 2019

Abbreviations: BMI, body mass index; HDL, high-density lipoproteins; IL-10, Interleukin-10; LDL, low-density lipoproteins; TAG, triglycerides; TBARS, thiobarbituric acid reactive
substances; TNF-α, Tumor necrosis factor alpha.

diabetes and aronia extract for adolescents with metabolic syndrome
have also been promising for modulating serum lipids and reducing
oxidative stress and inflammation biomarkers. A systematic review
and meta-analysis of literature concluded that among human interventions, aronia consumption leads to increases in HDL and diastolic blood pressure (Rahmani et al., 2019). Thus, further trials are
needed to strengthen the evidence base for the specific populations
that benefit from aronia berry consumption.

5.5. Neuroprotection

5.4. Modulation of gut microbiota
The microbiota contributes to modulation of the immune system
and is now recognized to contribute to the progression of chronic
disease (Festi et al., 2014). Furthermore, the gut microbiota contributes to the development of the metabolic syndrome and affects
energy, lipid, and insulin metabolism. Furthermore, diets high
in prebiotics that increase commensal microbes may positively
change the microbiota composition and reduce inflammation related to metabolic syndrome. In aronia, sorbitol, fiber, and polyphenols may modulate microbial populations. Aronia polyphenols
have direct anti-microbial activity against some food pathogens;
however, the in vivo modulation of these microbes are not clear
(Table 12). In mice, gut microbiota modulation precedes its antiinflammatory and immunomodulatory effects (Pei et al., 2019). In
healthy adults, polyphenols’ consumption equivalent to 75 g of
aronia berry or berry powder equivalent to 10 g of aronia berry
for 12 weeks did not affect microbial diversity (Istas et al., 2019).
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However, both groups had significant increases in Anaerostipes
and Bacteroides, which are thought to be beneficial commensals. In a simulated human microbiota experiment, aronia juice
increased firmicutes, proteobacteria and Akkermansia (Wu et al.,
2018). Further studies are needed to characterize the specific effects of whole aronia berry and juice on gut microbiota and its
relationship with inflammation outcomes and other health effects.

Experiments in rodents support the neuroprotective effects of
aronia consumption (Table 12). When applied to cultured hippocampal and microglial cells, aronia reduces oxidative stress and
inflammation (Lee et al., 2018; H. Y. Lee et al., 2017). In aged
rats, aronia juice consumption increased hippocampal nerve fibers (Daskalova et al., 2019). Aronia supplementation may improve
memory impairment and motor skills in rats (Daskalova et al.,
2019; Lee et al., 2018).
Furthermore, aronia juice consumption reduced anxiety-like
behaviors in adult rats (Tomić et al., 2016). While more research
is necessary, these findings suggest aronia juice or extracts could
benefit cognitive function and improve neural health.
5.6. Colitis
Colitis leads to dysmetabolism, loss of body weight, and micro-
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biota changes (Ungaro et al., 2019; Pei et al., 2018). Anthocyanins
inhibit intestinal inflammation, promote intestinal barrier function,
and maybe protective against colitis (Valdez and Bolling, 2019).
Aronia berry powder is protective against adoptive transfer and
chemical-induced colitis in rodents. In adoptive transfer colitis,
aronia consumption reduces colonic CD4+ cells and increases colonic Tregs and anti-inflammatory Th17 (Pei et al., 2018). These
changes are linked to reduced oxidative stress and modulation of
colonic antioxidant function (Pei et al., 2019). In the trinitrobenzene sulfonic acid (TNBS) colitis model, aronia juice consumption inhibits inflammation (Valcheva-Kuzmanova et al., 2018).
The aronia berry juice decreased the lesion extension, adhesion
score, and the colon’s wall thickening score in colitic Wistar rats.
Although these studies are promising, human intervention studies
are necessary to determine the efficacy of aronia berry or its coproducts to inhibit inflammatory bowel diseases.
6. Conclusions
Aronia berries are one of the richest plant sources of anthocyanins and other bioactive polyphenols. However, these are presently
underutilized in the diet because of its sourness and astringency.
Aronia extract, juices, and pomace may be useful as functional ingredients, given their polyphenol content. Developing a better understanding of the contribution of bioactives to astringency could
help create aronia products with improved palatability. Developing
a more complete nutrient profile of aronia berry and juice will help
improve nutrient databanks. Establishing the relationship of aronia
plant genotype to berry quality will improve the production of berries with increased bioactive content. Emerging evidence describes
the beneficial effects of aronia berry for prevention of diabetes,
hypertension, cardiovascular disease, cancer, and colitis. However,
future studies on the health benefits of aronia berry should utilize
well-characterized aronia material, including description of the
genotype, polyphenols, sorbitol, fiber, and micronutrient content.
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Abstract
Olives and olive oil have established, through centuries, strong bonds with the prosperity and well being of the
Mediterranean people. Numerous studies have featured them as main antioxidant sources, based on their phenolic profile, which includes phenolic acids and alcohols, polyphenols, lignans, secoiridoids, oleacein and oleocanthal. Several factors, such as cultivar, fruit maturation, processing methods, storage conditions etc. affect the
presence of these significant constituents in the products. Re-use of olive mill waste water has been studied to
enrich the phenolic profile of the final product. Olive oil is considered a functional food with extensive use in the
food industry. The biological effects of olives and virgin olive oil components include protection against cardiovascular diseases, anti-inflammation action, neuro and endothelial protection etc. Research studies, in vitro and
in vivo, in humans and in animals have been performed to better understand the metabolism and bioactivity of
olives and olive oil phenolics. Olives and olive oil antioxidants are not only absorbed by the body, but can also attach to the lining of the digestive tract, contributing to the health impact afforded by these products. Laboratory
methods and techniques used so far for the qualitative and quantitative identification of these compounds are
cited.
Keywords: Olives; Olive oil; Olive oil Polyphenols; Antioxidants; Isolation; Determination; Extraction Procedures; Health Impacts.

1. Introduction
Olives and olive oil are products extensively consumed in the
Mediterranean countries. These unique products apart from being
rich in monounsaturated fatty acids, have a unique phenolic profile
with distinct physical and health properties (Tresserra-Rimbau and
Lamuela-Raventós, 2017). There is also an increasing consumption in extra virgin olive oil (EVOO) worldwide, which is attributed, among others, to its high oxidative stability, due to its chemical
composition that includes an unsaponifiable fraction, monounsatu-

rated and polyunsaturated fatty acids, and a fraction composed of
natural antioxidants such as carotenoids, phytosterols, flavonoids,
α-tocopherol, and other phenolic compounds (Ramos-Escudero et
al., 2015; Romani et al., 2019; Oliveras-Lopez et al., 2014).
Thousands of different polyphenols have been identified in
plants, usually in conjugated forms, with one or more sugar residues linked to hydroxyl groups, although linkage with other compounds (amines, carboxylic and organic acids, other polyphenols
or lipids) is also possible (Del Rio et al., 2013). According to the
number of phenol rings that they contain and the structural ele-
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Table 1. Most important classes of phenolic compounds in olive fruits

Phenolic group

Compounds

Anthocyanins

Cyanidin-3-glycoside, cyanidin-3-rutinoside, cyanidin-3-caffeyglycoside, cyanidin-3-caffeylrutinoside,
delphinidin 3-rhamosylglycoside-7-xyloside

Flavonols and ﬂavones

Apigenin-7-glycoside, luteolin-7-rutinoside, luteolin-7-glycoside, luteolin-5-glycoside, quercetin-3-rutinoside

Phenolic acids

Chlorogenic acid, caffeic acid, p-hydroxybenzoic acid, protocatechuic acid, vanillic acid, syringic acid,
p-coumaric acid, o-coumaric acid, ferulic acid, sinapic acid, benzoic acid, cinnamic acid, gallic acid

Phenolic alcohols

(3,4-Dihydroxyphenyl) ethanol (3,4-DHPEA), (p-hydroxyphenyl) ethanol (p-HPEA)

Secoiridoids

Oleuropein, demethyloleuropein, ligstroside, nuzhenide hydroxycinnamic acid derivatives verbascoside

Source: Adapted from Ghanbari et al. (2012).

ments that bind these rings, polyphenols are usually divided into
several classes, i.e. flavonoids, phenolic acids, stilbenes and lignans. Some polyphenols do not fit in any of these classes and are
grouped as “other polyphenols”, which is the case of tyrosols in
olives and olive oils (Tresserra-Rimbau and Lamuela-Raventós,
2017).
The phenolic compounds in olive oil are simple phenols like
phenolic acid and phenolic alcohols (hydroxytyrosol, tysorol),
polyphenols (flavonoids, apigenin, luteolin), lignans (pinoresinol,
1-acetoxypinoresinol), secoiridoids (oleuropein, demethyl oleuropein, elenolic acid, ligstroside) and their aglycones, including
3,4-DHPEA-EA or p-DHPEA-EA, oleacein (3,4-DHPEA-EA)
and oleocanthal (p-HPEA-EDA) (Kiritsakis et al., 2020). When
present in small amounts in food, phenolic compounds are capable
of preventing or reducing the oxidation that can lead to a decrease
in both nutritional value and sensory quality (Lozano-Sanchez et
al., 2011).
Hydroxytyrosol (HT) is one of the strongest natural antioxidants. It is found in olive tree leaves, olive fruit, olive oil, olive
pomace and olive mill waste water (OMWW) (Britton et al., 2019;
Kiritsakis et al., 2017a). HT and other natural antioxidants can be
extracted from olive pomace and other by-products and can be
added to olive oil or to other foods as additives to enhance the
shelf life (Vitali Čepo et al., 2018). Secoiridoids are responsible
for the “pungent” and “bitter” taste of the oil (Keceli et al., 2017).
Secoiridoids and lignans are the most concentrated phenolic compounds of olive oil.
This review focuses on characterizing olives and olive oil antioxidants that have a significant effect on human health, based on in
vitro and in vivo studies.
2. Phenolic compounds in olives
The polyphenol fraction of raw and table olives differs quantitatively and qualitatively from that of Virgin Olive Oil (VOO). Levels are greater in raw olive fruit and table olives than in virgin olive
oils since only 2% of total phenolic compounds move to the oil
phase during fruit processing. Furthermore table olive processing
methods markedly influence polyphenol levels in the final products (Kailis and Kiritsakis, 2017). Total polyphenol levels in olive
fruit are inversely related to water availability. However, vanillin
and vanillic acid contents increase in olive fruit of irrigated olive
trees compared to those under water stress. Infestation with olive
fruit fly (Bactrocera Oleae) also lowers total polyphenol content of
olive fruit. Frost-damaged olives have lower levels of secoiridoids
(Goulas et al., 2012).
Phenolic compounds are of great importance for color, flavor
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and nutritional properties of table olives. They are also responsible
for the bitter taste and astringency of olive fruit and make olives
inedible without processing. The distribution and structure of the
chemical constituents of olive fruit depend on parameters such as
cultivar, cultivation practices, geographical origin, and maturation
stage (Garcia-Serrano et al., 2019; Ghanbari et al., 2012; Kiritsakis
et al., 2020). During processing of table olives, analysis of phenolics can determine the necessary degree of debittering treatment
and the effects of different processing methods on phenolic content
(Crawford et al., 2018). The most important classes of phenolic
compounds in olive fruits are given at Table 1.
Indicative content of hydroxytyrosol is 250–760 mg/kg for Kalamata olives, 170–510 mg/kg for Spanish style olives, and 100–340
mg/kg for Greek-style naturally black olives (Blekas et al., 2002).
The data suggests that overall hydroxytyrosol levels in commonly
available table olives range from 100 to 760 mg/kg (0.5–3.8 mg/5g
portion) with a theoretical median value of ≈300 mg/kg (1.5 mg/5g
portion) (Neveu et al., 2010). Exact intake would depend on the bioavailability of hydroxytyrosol from table olives. Overall, turning
color olives in brine had the highest polyphenol levels (≈1,200 mg/
kg), while oxidized olives (Californian-style black ripe olives) had
the lowest (≈200 mg/kg). In the case of oxidized olives, hydroxytyrosol is lost due to oxidation and polymerization (Charoenprasert
and Mitchell 2012). Cultivar differences in polyphenol levels were
also observed with Manzanilla > Hojiblanca > Gordal. A 10-fold
difference in hydroxytyrosol has been observed between cultivars.
Health promoting qualities of olive polyphenols have been
reported extensively (Bulotta et al., 2014). The consumption of
50 g of table olives provides about 56 mg of polyphenols. High
temperature, especially during frying, increases the formation of
acrylamide and decreases the amounts of HT, tyrosol, oleuropein
and verbascoside. The best way for someone to benefit from table
olives is to consume them as they are (Lodolini et al., 2019) or put
them in the pot after the heat has been turned off.
The phenolic profile shows drastic changes after olive fruit
processing (Mettouchi et al., 2016). Olives cannot be consumed
directly after harvest due to their extreme. Bitterness may be removed with alkali (NaOH) treatment, by immersion in a liquid to
dilute the bitter compound oleuropein, or by biological processes
(Sahin et al, 2013). The alkali treatment hydrolyzes oleuropein
into β-(3,4-dihydroxyphenyl) ethanol, oleoside 11-methylester,
and oleoside, making the table olives delicious (Ghanbari et al.,
2012). The alkali treatment leads to losses in phenolic contents
and antioxidant activity which are found to be cultivar dependent (Mettouchi et al., 2016). The use of partially purified washing
water of Spanish-style green olives or preservation liquid of ripe
olive as cover brine in the packaging of ripe olives increases the
concentration of phenolic compounds in the flesh more than five
times (Garcia-Serrano et al, 2019). Among commercial table ol-
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ives, black ripe have the lowest content in phenolic compounds.
New emerging technologies such as Ultrasound Assisted Extraction (UAE) could effectively increase the yield of phenolic compounds mainly hydroxytyrosol, oleuropein and rutin from olives
and these phenolic compounds could be used as a potential source
of natural antioxidants (Deng et al., 2017). High hydrostatic pressure (HHP) is a useful non-thermal technology to be used for the
table olives reduction of main microbial groups and to extend the
shelf life of the product. Besides, after HHP treatments were performed, the amount of phenolic compounds was similar to fresh
table olives (Lodolini et al., 2019).
2.1. Phenolic analysis of table olives

Figure 1. Unsaponifiable fraction of olive oil (Kiritsakis, 1998).

Rapid and reliable methods for quantification of hydroxytyrosol,
oleuropein and their derivatives are of special interest, since these
compounds have been recognized by the EU as agents protecting
low density lipoprotein (LDL) against oxidation and thus offering
cardiovascular protection. To date, several GC-MS, HPLC-UV or
LC-MS methods are available for monitoring phenolic and secoiridoid compounds in olive products (e.g. table olives, olive oil, olive leaves) (Segura-Carretero et al., 2010). The GC-MS methods,
as in the case of olive oil, require derivatization and present long
analysis time. The HPLC-UV methods have low sensitivity (e.g.
LOQ = 1 μg/mL for hydroxytyrosol) (Zoidou et al., 2010) and are
limited by long chromatographic separation times (Segura-Carretero et al., 2010). Additionally, in some cases, HPLC-UV methods
are unable to resolve overlapped peaks making the simultaneous
quantification of numerous compounds difficult, especially in
short separation times. Rapid LC-MS methods have been applied
to unprocessed olives but are restricted to the quantification of
oleuropein and hydroxytyrosol (Bouaziz et al., 2009). An HPLCOrbitrap MS/MS method for quantification of nine compounds in
fresh olives was reported (Kanakis et al., 2013). A rapid ultrahighpressure liquid chromatography (UHPLC) triple, quadruple MS/
MS (QqQ MS/MS) method utilizing dynamic multiple reaction
monitoring (dMRM) for the measurement of a range of key bitter
and bioactive constituents in olives was developed (Melliou et al.,
2015). The method was applied for the simultaneous quantification
of hydroxytyrosol, oleuropein, hydroxytyrosol-4-O-glycoside,
luteolin-7-O-glycoside, rutin, verbascoside, oleoside-11-methyl
ester, 2,6-dimethoxy-p-benzoquinone, phenolic acids (chlorogenic
acid, o-coumaric acid), oleuropein and ligstroside aglycons monoaldehydic forms in three different varieties of fresh and processed
olives, cured using either dry-salt or California-style black ripe
processing methods. This method offers improved sensitivity, selectivity and throughput in comparison with previously reported
methods as reviewed by Segura-Carretero (2010).
The HPLC-Orbitrap and the UHPLC QqQ methods present
similar LODs and LOQs for oleuropein, hydroxytyrosol, oleuropein aglycon and ligstroside aglycone, the only four common
compounds studied using the two methods. The Orbitrap method
however, needed a longer analysis time and the quantification
range was restricted to higher concentrations (e.g. 1,000–50,000
ng/mL as compared to 100–12,500 ng/mL for oleuropein aglycon
and 500–20,000 ng/mL vs 50–6,250 ng/mL for hydroxytyrosol).
3. Phenolic compounds of olive oil

ments, tocopherols, waxes and polyphenols. The polyphenols cover the most significant part of the unsaponifiable fraction of olive
oil (Figure 1).
The phenolics of olive oil contain mainly tyrosols, such as hydroxytyrosol, their esterified derivatives with elenolic acid, known
as secoiridoids, as well as lignans, flavonoids and phenolic acids.
Oleuropein, a secoiridoid abundant in the Oleaceae family, is
an ester of hydroxytyrosol (3,4-DHPEA) and elenolic acid (EA)
glycoside, while ligstroside is an ester of tyrosol (p-HPEA) and EA
glycoside. Monoaldehydic forms of oleuropein (3,4-DHPEA-EA)
and ligstroside (p-HPEA-EA) aglycones are the most abundant
secoiridoids in EVOO. Phenethyl alcohols can be linked to dialdehydic form of elenolic acid (EDA), leading to 3,4-DHPEA-EDA
and p-HPEA-EDA, known as oleacein and oleocanthal (Celano et
al., 2018).
Phenolic acids, which contain at least one phenolic group and a
carboxylic acid function (C6-C1 skeleton), represent one third of
the total phenolic compounds and could contribute greatly to the
biological and sensory properties of EVOO (Tang et al., 2018).
The presence of low amounts of benzoic and cinnamic acid derivatives is responsible for the color and organoleptic characteristics,
as well as health-related effects (Bendini et al., 2007). Other phenolic acids present in VOO are caffeic, cinnamic, ferulic, p- and
o-coumaric, syringic, protocatechuic, and vanillic acids. Hydroxybenzoic acids have a general structure of the C6-C1 type derived
directly from benzoic acid. Variations in structure occur due to hydroxylations and methoxylations of the aromatic ring. The overall
hydroxybenzoic acids content is generally low in fruits and olive
oil. Protocatechuic acid, vanillic acid, gallic acid, syringic acid
and p-hydroxybenzoic acid have been found in olive oil in concentrations lower than 3.5 mg/kg (Montedoro et al., 1992). Gallic, syringic and vanillic acids have been also reported in olive
fruits. Vanillic acid was found in olive leaves at a 0.63% (dry basis)
concentration. Phenolic acids with the basic chemical structure of
C6-C3 (cinnamic acid) have been found at low concentrations in
olive oil (0.3–1.7 mg/kg), olive fruit and olive leaves, namely caffeic, p-coumaric, o-coumaric, protocatechuic and sinapic acid. The
major caffeic acid derivative in olives is verbascoside, a heterosidic ester of caffeic acid, rutinose and dihydroxyphenylethanol.
This compound is present in all of the constitutive parts of the olive
fruit and, depending on the cultivar, its content can vary between
0.2 and 22 mg/g of the dry weight of olive fruits. Despite its high
content in olives, this compound has not been reported in olive oil.
3.1. Flavonoids

The composition of olive oil is 98% fatty acids, mainly oleic acid
(C18:1), and 2% other minor components, such as squalene, pig-

Rutin, a flavonol, and luteolin-7-glycoside, a flavone, are the most
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common flavonoids found in olives (Tresserra-Rimbau and Lamuela-Raventós, 2017).The content of flavonoids in olives and olive
oil is very low. However, the concentration of these compounds in
the fruit during maturation can reach 150 mg per g of fresh weight.
Especially in the last months of fruit maturation, other glycosides
including apigenin-7-glycoside, cyanidine-3-glycoside and cyanidine-3-rutinoside can also be found. In olive oil, the flavonoids
luteolin (2–8.4 mg/kg) and apigenin (0.4–2 mg/kg) have been detected.
3.2. Phenyl alcohols
These compounds include molecules containing the C6-C2 structure
corresponding either to 2-(4-hydroxyphenyl) ethanol (p-HPEA,
tyrosol, Ty) or to 2-(3,4-dihydroxyphenyl) ethanol (3,4-DHPEA,
hydroxytyrosol, HT) (Del Monaco et al., 2015). Hydroxytyrosol
and tyrosol derivatives other than glycosides represent the major
phenolic fraction of almost all virgin olive oils and olive fruits. Bianchi and Pocci (1994) reported the presence of 3,4-dihydroxyphenylglycol in olives and in vegetation waters. 2-(3,4-dihydroxyphenyl) ethyl acetate (hydroxytyrosol acetate) has also been identified
as a component of the phenolic fraction of olive oil (up to 42 mg/
kg) (Brenes et al., 2002).
Glycosides of hydroxytyrosol were found in olive fruit, olive
leaves and in fresh olive oil obtained from cold processing olives
(Bianco et al., 2001).
3.3. Pigments
The prevalent phenolic compounds in olives and virgin olive oil
are the secoiridoid derivatives (Montedoro et al., 1992). Secoiridoids is a sub-class of iridoids, which is a class of regular monoterpenoid lactones containing a cyclopentanodihydropyran ring system, the iridane skeleton.
Secoiridoids are probably formed from carboxylic iridoids by
cleavage of the cyclopentane ring followed by functionalization
(Bianco et al., 2001). Examples of this class of compounds are
secologanin and elenolic acid.
These compounds are not phenolic, however in Olea europaea
they are found as esters of tyrosol and hydroxytyrosol. Oleuropein, an heterosidic ester of elenolic acid with hydroxytyrosol is
clearly predominant among phenolic compounds in olives. Ligstroside, which is a heterosidic ester of elenolic acid with tyrosol,
demethyloleuropein and oleoside, a non phenol, and nüzhenide
are also found in high concentration in the fruit (Inouye and Uesato, 1986).
Oleuropein and demethyloleuropein have been found in parts
of the fruit such as peel, pulp and seed but they are most frequent
in the pulp. In contrast, nüzhenide, a tyrosol derivative, has been
found only in the seeds (Gariboldi et al., 1986).
Since the concentration of oleuropein and ligstroside derivatives rise to a great extend during the mechanical extraction of olive oil, nuclear magnetic resonance (NMR) studies on enzymatic
hydrolysis of oleuropein by β-glycosidase have been performed
in chloroform/water (1:1) and in water in order to understand the
mechanism of synthesis/biosynthesis of these derivatives (PaivaMartins et al., 2009).
3.4. Lignans
Lignans are products of the dimerization of phenylpropene pre-
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cursors (C6-C3 dimers). The lignans pinoresinol and 1-acetoxypinoresinol have been found in extra virgin olive oil. Pinoresinol concentration ranged from 19 to 65 mg/kg of olive oil and
1-acetoxypinoresinol concentration ranged from 5 to 97 mg/kg
of olive oil. Lignans seem to be among the most stable phenolics
during oil storage and processing (Silva et al., 2018). Lignans
are present in the pulp of olive fruit and the woody portion of the
seed and are released into the oil during the extraction process
without biochemical modification (de Torres et al., 2018). The
lignan fraction of VOO characterizes the olive cultivar. 1-acetoxypinoresinol was identified and quantified in olive oil, while
lariciresinol and secoisolariciresinol were quantified in olives
after hydrolysis. Pinoresinol was quantified in olives and olive
oil as well.
3.5. Hydroxyl-Isochromans
Hydroxyl-isochromans compounds derive from a reaction between
hydroxytyrosol and aromatic aldehydes (benzaldehyde and vanillin). Such a reaction also occurs in a natural matrix, with oleic acid
acting as a catalyst. Two compounds of this class, 1-phenyl-6,7dihydroxyisochroman and 1-(3′-methoxy-4′-hydroxy) phenyl-6,7dihydroxy-isochroman, were identified.
The levels of these compounds in samples of extra virgin olive
oil are very low and extremely variable, ranging from 8–1,400 ng/
kg for 1-phenyl-6,7-dihydroxy-isochroman and 20–390 ng/kg for
1-(3-methoxy-4-hydroxy) phenyl-6,7-dihydroxy-isochroman (Bianco et al., 2001).
The amount of total phenolic content found in EVOO depends
on the olive cultivar, agronomic conditions, the methods used
to obtain the oil, and storage conditions (Kiritsakis et al., 2020).
EVOO may contain between 100 and 800 mg/kg total polyphenols, while refined oils have a concentration of less than 10 mg/kg
(Neveu et al., 2010). Figure 2 shows the main phenolic substances
in olive oil and some representative compounds.
Table 2 shows the concentration of flavonoids, lignans, phenolic acids and other polyphenols in black and green olives and extra
virgin, virgin and refined olive oil. Data were obtained from the
phenol-explorer database (www.phenol-explorer.eu), the first comprehensive database on polyphenol content in foods, developed by
INRA (Institut National de la Recherche Agronomique). Concentrations are derived from the systematic collection of scientific
publications and are based on different chromatographic methods.
In the case of phenolic acids and lignans from olives, chromatography is applied after hydrolysis, which is needed to release phenolic compounds, otherwise inaccessible for analysis. Black olives
have the highest polyphenol content, especially phenolic acids and
flavonoids, compared to green olives and olive oils. In contrast,
refined olive oils have the lowest values of all polyphenol classes
except for lignans.
VOO is considered a functional food, having a high level of
monounsaturated fatty acids (MUFAs) and several minor components with biological properties and this fact has included them
among the fats with high nutritional quality (Montano et al., 2016).
It can be differentiated from all other vegetable oils due to its very
particular phenolic composition (Del Monaco et al., 2015; Ghanbari et al., 2012).
EVOO usually contains phenolic compounds that can range
between 50 and 1.000 ppm (mg/kg) depending on the cultivar, pedoclimatic conditions, maturity stage of the fruit and extraction
conditions (Kiritsakis, 1998), but values usually range between
100 and 400 mg/kg. According to literature, the monocultivar olive oils from Arbequina, Picual and Cornicabra (Spain), Moraiolo
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Figure 2. Main phenolic substances in olive oil.

and Leccino (Italy), Verdeal, Carrasquinha and Cordovil (Portugal), Koroneiki (Greece) and Picholine (Morocco) have usually
shown a very high concentration in total phenols. Cultivars such
as Arbequina, Manzanilla, Morisca, and Picolimon (from Spain),
Queslati, Nebjmel, Swabaâ Algia, and Semni (from Tunisia) and
Ayvalik and Nizip (from Turkey) contain lower amounts of phenols (del Monaco et al., 2015).
During olive fruit processing, secoiridoid gluosides such as
oleuropein and ligstroside are hydrolyzed by β-glycosidase, producing more lipophilic secoiridoid derivatives, that are released
into the oil during the mechanical extraction process. In contrast,
several simple phenols and glycosides, such as oleuropein, being
much more hydrophilic, diffuse into the aqueous phase during the
oil fruit processing and are mostly lost in the wastewater phase
(Kiritsakis and Markakis, 1987).
Lipophilic and hydrophilic phenols are the most important antioxidants in EVOO. Lipophilic phenols in EVOO are tocopherols,
which are molecules with a chroman head (with one phenolic and
one heterocyclic ring) and a phytyl tail. Different tocopherols vary
in the number of methyl substituents and the patterns of substitution in the phenolic ring. Among them, α-tocopherol is the most
abundant (90%), but β- and γ-tocopherols are also present (Peres

et al., 2016). Another minor compound with great value is the coenzyme Q10 (CoQ10), an endogenous lipophilic compound that is
involved in essential cell regulations and modulations, mainly in
the mitochondrial respiratory chain. EVOO consumption may be a
dietary natural source for increasing intake of CoQ10 ranged from
48 to 85 mg/L in EVOOs obtained from Spain and Brazil (Borges
et al., 2017).
Hydrophilic phenols are compounds that differentiate EVOO
from other vegetable oils. The most important are phenolic alcohols (hydroxytyrosol and tyrosol), secoiridoid derivatives, such as
the dialdehydic form of elenolic acid linked to tyrosol (p-HPEAEDA) (oleocanthal), the aldehydic form of elenolic acid linked to
tyrosol (p-HPEA-EA), 4-(acetoxyethyl)-1,2-dihydroxybenzene,
oleuropein aglycone and its methylated form, phenolic acids and
derivatives (such as vanillic acid and vanillin, respectively), lignans (pinoresinol and acetoxypinoresinol) and flavonoids such as
luteolin and apigenin that affect its sensory, oxidative and antioxidant properties. These compounds originate as a result of the
hydrolysis of oleuropein and ligstroside (de Torres et al., 2018).
The oleuropein concentration decreases during maturation, while
hydroxytyrosol concentration increases. Phenolic compounds present in olive oil are listed in Table 3.

Table 2. Concentration of different polyphenol classes measured in olives and olive oil (mg/kg)

Olives and Olive Oil samples

Polyphenol Class
Flavonoids

Lignans

Phenolic acids

Other polyphenols

Black olives, raw

1,598 ± 250

00.7 ± 00.1*

3,075 ± 199*

2,658 ± 340

Green olives, raw

05.6 ± 03.1

00.4 ± 00.1*

2,205 ± 134*

2,110 ± 260

Extra virgin olive oil

15.3 ± 05.7

10.8 ± 01.7

03.1 ± 00.2

595 ± 80

Virgin olive oil

02.3 ± 00.2

28.1 ± 13.6

05.3 ± 00.4

541 ± 44

Refined olive oil

01.5 ± 00.6

31.6 ± 11.7

n.d.

336 ± 39

“Refined” oils are deodorized, neutralized and degummed. Concentrations expressed as mg/kg (mean ± standard deviation). *Chromatography after hydrolysis. Data from www.
phenol-explorer.eu (accessed Nov. 18th 2019).
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Table 3. Phenolic compounds of olive oil

Phenolic Group

Compounds

Benzoic acid and Derivatives

3-Hydroxybenzoic acid; p-Hydroxybenzoic acid; 3,4-Dihydroxybenzoic acid; Gentisic acid; Vanillic
acid; Gallic acid; Siringic acid

Cinnamic acid and Derivatives

o-Coumaric acid; p-Coumaric acid; Caffeic acid; Ferulic acid; Sinapinic acid

Other Phenolic Acids
and Derivatives

p-Hydroxyphenylacetic acid; 3,4-Dihydroxyphenylacetic acid; 4-Hydroxy-3-methoxyphenylacetic
acid; 3-(3,4-Dihydroxyphenyl)propanoic acid

Phenyl Ethyl Alcohols

Tyrosol [(p-hydroxyphenyl)ethanol] or p-HPEA; Hydroxytyrosol [(3,4-dihydroxyphenyl)ethanol] or
3,4-DHPEA

Aglycons Secoiridoids

Oleuropein aglycon or 3,4-DHPEA-EA; Ligstroside aglycon or p-HPEA-EA; Aldehydic form of
oleuropein aglycon; Aldehydic form of ligstroside aglycon

Dialdehydic Forms of Secoiridoids Decarboxymethyl ligstroside aglycon (3,4-DHPEA-EDA); Decarboxymethyl oleuropein aglycon
(p-HPEA-EDA)
Flavonols

(+)-taxifolin

Flavons

Apigenin; Luteolin

Lignans

(+)-Pinoresinol; (+)-1-Acetoxypinoresinol; (+)-1-Hydroxypinoresinol

Hydroxyisochromans

1-Phenyl-6,7-dihydroxy-isochroman; 1-(3′Methoxy-4′hydroxy)phenyl-6,7-dihydroxy-isochroman

Source: Adapted from Romani et al. (2019).

4. Sensory properties of VOO associated with polyphenols
Olive oil is generally characterized by its fruitiness, bitterness, and
pungency. The characteristic flavor of VOO is a result of a unique
combination of volatile and phenolic compounds. Bitterness and
pungency, both positive attributes of olive oil, are related to the quality and amount of polyphenols present. Oleacein, oleuropein aglycone
and oleocanthal are the basic cause of bitterness of olive oil (Vitaglione et al., 2015). Olive oil bitterness can be classified as follows:
1. phenolic compounds up to 220 mg/kg correspond to non-bitter
oils or almost imperceptible bitterness
2. phenolic compounds from 220–340 mg/kg slight bitterness
3. phenolics from 340 to 410 mg/kg bitter oils
4. phenolics higher than 410 mg/kg correspond to quite bitter or
very bitter oils.
However, pungency (the burning in the back of the throat) is mainly attributed to oleocanthal (Beauchamp et al., 2005). Oleocanthal
and oleacein are responsible for the astringency, the perception of
puckering in the oral cavity (Sinesio et al., 2015). Furthermore, positive correlations for the aroma descriptors freshly cut grass, leaves,
and nuts, and the phenolic compounds were especially observed for
oleoside 11-methylester and vanillic acid (Pedan et al., 2019)
The flavor notes, derived from volatile and phenolic compounds,
are the main features evaluated in the organoleptic assessment of
EVOO. This assessment identifies mainly positive attributes and
defects in the oil, and it is critical for the oil’s quality classification
according to European legislation (Commission Regulation (EEC),
n.d No. 2568/91 and further amendments UE Reg. 1348/2013) and
the International Olive Council (IOC, 2015) (Genovese et al., 2018).
EVOOs’ resistance to oxidation depends not only on phenolic profile or fatty acids (FAs), but also on the interaction of these compounds within the same matrix (Montano et al., 2016).
5. Factors affecting the functional phenolic compounds in olive oil
The concentration and antioxidant activity of phenolic compounds
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in VOO is significantly affected by numerous factors such as cultivar, fruit maturity stage (harvesting time) and harvest methods, fruit
freshness before extraction, environmental factors (geographical
origin, climatic conditions, location, soil, irrigation systems, water
stress etc.) extraction process and storage conditions (Alowaiesh
et al., 2018; Ben Hasine et al., 2013; Borges et al., 2017; Kiralan
et al., 2012; Kiritsakis et al., 2010; Peres et al., 2016; Rodrigues
et al., 2019). The ripening stage of olives has a high impact on the
oil’s yield, quality, stability and sensory characteristics. Irrigation
also plays an important role in the productivity of the olive tree,
in fruit ripening, and therefore in phenol and volatile composition.
Moreover, when early frosts occur, oils extracted from frosted fruit
develop sensory defects. In the last years a lot of attention has been
given to the main changes on the characteristics of olives and olive
oils along fruit ripening, in order to decide the best harvest time
(Alowaiesh et al., 2018; Peres et al., 2016).
Recent studies show a strong interest in phenolic transfer during oil milling, malaxation and extraction, in order to increase the
phenolic concentration in olive oils (Cecchi et al., 2018). The large
amount of wastes and by-products generated during olive oil production process, which traditionally has been considered as a problem, constitute in fact a great source of value-added or functional
compounds that have the potential to be used as food additives
and/or nutraceuticals (Rosello-Soto et al., 2015). Thus, a more recent approach to exploiting olive-mill wastes has involved the use
of processing technologies to fractionate potential high value components from olive processing residues. The most popular valueadded ingredients of OMWW are phenols (e.g. simple phenolic
compounds, tannins, flavonols, anthocyanins, etc.), dietary fibers
(pectins, oligosaccharides, mannitol) and squalene. Polyphenols
as substances with biological activity (antioxidative, antimicrobial
etc.) can be used in numerous applications in the pharmaceutical, cosmetics and food industries. Synthetic antioxidants butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and
tertiary-butylhydroquinone (TBHQ), etc. have been used substantially as antioxidants in foods, but concerns over their safety
have led researchers towards natural antioxidants. These kinds of
synthetic antioxidants are substituted by phenolic compounds and
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Figure 3. Oleocanthal, oleacein, oleuropein aglycon, ligstroside aglycon,
oleocanthal + oleacein (D3) and total phenolic secoiridoids of olive oil
enriched by replacing water in a three-phase decanter system with 0
(control), 50 or 100% OMWW (values within the same letter are not significantly different at 0.05) (Kiritsakis et al., 2017b).

subsequently much of the research on natural antioxidants has also
been focused on phenolic compounds, particularly the hydroxycinnamic acids and flavonoids.
The use of olive mill waste water (OMWW) and olive leaf extract (OLE) during olive paste malaxation, gave enriched oils with
a higher content in total phenolics, and with higher antioxidant
activity. These enriched oils contain higher quantities of oleuropein derivatives and specifically of 3,4-DHPEA-EDA (Figure 3)
(Caporaso et al., 2018; Kiritsakis et al., 2017b; 2017c; Venturi et
al., 2017).
Many studies on the recovery of polyphenols from OMWW
have been conducted on small scale and several techniques are
used individually or in combination. These techniques largely
comprise membrane separation, extraction, adsorption and chromatographic procedures. Processes of phenols recovery involve
typically a condensing step (i.e. thermal concentration, ultrafiltration or lyophilization) prior to carrying out the sequential extraction steps with organic solvents (e.g. methanol, ethanol or hydroalcoholic solutions). Other practices include the application of
selective concentration by liquid membranes, resin chromatography or supercritical fluid extraction. These processes aim to either
recover a particular phenol (i.e. hydroxytyrosol) in pure form or a
phenol mixture as a crude product.
6. Extraction of phenolics of olive mill waste water (OMWW)
Solvent extraction is the most widely used technique to recover
phenolic compounds from olive mill waste water in spite of its
high cost, resulting from the requirement of large amounts of
organic solvents. In recent studies, the disadvantages of organic
solvents, such as toxicity and flammability, are avoided by using
supercritical fluids. Solvent extraction is used individually or preferably employed prior to membrane processes for the recovery of
polyphenols from olive oil by-products.
Allouche et al. (2004) achieved high recovery (85.46%) of hydroxytyrosol from OMWW using a three-stage continuous countercurrent liquid-liquid extraction unit. Emmons and Guttersen
(2005) described a process involving addition of citric acid to the

raw material, subsequent heating in order to precipitate the solids and extraction of oleuropein aglycon from water immiscible
constituent with a non-polar organic solvent mixture, preferably
a mixture of 50/50 hexane and acetone. De Martino et al. (2011)
proposed a method of obtaining an organic extract containing hydroxytyrosol by means of a Soxhlet, continuous countercurrent or
batch extraction system using ethyl acetate, methyl isobutyl ketone, methyl ethyl ketone, diethyl ether, methanol or n-butanol.
Tornberg and Galanakis (2008) disclosed a method for isolating
dietary fibers and valuable polyphenols from olive mill wastewater, in which first of all OMWW is defatted by centrifugation and
concentrated by removing the water content. Afterwards, it is extracted by using ethanol up to 7% (v/v) and an organic acid in the
range of 0.5–3% by weight of the extraction solution. The polyphenols remaining within the dietary fibers were then extracted
with at least 85% (v/v) ethanol and separated by filtration. After
dilution with 15–40% (v/v) ethanol, the liquid phase containing
polyphenols may be clarified by filtration. Takac and Karakaya
(2009) used ethanol up to 70% and an organic acid in the range of
0.5–3% to extract polyphenols from OMWW. Lafka et al. (2011)
subjected OMWW to conventional liquid solvent extraction and
supercritical fluid extraction using different solvents and carbon
dioxide, respectively. The optimum extraction conditions were 180
min using a 5:1 (v/w) ratio of ethanol to sample at pH 2. JermanKlen and Mozetic-Vodopivec (2012) used ultrasound-assisted extraction for the recovery of phenols from OMWW. The ultrasoundassisted extraction of freeze-dried OMWW in 100% methanol (1.5
g/25 mL, w/v) offered high qualitative-quantitative phenol yields
and it may be utilized as a valuable source of phenols, especially
hydroxytyrosol and tyrosol.
Firlbeck (2013) reported that vanillic acid might be extracted
from OMWW quantitatively by a second run of foam fractionation. Foam fractionation of vanillic acid under the optimized process parameters (pH of 6–7) led to an enrichment factor of 22.24
in the foamate and 55.88% recovery in the residue. Yu et al. (2014)
tested the possibility of obtaining functional ingredients, such as
phenolic compounds, from olive fruit dreg (a waste from olive
soft drink processing) using subcritical water extraction. The subcritical water extracts contained higher amounts of phenolic compounds, such as chlorogenic acid, homovanillic acid, gallic acid,
hydroxytyrosol, quercetin and syringic acid.
6.1. Membrane separation
Olive mill wastes comprise of phenolic compounds of different
molecular weights (MW) ranging from low molecular weight phenolics, such as benzoic acid derivatives (MW up to 198), to high
molecular weight phenolics, such as secoiridoid aglycons (MW
up to 378) and lignans (MW up to 416) (Bendini et al., 2007).
The wide range of molecular weights of OMW compounds complicates their recovery with high purities, which may be achieved
by using membrane technologies. Selective separation and concentration of phenolic compounds would greatly facilitate their
further isolation by other methods. Ultrafiltration in combination
with nanofiltration and/or reverse osmosis is usually used for fractionation of OMWW components. The end product was a phenol
concentrate that needs further processing for isolation of valuable
fractions (Paraskeva et al., 2007). However, when pretreatment
is not applied, recovery of membrane permeability with regular
cleaning is not possible. Thus, various pretreatment methods have
been proposed, such as enzymatic, chemical and physico-chemical
pretreatments, neutralization, sedimentation, and centrifugation
(Turano et al., 2002).
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Canepa et al. (1988) described a combination of reverse osmosis
(RO) and adsorbing on porous polymers for the phenol recovery.
Pizzichini and Russo (2005) used microfiltration (MF) and ultrafiltration (UF) for COD reduction, followed by nanofiltration (NF)
and RO for phenol recovery. The final RO operation was characterized by spiral-shaped polymeric membranes made of composite
polyamide and yielded a concentrate rich in polyphenolic compounds and a permeate consisting of purified water. Castanas et al.
(2005) disclosed a system of filters composed of substratums of
natural products consisting of turf, sand and sawdust, and optionally, one or more filters of resins consisting of cationic, anionic,
mixed type or polyvinylpolypyrrolidone resins. Pizzichini and
Russo (2005) proposed a method in which acidified wastewater is
subjected to enzymatic hydrolysis by a pectinase enzyme complex
to remove the cellulose, hemicellulose and pectin microdispersed
components from OMWW. The liquid fraction separated from the
degradation products is then used in a membrane system including tangential MF, tangential NF and RO units, in sequence. The
ultimate retentate of the RO system is rich in polyphenols. The
retentate of MF unit can also be used for extracting polyphenolic
compounds thereafter. The experimental study of Russo (2007)
concerning removal efficiencies of several MF and UF membranes concentrated the recovered polyphenols by using a final
RO consisting of a polymeric hydronautics membrane (composite
polyamide). With a concentration factor of 2.5, the RO membrane
produced a retentate containing 464.870 ppm free low molecular
weight polyphenols composed of 390.449 ppm hydroxytyrosol,
27.400 ppm tyrosol, 14.968 ppm oleuropein, 14.329 ppm caffeic
acid and 17.724 ppm protocatechuic acid.
Paraskeva et al. (2007) compared the concentration efficiencies
of NF and RO after a UF process. The NF step showed reduction
of efficiencies to 99% for TSS, 97% for TOC, 97% for COD and
98% for phenols; the NF retentate had a concentration of 9.96 g/L
of phenols. Operating the UF permeate with the RO membrane obtained similar reduction results, whereas the phenols concentration
in the RO concentrate was 6.78 g/L. Nunes et al. (2007) described
the production of a hydroxytyrosol concentrate by use of nanofiltration and reverse osmosis procedures. An aqueous extract (olive cake plus water) was given to a NF membrane Desal DK type
yielding a recovery of hydroxytyrosol of about 70%. The following RO process further concentrated the obtained NF retentate using a Dow Filmtec SW 30 membrane. Villanova (2008) described
one NF and one RO module for the concentration of pretreated
OMWW. Placed in the third unit after two UF modules, the NF
membrane and following RO membrane yielded more than 1 g/L
of hydroxytyrosol and more than 0.6 g/L of tyrosol.
El-Abbassi et al. (2012) investigated the use of direct contact
membrane distillation (DCMD) for the concentration of phenolic compounds employing a Gelman TF200 membrane made of
PTFE. The obtained retentate had a polyphenols content of about
6.88 g/L. Garcia-Castello et al. (2010) investigated the concentration abilities of osmotic distillation (OD) and vacuum membrane
distillation (VMD) after a NF process. The whole membrane system delivered a liquid concentrate containing about 0.5 g/L low
MW polyphenols. Servili et al. (2011) described a RO process using a spiral thin-film membrane made of DurasanTM and polysulfone for the concentration after pretreatments with MF and UF.
The content of total phenols rose from 4.9 to 19.3 g/L in the RO
concentrate. Cassano et al. (2013) investigated a process based on
two UF processes followed by a NF treatment. This permitted a
fractionation of OMWW separating organic substances of different
molecular weights. The NF retentate was a concentrated solution
enriched in polyphenolic compounds suitable for cosmetic, food
and pharmaceutical industries as liquid, frozen, dried or lyophi-
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lized formulations.
El-Abbassi et al (2014) used membrane filtration as a pretreatment prior to application of cloud point extraction to OMWW.
The method resulted in a mixture of natural antioxidants suitable
for pharmaceutical, cosmetic or food applications. Zagklis et al.
(2015) used reverse osmosis, after a nanofiltration, to concentrate
the low-molecular-weight compounds, prior to further treatment
with resin adsorption/desorption for the purification of the phenolic compounds of OMWW. Comandini et al. (2015) treated
OMWW with a semi-industrial membrane filtration system, including ultrafiltration and reverse osmosis modules. Ultrafiltration
reduced phenol concentration by about 40% with respect to the
initial level; in the permeate of reverse osmosis, the phenol concentration ranged from 0 to 1% of the initial content. In contrast,
the content of phenolic compounds was increased about 2.6 fold
in reverse osmosis concentrate. 3,4-(dihydroxyphenyl) ethanol and
p-(hydroxyphenyl) ethanol were the main compounds detected of
a total of thirty two.
During filtration of wastewater, severe fouling of the membrane
occurs, thus affecting the process performance. Fouling reduces
the permeate fluxes and determines both efficiency decrease and
variation of membrane selectivity; it also makes the process highly
expensive due to repeated plant shut-down for cleaning and washing the membranes (Turano et al., 2002). The critical flux method
seems to be one of the most used approaches to overcome fouling
problems. At the critical flux point, the drag forces on the solute
molecules concentrated over the membrane surface are equal to
the dispersive forces, leading to a steady-state layer in a gel state.
Under these conditions, only reversible fouling can occur, which
can be periodically soft-cleaned. However, some authors have
pointed out that operation below the critical flux may not be sufficient to avoid long-term fouling (Stoller and Chianese, 2006).
These authors introduced the concept of sustainable flux, at which
the desired separation can be operated in a profitable manner, only
minimizing but not eliminating fouling entirely. Thus, the best
permeate flux cannot be theoretically predicted, but only experimentally measured. Ochando-Pulido et al. (2015) achieved successfully complete restoration of the membrane permeability by
performing a cleaning procedure upon turbulent tangential velocity over the membrane (4.01 m/s, equivalent to NReynolds = 21,000)
at a cleaning operating temperature ranging from 30 to 35 °C for
20–25 min. Dammak et al. (2015) studied a model of oleuropein
solution filtration using NF membrane and different feed concentrations and showed that the permeate flux was governed mainly
by the osmotic pressure of oleuropein. The flux declined following
the accumulation of oleuropein at the membrane surface, forming
a concentration polarization layer with lower hydraulic resistance
than membrane resistance.
6.2. Adsorption
The profitability of an industrial process for the adsorptive purification and concentration of phenolic compounds from OMWW
mainly depends on the adsorption efficiency and on the recovery
rates during desorption. So far, few studies have been carried out
using sorbent materials for the removal of polyphenolic compounds contained in OMWW.
Al-Malah et al. (2000) used activated clay and reported that
sorption of phenols was reversible and mainly due to hydrophobic
interactions. Cuomo and Rabovskiy (2001) described a method of
extracting antioxidant components from olive by-products, which
includes the steps of passing OMWW through a solid matrix to
trap antioxidants on the matrix and washing the matrix with a po-
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lar organic solvent to remove the antioxidants in the polar organic
solvent. Suitable solvents include polar alcohols, acetone, ethyl
acetate, acetonitrile, dioxane and mixtures thereof. The polar organic solvent can be partially removed to form a liquid concentrate
or preferably substantially and completely removed to produce
a solid antioxidant composition. The extracted antioxidant composition has a total phenolic content of about 10–30% gallic acid
equivalents by weight on a dry weight basis and consists of about
1–5% hydroxytyrosol, 0.4–1.5% tyrosol and 0.05–1% oleuropein,
all based on dry weight. A particularly preferred solid matrix material is a polymeric adsorbent marketed under the trademark Amberlite®.
Activated carbon obtained from treated olive pomace has been
used for OMWW polyphenol sorption, succeeding efficient phenol
removal. Wilhelm et al. (2003) described the isolation of antioxidants from OMWW by fluidized bed adsorption, especially using
polymeric ion-exchanging adsorbents (e.g. Amberlite XAD or
Lewatit EP) followed by elution of the adsorbed antioxidants and
removal of the solvent. Sabbah et al. (2004) proposed a method
using sand filtration and subsequent treatment with powdered activated carbon, yielding a 95% removal of phenolic compounds.
The recovery yield was 60% using a solid phase extraction by employing Amberlite XAD16 resin as the adsorbent and ethanol as
the biocompatible desorbing phase (Scoma et al., 2011). Santi et
al. (2008) treated OMWW with mineral adsorbents and concluded
that zeolite, compared to other substrates (clay soil and bentonite),
appeared to be a useful mineral in reducing the organic load from
the OMWW. Bertin et al. (2011) suggested that Amberlite XAD7,
XAD16, IRA96 and Isolute ENV+ are the four most promising
adsorption resins. The highest recovery of hydroxytyrosol (77%)
was achieved when non-acidified ethanol was used as the desorbing phase.
Ferri et al. (2011) reported the highest phenol adsorption (76%)
using IRA96 polar resin, whereas Ena et al. (2012) stated that granular activated carbon can be more efficient than Azolla in terms
of phenols adsorption and desorption. Zagklis et al. (2015) used
non-ionic XAD4, XAD16 and XAD7HP resins for the recovery of
phenols from low-molecular-weight compounds of OMWW and
for their separation from carbohydrates. The recovered phenolic
compounds were concentrated through vacuum evaporation reaching a final concentration of 378 g/L in gallic acid equivalents containing 84.8 g/L hydroxytyrosol. Frascari et al. (2016) developed a
continuous-flow adsorption/desorption process for the recovery of
phenolic compounds from OMWW (pretreated with centrifugation
and microfiltration to remove suspended solids) using an Amberlite XAD16 resin packed in a 0.53 m column and acidified ethanol
as desorption solvent.
Stasinakis et al. (2008) investigated total phenol removal efficiency from OMWW by several types of treated olive pomace
(dried olive pomace, dried and solvent extracted olive pomace and
dried, solvent extracted and incompletely combusted olive pomace). Singh et al. (2008) investigated the adsorption of both phenol and 2,4-dichlorophenol through the acid treatment of coconut
shells, whereas Achak et al. (2009) used banana peel as a lowcost solution biosorbent for removing phenolic compounds from
OMWW yielding a 88% removal with a peel dosage of 30 g/L.
6.3. Chromatographic separation
Fernandez-Bolanos et al. (2002) suggested a method for obtaining hydroxytyrosol from OMWW by a two-step chromatographic
treatment. In the first column, the polystyrene based non-activated
ion exchange resins, in the form of a gel or macro-reticular, is used

to provide partial purification of hydroxytyrosol. After elution with
water, the containing hydroxytyrosol solution from the previous
stage is fed to the second column involving nonionic, polystyrene
based XAD resins to enable hydroxytyrosol to be completely purified after eluting with 30–33% methanol-water or ethanol-water
mixture. Liu and Wang (2008) developed a method for the recovery of hydroxytyrosol involving dilution with water, passage
through a styrene resin chromatographic column, washing with
distilled water, extraction with ethyl acetate and finally distillation
at low temperatures.
7. Qualitative and quantitative analysis of olive oil phenolic
compounds
Analysis of phenols from olive oil is usually carried out by partitioning the analytes between two phases: both liquid-liquid extraction (LLE) and liquid-solid or solid-phase extraction (SPE).
Recently, microdialysis has also been used for polyphenol extraction from EVOO (Bazzu et al., 2017). According to literature, the
most common analytical techniques used for the separation and
determination of phenolic compounds in olive oil are, so far, highperformance liquid chromatography (HPLC) coupled with ultraviolet or diode array detection (PDA), electrochemical detection,
mass spectrometry (MS), gas chromatography coupled to MS,
capillary electrophoresis (CE) with UV or MS, Infrared Spectroscopy in the near (NIR) and mid (MIR) regions, Nuclear Magnetic
Resonance (NMR) Spectroscopy, and Fourier Transform Infrared
(FTIR) Spectroscopy. Recently, Liquid chromatography-electrospray ionization-quadrupole time-of-flight mass spectrometry
(LC-ESI-QTOF MS) and HPLC-PDA/ESI-MS methods have been
developed and validated for the analysis of the most representative phenolic compounds in EVOO samples (Fanalli et al., 2018;
Monasterio et al., 2017). Regardless of the approach selected, the
obtained data are subsequently treated using appropriate chemometric tools, including unsupervised methods (mainly PCA and
Hierarchical Cluster Analysis (HCA)), and supervised ones (such
as Linear Discriminant Analysis (LDA), PLS-DA, SIMCA, k-NN,
etc.) (Bajoub et al., 2017).
7.1. Extraction methods of phenolic compounds from olive oil
The extraction of phenolic compounds from a sample of olive oil
is a very important step for subsequent analyses. The oil extracts
usually contain a complex and heterogeneous mixture of phenolic
constituents, which makes the selection of the appropriate extraction process a critical step. The aim of the extraction procedure is
to obtain the desired polar phenolic fraction from the total mixture
with the highest possible efficiency, and to avoid possible structural changes that can occur in the compounds initially present in
the extract due to hydrolysis, oxidation or isomerization.
Many methods have been proposed for the extraction of the polar phenolic constituents of the oil, most of which are based on
liquid - liquid extraction (LLE) and solid phase extraction (SPE).
These methods have been used with many variations by different
researchers, who use a variety of extraction solvent systems depending on the objective of their studies.
7.1.1. Liquid-liquid extraction (LLE)
This method has commonly been used for the extraction of the
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phenolic fraction of the oil. In a typical protocol, a quantity of oil is
dissolved in a lipophilic solvent, usually hexane, and the phenolic
fraction is extracted with methanol or a methanol/water mixture
(water concentration from 0 to 40%). Extraction is carried out either by simple stirring or by sonication for a few minutes. The lipophilic and the methanolic/aqueous phase are separated by centrifugation. The two phases are separated and the methanolic/aqueous
phase is evaporated using a rotary evaporator. The extraction with
hexane is repeated to achieve better degreasing and the extract is
obtained again after evaporation. The use of a suitable solvent system is a first step that greatly affects the performance of the method,
as well as, the nature of the solvent selected and the relative proportions of the solvents determine the recovery of polyphenols in the
final extract. In addition, other solvents such as petroleum ether and
chloroform have been suggested. However, the addition of hexane
or other organic solvents in the oil prior to extraction, does not lead
to a significant improvement in the recovery of the polyphenolic
components (Tasioula-Margari and Okogeri, 2001).
The use of ultrasound, in comparison with the simple stirring, has been studied by Klen and Vodopivec (2012). The results
showed that although the simple stirring gave satisfactory results,
the use of ultrasound during the extraction led to optimum recovery
of the phenolic fraction. In the same contribution, a variant of this
method by cooling the sample to −25 °C for 2–3 h was presented.
Using this modification a better removal of the non-polar fraction
was achieved. Furthermore, Montedoro et al.(1992) had reported
several extraction methods for non-hydrolyzable and hydrolyzable
phenolic compounds in virgin olive oil, using different solvents at
different solvent to test material ratio and other conditions. It was
concluded that the optimal solvent system was methanol/water
(80:20 v/v). Angerosa et al. (2000) later showed opposite results.
The incomplete recovery of some components and the formation
of emulsion between water and methanol resulted in selection of
pure methanol for extraction.
Cortesi et al. (1995) tried to extract the polar components of
the oil using tetrahydrofuran (THF)/water (80:20 v/v) followed by
centrifugation; thus the recovery was five times greater for hydroxytyrosol and twice for tyrosol relative to the methanol/water system (60:40 v/v). The use of N, N-dimethyl formamide was shown
to have interesting results regarding the recovery of phenolic components. After the process of liquid-liquid extraction and in order
to isolate the desired analytes from interfering species, the residual
oil was removed by storing at ambient temperature overnight and
further centrifugation or extraction with hexane.
Karkoula et al. (2014) used cyclohexane as a lipophilic solvent
and acetonitrile for the recovery of the phenolic fraction. In this
protocol, 5 g of oil were dissolved in 20 ml cyclohexane and the
solution was agitated for 1 min. Twenty five mL of acetonitrile
were then added and the mixture was agitated for 1 min. The separation of the two phases was achieved by centrifugation for 5 min.
7.1.2. Solid phase extraction (SPE)
The great flexibility of the SPE led researchers to use of this technique to recover phenolic compounds from olive oil. The widespread use of this technique also provided opportunity for use of
many solvent systems, both for isolation and for purification of the
extract. The solid phase extraction includes two modes, the normal phase and the reversed phase. Different sorbents have been
used, with C18-cartridges being the most common. Ion exchange
cartridges have also been used for the isolation of phenolic fractions from various oils, but the recoveries obtained were quite low
(53–62%). Amino-phase and diol-bonded cartridges, which are
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in the middle between silica normal and reverse phase, and also
compatible with a wide range of solvents have been used (Rios
et al., 2005). C-18 is a reliable material for the isolation of simple
phenolic substances. However, the recovery is low in the case of
secoiridoid derivatives and mainly of their dialdehyde forms. Liberatore et al. (2001) compared different sorbents of SPE with LLE.
7.1.3. Liquid-liquid microextraction
In an effort to compare the methods based on liquid-liquid extraction (LLE), liquid-liquid microextraction (LLME) and solid phase
extraction (SPE), Pizarro et al. (2012) compared these methods
with ultrasonication extraction (USE). The results showed that the
application of USE had the highest rate of recovery, however, they
observed that the differences of the respective results of the LLME
process were not significant. Taking into account that the microextraction has less solvent consumption and needs less time, this
method seems to be most suitable for the extraction of phenolic
fractions of olive oil.
8. Analytical approaches to characterize the phenolic profile of
olives and olive oils
Several qualitative and quantitative methods for the analysis of the
phenolic content of olive oil and table olives are described by Melliou et al. (2015). The extraction of phenolic compounds from a
sample of olive oil is a very important step for subsequent analyses. The aim of the extraction procedure is to obtain the desired
polar phenolic fraction from the total mixture with the highest
possible efficiency, and to avoid possible structural changes that
can occur in the compounds initially present in the extract due to
hydrolysis, oxidation or isomerization.
A number of methods proposed for the extraction of the polar
phenolic constituents of the oil are based on liquid - liquid extraction (LLE), solid phase extraction (SPE) and Liquid-Liquid Microextraction (LLM). These methods have been used with many
variations by different researchers, who use a variety of extraction
solvent systems depending on the objective of their studies.The
qualitative and/or quantitative determination of the phenolic constituents of the polar extract are mainly based on spectrophotometry or chromatography.
8.1. Photometric measurement
A most popular method that is commonly used for quantitation of
total phenolics in olive oil is based on the Folin-Ciocalteu reagent
that reacts with the hydroxyl groups of the phenolic compounds
(Gutfinger et al., 1981). The method includes calibration using a
pure standard (e.g. caffeic acid or gallic acid), extraction of phenols
from the sample, and measuring the absorbance at 500–750 nm
after the colorimetric reaction. The widespread use of this method
is attributed to its simplicity, ease and speed of analysis. However,
the drawback of this colorimetric method is its low selectivity, as
the color reaction is performed with any phenolic hydroxyl group
of the oil components or other oxidizable functional groups.
8.2. Chromatographic analysis
Chromatography is the most common method for qualitative and
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quantitative determination of the phenolic content of olive oil. Thin
layer chromatography, gas chromatography and liquid chromatography have been used with several types of detectors. HPLC-UV
remains the most frequently used method despite the problems
that make it inappropriate for quantitative measurement of specific compounds (e.g. oleocanthal). Significant improvements have
been achieved using liquid chromatography-mass spectrometry
(LC-MS) but still there are ingredients that cannot be measured
chromatographically.
8.3. Thin layer chromatography
The older chromatographic techniques that were used for the analysis of olive oil phenolics included TLC as well as paper chromatography. Today these techniques are used mainly for final purification of phenolics (Karkoula et al., 2014).
8.4. Gas chromatography (GC) and GC-MS
The qualitative and quantitative determination of several phenolic
constituents of the oil can be achieved using GC. Although the
method allowed the characterization of simple components, other
phenols present in large quantities could not be detected. Improvements were made using more sophisticated analytical techniques
such as GC-MS and GC-MS/MS which are mainly applied to silylated derivatives of the phenolic components (Saitta et al., 2002).
Although there are several analytical and applied works using this
technique, other chromatographic techniques like HPLC are more
commonly used because they avoid the derivatization step and the
high temperatures that can decompose some of the analytes.
8.5. High pressure liquid chromatography (HPLC)
The low volatility of many phenolic constituents of olive oil has
limited the use of GC method for their qualitative and quantitative
determination, and led to the use of the HPLC method as the more
popular technique. Numerous mobile phases have been used, but
the binary systems consisting of an aqueous component and a less
polar organic component such as acetonitrile or methanol remain
the most common. Acids (acetic, formic, phosphoric) are commonly added to the two components to maintain a constant acid
concentration during fractionation. The routine detection by HPLC
is based on the UV absorption at 240, 250 or 280 nm (Tsimidou
et al., 1992).

combined with ultra (U) HPLC-ESI-MS/MS has been reported (Di
Donna et al., 2011).
8.7. Capillary electrophoresis (CE)
Capillary electrophoresis combines reduced analysis time and satisfactory separation of the phenolic fraction. CE is an alternative or
additional method of HPLC. The speed, resolution, and ease of use
combined with the low cost of the device, makes this technique a
useful option for the development and improvement of methods of
analysis of olive oil. Vulcano et al. (2015) used CE for quantitation
of oleocanthal and oleacein.
8.8. Quantification using 1D qNMR
Melliou et al. (2015) reported that to overcome quantification problems, it is necessary to develop a method for olive oil extraction
and analysis without involving any reacting mobile or stationary
phase. Quantitative nuclear magnetic resonance (qNMR) appeared
as an attractive alternative solution to this complicated problem.
NMR spectroscopy is well suited for quantitative analyses of complex chemical mixtures. Among the available qNMR methods, 1D
1H NMR typically provides the highest sensitivity with excellent
linear response to component concentrations.
8.9. NMR Spectral analysis of oleocanthal and oleacein in EVOO
The method is based on the observation that the 1H NMR spectrum
of olive oil acetonitrile extracts when recorded in CDCl3 and in
magnetic fields of 600 or 800 MHz presented a very well resolved
set of peaks corresponding to the aldehydic protons of the target
compounds between 9.1 and 9.8 ppm (Figure 4). This spectrum
region in all the studied samples was clearly resolved making the
integration of the corresponding peaks and their comparison with
the peak of the internal standard feasible. Oleocanthal (4), oleacein
(3), oleuropein aglycone (5a) and ligstroside aglycone (6a) were
quantified by integrating the peaks noted in Figure 4 and by using
calibration curves constructed with pure compounds added to oils
of zero phenolic content as described by Karkoula et al. (2014).
The peaks corresponding to compounds 7a, 7b, 9 and 8a, 8b, 10
were integrated as two total sets corresponding to oleuropein aglycone dialdehyde and enolic forms and to ligstroside aglycon dialdehyde and enolic forms, respectively.
8.10. Colorimetric quantitation of oleocanthal and oleacein

8.6. Liquid chromatography (LC)-MS
The combination of liquid chromatography with mass spectrometry has made a significant change in the analysis of polar
components of the oil, as evidenced by the increased number of
publications that use this technique during the last years (SeguraCarretero et al., 2010). Electrospray ionization (ESI) in negative
mode is more sensitive for the majority of phenolic ingredients and
has also been extensively used (Jerman-Klen et al., 2015).
Using LC-MS/MS a serious overlapping problem observed in
HPLC-UV methods has been overcome, but the method still suffers from lack of commercial standards and possible formation of
artifacts. To avoid problems related to the reaction of some constituents (e.g. oleocanthal or oleacein) with the chromatographic
solvents, an interesting approach using derivatization reactions

A new colorimetric method for the measurement of oleocanthal
and oleacein in olive oil has been reported (Magiatis and Melliou,
2015). The measuring method is based on the selective reaction
of the polar aldehydes found in olive oil towards the formation
of green colored water-soluble derivatives (Schiff bases) that can
be quantified in the aqueous phase either by the intensity of the
color or by measurement of the absorbance in the visible spectrum.
The reaction is achieved under acidic conditions using aniline derivatives bearing polar groups (e.g. carboxyls). As an example of
appropriate reagent p-hydroxyanthranilic acid is reported in combination with glacial acetic acid. This method is highly selective
and can accurately quantify the oleocanthal and oleacein levels
in olive oil. In a large number of olive oils (especially of Greek
origin), oleocanthal and oleacein were the dominating tyrosol and
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Figure 4. 1H NMR spectrum of the aldehydic region of Mission olive oil extract sample (a: up) and typical Koroneiki (b: down) showing the peaks corresponding to compounds 3–10 (Melliou et al., 2015, 2017).

hydroxytyrosol derivatives and consequently their colorimetric
quantification can provide a fast and cheap way to predict whether
an oil qualifies for the EU health claim criteria.
9. Stability of polyphenols: cooking effects
VOO is considered the best oil for cooking and frying, due to its
lipid profile and its phenolic antioxidants. Moreover, the antioxidant activity of vegetables has been shown to increase when they
are cooked with VOO (Tresserra-Rimbau and Lamuela-Raventós,
2017). Using VOO for cooking, compared to other oils, is a better
choice because of its thermal stability, which is elated to its low
level of polyunsaturated fatty acids, and its antioxidants, like carotenes, polyphenols, and tocopherols (Olivero-David et al., 2014).
Frying oil temperature usually varies from 160 to 240 °C, with 180
°C being the best choice. Temperature and oxygen are factors that
can initiate oxidation, which produces a chemical degeneration of
the oil, and an accumulation of free radicals with a potential negative effect on health. The oil resistance to oxidation depends on
its fatty acid and antioxidants profile (Franco et al., 2014). VOO
obtained from green olives contains more antioxidants. Polyphenols, although sensitive to heat and temperature, are the main compounds responsible for oil stability during frying and VOO rich in
phenolic content has been shown to be quite stable during cooking
(Olivero-David et al., 2014).
Traditionally, Mediterranean countries are using VOO when
cooking vegetables. This provides a better taste to the food, because phenols are transferred to the vegetables, whose antioxidant
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capacity is enhanced. After the cooking process of sofrito (a special veal dish) polyphenols from tomato, onion, and garlic were
detected in the olive oil fraction, especially naringenin, ferulic
acid, and quercetin (Rinaldi de Alvarenga et al., 2019). As Figure 5
shows, tomato sauce prepared with the higher proportion of VOO
was richer in tyrosol and hydroxytyrosol, indicating that when
more olive oil was added, a higher amount of phenolics was transferred to tomato sauce. However, a decrease in the concentration
of some tomato flavonoids and cinnamic acids was also observed,
while caffeic acid increased.
10. Bioavailability and bioaccessibility of olives and olive oil (OO)
polyphenols
The term “bioavailability” was defined as the fraction of an ingested nutrient or compound that reaches the systemic circulation
and the specific sites where it can exert its biological action (Yao
et al., 2015). The majority of studies regarding the bioavailability
of olives and OO phenolics have focused on hydroxytyrosol, tyrosol, and oleuropein. In this section, in vivo and in vitro studies
regarding the bioavailability of olives and olive oil phenolics are
discussed.
Although the biological activities of the phenolic compounds
present in VOO have been clearly demonstrated, it is difficult to find
evidence for the specific role of each component in the beneficial
effects of the oil, or for the synergistic activity of a combination of
compounds (Lozano-Castellón et al., 2019). The degree to which
phenolic compounds are bioavailable (absorbed, metabolized,
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Figure 5. Changes in tomato sauce phenolics from VOO addition over time, using two different concentrations of VOO (5 and 10%) (Tresserra-Rimbau
and Lamuela-Raventós, 2017).

distributed and eliminated) is fundamental in understanding and
evaluating the health benefits associated with EVOO consumption
in order to achieve an effect in specific tissues or organs (Serreli
and Deiana, 2018). Visioli et al. (2000) found that approximately
98% of hydroxytyrosol and tyrosol from olive oil was absorbed in
a dose-response manner. EVOO aglycone secoiridoids can be partially hydrolyzed by the stomach acidic environment releasing free
phenolic alcohols; nevertheless a significant amount remains intact
and, therefore, gets into the small intestine unmodified.
Although the majority of polyphenols exist in plants as glycosides, in general, only their aglycones can be absorbed in the small
intestine, and thus their deglycosylation by β-glycosidase in epithelial cells is crucial to their absorption (Francisco et al., 2019).
The absorption and metabolism of phenolic compounds are determined primarily by their physicochemical characteristics, including molecular size, basic structural properties, polarity, degree of
polymerization or glycosylation, solubility, lipophilicity and conjugation with other phenols. The chemical structure of polyphenols, more than the concentration, determines the rate and extent
of absorption and the nature of the metabolites circulating in the
plasma (Lozano-Castellón et al., 2019). Absorption of polar tyrosol and hydroxytyrosol is thought to occur via passive diffusion,
while oleuropein-glycoside, also polar but larger, may be absorbed
via a glycose transporter after diffusion through the lipid bilayer of
the epithelial cell membrane (Manna et al., 2009). Pinoresinol and
1-acetoxypinoresinol are quite stable under gastric and duodenal
digestion conditions, as proven in vitro with models simulating
both conditions (Soler et al., 2010).
According to García-Villalba et al. (2010) once the flavonoid
aglycones are absorbed by the intestinal cells, they will undergo

an important metabolism by the action of diverse enzymes, mainly transferases. The main conjugated metabolites of flavonoids
are glucuronidated forms followed by sulphated and methylated
forms. The flavonoids methyl-monogluguronides of apigenin
and luteolin have been identified in human urine. The reactions
of methylation, glycuronidation and sulfation take place through
the respective action of catechol-O-methyl transferases (COMT),
uridine-5′-diphosphate glucuronosyl transferases (UDPGT) and
sulfotransferases (SULT) (Manach et al., 2004). Glucuronoid conjugates of the polyphenol classes in olive oil have been detected in
urine and plasma. A small amount (about 5%) of ingested olive oil
polyphenols are recovered in the urine as glucuronide conjugates
of hydroxytyrosol and tyrosol. The rest of them are metabolized
into other compounds like 0-methylated hydroxytyrosol or monosulfate conjugates. Sinse some of these results were obtained only
from animal studies, some further research is needed to elucidate
the mechanisms of absorption, metabolism and excretion of other
key phenolic compounds from olive oil in humans (Gómez-Romero et al., 2012).
The microbial metabolism of phenolic compounds (oleuropein,
oleacein and hydroxytyrosol) in the intestinal tract started in small
intestine and was intensified in the lower part of the gut (caecum).
It detected metabolites derived from oxidation, dehydroxylation,
decarboxylation (α-oxidation) and carboxylation reactions along
the gastrointestinal tract (López de las Hazas et al., 2016). In past
years, EVOO phenols and their metabolites have been evidenced
as modulators of gut microbiota composition and function, by suppressing the growth of harmful bacteria and favoring beneficial
bacteria (prebiotic-like effects) (Francisco et al., 2019). Phenolics
are broken down in colon by macrobiotics and converted to other
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phenolics, which have a notable effect on their bioavailability.
Non-absorbed phenolic compounds may also exert antioxidant activity in the gastrointestinal tract, since isolated polyphenols can
scavenge free radicals formed by the fecal matrix and the epithelial
cells of the intestine (Owen et al., 2004).
10.1. In vitro digestion and absorption (human and animal studies)
Experimental, clinical and epidemiological studies have supported
the beneficial health effects of olives and olive oil polyphenols
which act as antioxidants and radical scavengers with anti-tumor
and anti-inflammatory properties (Beauchamp et al., 2005). In particular, their beneficial effects on plasma lipid levels and on the
oxidation of LDL cholesterol oxidative damage, as well as on the
prevention of oxidative stress resulted in a positive health claim
being accepted by the European Food Safety Authority (EFSA,
2011). Tsimidou et al. (2018), in particular, suggested that the
health claim EFSA adopted for “olive oil polyphenols” should refer to both tyrosol and hydroxytyosol, free or in bound forms. The
pigments chlorophyll and pheophytin and the flavor minor components of olive oil have been shown predominant bioactivity which
is related to the facilitation of the absorption of antioxidants present in the oil and in the food to be generally absorbed by our body.
10.1.1. Human studies
Direct evidence on bioavailability of olive and olive oil phenolics
have been achieved by measuring the concentration of the polyphenols and their metabolites in biological fluids, mainly plasma
and urine, after ingestion of pure compounds or olive oil, either
pure or enriched with phenolics. Research conducted on humans
has shown that hydroxytyrosol and tyrosol are dose-dependently
absorbed after ingestion (Covas et al., 2006).
A study conducted by Vissers et al. (2002) demonstrated that
absorption of hydroxytyrosol, ligstroside, oleuropein, and tyrosol,
was as high as 55–66%. Another study (Miro-Casas et al., 2003)
found that even from moderate doses (25 mL/d), which is close to
that used as daily intake in Mediterranean countries, approximately 98% of hydroxytyrosol was present in plasma and urine, mainly
as glucuronide conjugates, also confirmed by Garcia-Villalba et
al. (2010) and Khymenets et al. (2016). Later, hydroxytyrosol sulfate (López de las Hazas et al., 2016), vanillin sulfate (Suarez et
al., 2011), and hydroxytyrosol acetate sulfate (Rubio et al., 2012a)
were found to be the main biological metabolites of hydroxytyrosol in plasma after olive oil ingestion. In addition, hydroxytyrosol
also undergoes the action of catechol-O-methyl transferase, an enzyme involved in the catecholamine catabolism, resulting in the
excretion of homovanillic alcohol and homovanillic acid in plasma
and urine (Oliveras-Lopez et al., 2014).
It is known that polyphenols are subjected to phase I and phase
II metabolism, in which they are hydrolyzed (phase I) and conjugated (phase II) into their glucuronidated, methylated, and sulfated
forms in order to be absorbed (Manach et al., 2004). This is a major
drawback in understanding the biological activity of hydroxytyrosol in vivo. The picture gets even more complicated by the fact
that hydroxytyrosol is also a dopamine metabolite, and body fluid
concentrations combine exogenous and endogenous sources (De la
Torre, 2008). Overall, the exact absorption mechanism of olive oil
phenolics in humans still remains unclear; however, the polarity of
the phenolic compounds has been suggested to play an important
role. Table 4 shows animal studies regarding the bioavailability of
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olive and olive oil phenolics in humans.
10.1.2. Animal studies
Animal studies showed that phenolic compounds were present in
plasma and urine as hydroxytyrosol and tyrosol, mainly as glucuronide and sulfate conjugates, and in methylated form as homovanillic alcohol and homovanillic acid (Kano et al., 2016).
On the other hand, free forms of some phenolic compounds
were also reported, such as oleuropein derivative in plasma and
brain; luteolin in the kidney, testicle, brain, and heart; or hydroxytyrosol in the plasma, kidney, and testicle (Serra et al., 2012).
Furthermore, a recent study demonstrated that the changes in the
metabolic disposition of hydroxytyrosol in rats were dose-dependent. In particular, following the treatment of 1 mg/kg of hydroxytyrosol, approximately 25–30% of the compounds present in urine
were glucuronides, whereas lower recoveries were observed for
sulfate conjugates (14%). However, at higher doses (10–100 mg
hydroxytyrosol/kg), sulfates were predominant (57–75%) (Kotronoulas et al., 2013). In addition, the bioavailability of phenolics
of olive oil is shown to depend on the carrier by which they are
administered (oil or water), as well as on the administration route
(intravenous or oral) (Tuck et al., 2001).
The exact absorption mechanism of olive oil phenolics remains
uncertain. However it is proposed that oleuropein-glycoside may
diffuse through lipid bilayers of the epithelial cell membrane and
be absorbed via a glycose transporter. Additional absorption mechanisms for oleuropein-glycoside are the paracellular route or transcellular passive diffusion (Edgecombe et al., 2000). Recent studies
also reported gender differences in plasma and urine metabolites
from rats after oral administration of normal and high doses of
hydroxytyrosol, hydroxytyrosol acetate, and DOPAC (2,3-DihydrOxyPhenylAceticAcid) (Domínguez-Perles et al., 2017).
10.1.3. In vitro studies
Methods for simulating the human digestive tract are being extensively used in vitro, at present, since they are fast, safe, and do
not have the same ethical restrictions as in vivo methods (Kamiloglu et al., 2014). The effect of gastric juice on olive oil phenolics
has been examined in vitro by incubating the samples at 37 °C in
simulated gastric conditions and during normal physiological time
frames (Corona et al., 2006; Soler et al., 2010; Pinto et al., 2011).
Although hydrolysis takes place, releasing free phenolics, some
fractions of the conjugated forms were still present unhydrolyzed
and, thus, entered the small intestine unmodified (Corona et al.,
2006). Intestinal digestion of the phenolic compounds from olives
and olive oil was simulated by using either enzymatic (Fernández-Poyatos et al., 2019; Quintero-Flórez et al., 2018; Soler et
al., 2010) or isolated perfused rat intestines models (Corona et
al., 2006; Edgecombe et al., 2000; Pinto et al., 2011). Research
showed that 8–90% of the olive oil phenolics were bioaccessible
(Fernández-Poyatos et al., 2019; Quintero-Flórez et al., 2018). On
the other hand, oleuropein as well as its aglycone and dialdehydic
form are not well absorbed as such in the small intestine (Corona
et al., 2006; Edgecombe et al., 2000; Pinto et al., 2011; Soler et
al., 2010) the major metabolites detected using the perfused rat
intestine model were the glucuronide conjugates of the reduced
form of these compounds (Pinto et al., 2011). It is also quite likely
that oleuropein reaches the large intestine, where it is subjected to
degradation by the colonic microflora (Corona et al., 2006).
Also, in vitro colon fermentation of the olive oil phenolic com-
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Subjects

6 male healthy
volunteers
(27–33 years)

8 healthy volunteers
(3 women and 5
men, 25–52 years)

11 healthy volunteers
(6 women and 5
men, 25–65 years)

20 healthy volunteers
(12 women and 8
men, 20–75 years)

6 healthy volunteers
(3 women and 3
men, 25–47 years)

12 male healthy
volunteers
(20–22 years)

12 male healthy
volunteers
(20–22 years)

10 postmenopausal
Women (47–67 years)

8 male healthy
volunteers
(30–40 years)

10 healthy volunteers
(5 women and 5
men, 24–35 years)

10 healthy volunteers
(2 women and 8
men, 22–34 years)

11 healthy volunteers
(5 women and 6
men, 20–44 years)

Treatment

4 VOO (A, B, C, D)

EVOO

VOO

3 supplements
containing olive
oil phenolics

VOO

3 VOO (L, M, H)

3 VOO (L, M, H)

2 EVOO (L, H)

20 olives

EVOO
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HT supplement

VOO

Khymenets
et al., 2011
13% of the olive oil polyphenols were
recovered in urine, where 75% of them were
glucuronides and 25% as free compounds
Single dose,
plasma and urine,
sampling for 24 h

50 mL sample, 21.96
μmol HT/50 mL, 15.20
μmol T/50 mL, 0.27
μmol HVA/50 mL

GonzalezSantiago et
al., 2010
HVA was detected in plasma. The main metabolites
in urine were HVA (31%), DHPA glucuronide
(22.7%), and 5% free or conjugated HT

2.5 mg HT/kg weight

Single dose, blood
sampling for 120 min,
urine sampling for 24 h

Single dose, urine
sampling for 6 h

50 mL sample

GarciaVillalba et
al., 2010

Kountouri
et al., 2007

HT and T appeared in plasma and
urine, mainly as glucuronides

Single dose, blood
sampling for 4 h, urine
sampling for 24 h

≈100 g sample,
76.73 mg HT/100 g,
19.48 mg T/100 g

Tentative identification of more than 60 metabolites
of olive oil polyphenols was achieved

Salvini et
al., 2006
Urinary excretion of HT and its metabolite
homovanillyl alcohol were significantly increased
in subjects consuming high EVOO

Covas et
al., 2006

Weinbrenner
et al., 2003

Miro-Casas
et al., 2003

Vissers et
al., 2002

Miro-Casas
et al., 2001b

Miro-Casas
et al., 2001a

Visioli et al.,
2000; Caruso
et al., 2001

Reference

HT and T were dose-dependently absorbed

HT and T were dose-dependently absorbed

≈98% of HT was present in plasma and urine in
conjugated forms, mainly glucuronoconjugates

55–66% of ingested olive oil phenolics are absorbed,
and 5–16% is excreted as HT and T in urine

HT and T are mainly excreted in conjugated form; only
5.9% of HT and 13.8% of T were in free form. Recovery of
HT and T at 24 h was 32–98 and 12–32%, respectively

T was excreted mainly in its conjugated form.
Only 6–11% of T in urine was in its free form.
Recovery of T at 24 h was 17–43%

HT and T were dose-dependently absorbed and excreted
in urine mainly as glucuronide conjugates. Only 30–60% of
HT and 20–22% of T excreted in urine. Urinary excretion
of HT metabolites, homovanillic alcohol and homovanillic
acid, correlated with the dose of administered HT

Results

8 weeks crossover
50 g per day Urine
sampling for 24 h

3 single doses, plasma
sampling for 24 h

3 single doses, urine
sampling for 24 h

Single dose, plasma
sampling for 8 h and
urine sampling for 12 h

3 single doses,
ileostomy efﬂuent and
urine sampling for 24 h

Single dose, urine
sampling for 24 h

Single dose, urine
sampling for 24 h

4 single doses, urine
sampling for 24 h

Design

50 g samples, L: 147
mg/kg, H: 592 mg/kg

40 mL samples, L: 2.7
mg/kg, M: 164 mg/
kg; H: 366 mg/kg

40 mL samples, L: 10
mg/kg, M: 133 mg/
kg; H: 486 mg/kg

25 mL sample,
49.3 mg HT/L

100 mg of samples
with HT, L, OE, T

50 mL sample,
1,055 μg HT/50 mL,
655 μg T/50 mL

50 mL sample,
1,650 μg T/50 mL

50 mL samples, A:
487.5 mg/L, B: 975
mg/L, C: 1,462.5
mg/L, D: 1,950 mg/L

Dose of phenolics

Table 4. Animal studies regarding the bioavailability of olive and olive oil phenolics in humans
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45

46

45 healthy volunteers
(34 women and 11
men, 21–45 years)

A healthy male
volunteer

21 male volunteers

3 healthy volunteers
(25–30 years)

9 healthy volunteers
(6 women & 3 men,
24–61 years)

Ordinary olive
oil vs. EVOO

HT capsules
(A, B, C)

Olive oil extract

EVOO

12 healthy volunteers
(6 women and 6
men, 22–60 years)

3 PEVOO (L, M,
H)

EVOO

Subjects

13 healthy volunteers
(6 women and 7
men, 25–69 years)

Treatment

VOO vs. PEVOO

Design
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Blood sampling
for 120 min
Single dose, plasma
sampling for 6 h, urine
sampling for 24 h

50 mL sample,
322 mg phenolics/
kg + 6 mg HT and
derivatives/20 g

7 days treatment
and 1 week washout, cross-over, urine
sampling for 24 h

Single dose, blood
sampling for 4 h

30 days crossover,
twice (30+20 mL)/
day, blood sampling
on days 0 and 30.

3 single doses, plasma
sampling for 360 min

50 mL sample,
120 mg HT+OE

A: 25 mg HT/day, B: 5
mg HT/day, C: Placebo

25 mL sample,
ordinary: 19.7 mmol
HT/oil, EVOO: 398.2
mmol HT/oil

50 mL sample,
509.72 mg/L

30 mL samples, L: 250
mg/kg, M: 500 mg/
kg, H: 750 mg/kg

30 mL samples, VOO:
2 single doses, blood
288.89 mg/kg, PEVOO: sampling for 300 min
961.17 mg/kg

Dose of phenolics

Table 4. Animal studies regarding the bioavailability of olive and olive oil phenolics in humans - (continued)

Results

Plasma and urinary secoiridoid compounds (oleuropein
and ligstroside derivatives) were selected as biomarkers

3 metabolites, namely HT-3-O-sulphate, HT
acetate sulphate and homovanillic alcohol
sulphate were idemtified in collected samples

21–28% of the HT and its metabolites (mainly HTglucuronide 3′, 16.6–23.6%) were recovered in
the urine. Interindividual variability was 10%

Higher HT levels were detected in EVOO, whereas HT
levels in ordinary olive oil were undetectable. 0.3% of the
administered dose of free HT was detected in plasma

HT and its 3 metabolites, and T and its 2
metabolites, were identified in the plasma

Dose-dependent responses of phenol conjugates
were obtained in plasma. Hydroxytyrosol acetate
sulfate was identified as the main biological
metabolite of HT from olive oil ingestion

24 compounds detected, mostly secoiridoids and
phenol alcohol groups in sulfated and glucuronidated
forms. 14 out of 24 compounds were higher
in samples of PEVOO compared to VOO

Reference

Silva et
al., 2018

Lopez de
las Hazas et
al., 2016

Khymenets
et al., 2016

Pastor et
al., 2016

OliverasLopez et
al., 2014

Rubio et al.,
2012a; 2012b

Suarez et
al., 2011
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Figure 6. Polyphenols activities in human bodies. Source: Kindly granted by Luigi Iorio, E. (2020)

pounds showed an increase in phenolic acids, stability of hydroxytyrosol and tyrosol, as well as high degradation of hydroxytyrosol
acetate and oleuropein (Mosele et al., 2014).
11. Health effects of olives and olive oil polyphenols
There is an extensive interest for in depth studies in bioactive food
substances, in order to evaluate their effects on health, including
antioxidant, antiallergic, antimicrobial, antithrombotic, antiatherogenic, hypoglycemic, anti-inflammatory, antitumor, cytostatic, and
immunosuppressive properties, and protective activities. Health
effects of olive oil because of its high content in oleic acid were
always appreciated, but nowadays olive is considered more than
just a healthy oil. Consumption of olive oil polyphenols contributes to the protection of blood lipids from oxidative damage. This
health claim was approved by the European Food and Safety Administration (EFSA) in 2011. Since the use of health claims in the
European Union was harmonized in 2006, only a few foods and ingredients have met the stringent requirements accorded by EFSA.
Double-blind, randomized, placebo-controlled trials in humans
that demonstrate cause-effect relationships are crucial for approval. Moreover, the effective amount of food (or food constituent)
has to be easily consumed in the context of a balanced diet. That
is the case of polyphenols in EVOO, since 5 mg of hydroxytyrosol
and its derivatives (e.g. oleuropein complex and tyrosol) can be
consumed daily (approximately two tablespoons of oil) in order
to obtain the desired benefits (EFSA Panel on Dietetic Products,
2011). Nevertheless, the health benefits of olive oil polyphenols go
far beyond those related to the health claim.
Generally, phenolic compounds have been described to inhibit
the induction of oxidation by metals, scavenge free radicals, act
as reductants and even preserving the flavor of foods, e.g., virgin
olive oil. In addition, olive oil biophenols have been shown to act
as antimicrobial agents, which suggests their use as a natural mean
to increase the shelf life of foods (Caporaso et al., 2018). Phenolic compounds in olive fruit significantly influence the health
benefits and sensory properties of processed olive oil and table ol-

ives (Crawford et al., 2018). Oleocanthal is described as the major
EVOO phenolic compound with functional and health benefits,
including anti-inflammatory, chemotherapeutic, neuroprotective,
and antirheumatic (Francisco et al., 2019). In addition, every year
new data point to oleacein as the main phenol responsible for the
positive effect of olive oil on cardiovascular disease. This compound also displays a protective effect against atherosclerosis and
oxidation, and anti-inflammatory activity (Lozano-Castellón et al.,
2019). Figure 6 shows the activity of polyphenols in human bodies.
11.1. Protection against oxidative damage and inflammation
Reactive oxygen species (ROS) are chemically reactive molecules
produced by the normal metabolism of organisms. Under environmental stress, the level of ROS increases and can damage lipids,
DNA and proteins. Besides oxidative damage, ROS activate proand anti-inflammatory cytokines (Valko et al., 2007). The beneficial properties of hydroxytyrosol are strongly related to its ability
to scavenge free radicals and reactive oxygen/nitrogen species as
well as to activate endogenous antioxidant systems in the body
(Gorzynik-Debicka et al., 2018). The anti-inflammatory activity of
oleocanthal has been correlated with its inhibitory effect on COX1 and COX-2, enzymes responsible for producing inflammatory
mediators such as prostaglandins and thromboxane. The healthpromoting activities of oleacein include metal ion chelation and
anti-inflammatory activity through COX-2 inhibition (LozanoCastellón et al., 2019).
EVOO polyphenols are well-known for their anti-inflammatory
effects, exerted by down-regulating inflammatory mediators by
transcriptional or post-transcriptional mechanisms and by modulating the activation of kinases involved in the onset of inflammatory process at different levels (Serreli and Deiana, 2018). Higher
concentrations of pro-inflammatory agents in serum, like thromboxane B2 (TXB2) and leukotriene B4 (LTB4), are known to be
risk factors for cardiovascular diseases. Some investigators noticed
that TXB2 and LTB4 concentrations decrease in a dose-response
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manner,with the phenolic concentration of olive oil (Covas et al.,
2006). Other pro-inflammatory agents, such as interleukin-6 (IL-6)
and C-reactive protein (CRP), also decreased after consumption
of olive oil in a placebo crossover randomized trial with coronary
heart patients (Fitó et al., 2008).
11.2. Cardiovascular diseases, LDL, HDL and endothelial function
Olive oil polyphenols decrease the cases of cardiovascular diseases by acting on their main risk factors. Apart from decreasing
oxidized LDL cholesterol (Castañer et al., 2012), they increase
HDL particles (Hernáez et al., 2014) and HDL anti-inflammatory
activity (Loued et al., 2013). It is possible that metabolic activity
of olive oil polyphenols is related to their capacity to bind LDL
and decrease oxidation in these particles. This is important since
oxidized LDL (oxLDL) plays a basic role in the development of
atherosclerosis.
According to Castañer et al. (2012), polyphenols from olive oil
reduced LDL oxidation by scavenging free radicals and by modulating gene expression. More specifically polyphenol-rich olive
oil reduced CD40L gene expression, down-stream products, and
related genes involved in atherogenic and inflammatory processes
in humans. Besides, the effects on plasma lipids and endothelial
function, some authors reported a beneficial effect of polyphenols
on blood pressure (Castañer et al., 2012).
The final results of the PREDIMED study concluded that Mediterranean diets reduced the incidence of major cardiovascular
events (stroke, myocardial infarction and cardiovascular death)
by approximately 30%. The multivariable-adjusted hazard ratios
(HRs) were 0.70, 0.54 to 0.92 and 0.72, 0.54 to 0.96 for the group
assigned to a Mediterranean diet with extra-virgin olive oil and
the group assigned to a Mediterranean diet with nuts, respectively,
versus the control group (Estruch et al., 2013). Within the PREDIMED trial, an observational prospective cohort study found that
EVOO consumption was associated with reduced cardiovascular
risk. Total olive oil consumption was also significantly associated
with 48% reduced risk of cardiovascular mortality. For each 10
g/d increase in EVOO consumption, cardiovascular disease and
mortality risk decreased by 10 and 7%, respectively (Guasch-Ferré
et al., 2014).
In a post-hoc analysis of the same trial, EVOO in the context
of a Mediterranean dietary pattern significantly reduced the risk
of a trial fibrillation (HR 0.62; 0.45–0.85) compared with the
low-fat diet group, whereas no effect was found for the Mediterranean diet with nuts, suggesting the important role of olive oil in
the prevention of arrhythmias (Martínez-González et al., 2014).
These findings are supported by other prospective cohort studies.
In the Three-City Study in France, high OO consumption and high
plasma oleic acid as an indirect biological marker of OO intake
were associated with lower incidence of stroke in older subjects
(Samieri et al., 2011). Within the EPICOR (long-term follow-up of
antithrombotic management patterns in acute coronary syndrome
patients) study, a strong inverse association was found between
increasing consumption of olive oil and coronary heart disease risk
(Bendinelli et al., 2011). Similarly, it was found that OO was associated with a reduced risk of overall mortality, CVD mortality and
incident coronary heart disease events in a large Mediterranean
cohort within the EPIC-Spain (The European Prospective Investigation into Cancer and Nutrition) study (Buckland et al., 2012).
As mentioned by Hernáez et al. (2014), olive oil polyphenols
promote the main HDL antiatherogenic function, its cholesterol efflux capacity. These polyphenols increased HDL size, promoted a
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greater HDL stability reflected as a triglyceride-poor core, and enhanced the HDL oxidative status, through an increase in the olive
oil polyphenol metabolites content in the lipoprotein. They suggested that the main biological function of the HDL is extracting
the excess of cholesterol from the peripheral cells and taking it to
the liver to be metabolized and excreted. This cholesterol capture
is broadly known as cholesterol efflux, and the main cell types involved in it are the macrophages under the endothelium in blood
vessels (Yancey et al., 2003). This HDL functional property has
been broadly tested in several macrophage cell lines and has been
inversely related to early atherosclerosis development and to high
risk of experiencing a coronary event (Khera et al., 2011). The consumption of olive oil polyphenols enhanced the cholesterol efflux
capacity of the volunteers’ HDL in a physiological model of THP1 monocyte-derived macrophages. A similar effect has been described after EVOO consumption in a noncontrolled, linear study,
after walnuts consumption (Berryman et al., 2013) or a pioglitazone treatment (Khera et al., 2011).
The HDL cholesterol efflux enhancement after the HPCOO intervention may be promoted by the observed increase in the olive
oil polyphenol metabolites bound to the lipoprotein. It has been
described by Bonnefont-Rousselot et al., (1995) that an oxidized
HDL is more rigid and presents a lower cholesterol efflux capacity. Thus, a better antioxidative protection, conferred by a higher
content of olive oil polyphenols in the HDL, may contribute in
understanding its functional enhancement. As observed by Tuck
et al. (2002), the olive oil polyphenol metabolites bound to the
HDL after the HPCOO intervention have been shown to have antioxidant properties. Thus, a local antioxidant effect on the HDL
is expected. In parallel, in the HPCOO intervention, a less rigid
HDL was observed, and an increased HDL fluidity is considered
an intermediate marker of enhanced HDL functionality. Taking
evidence into consideration, it can be hypothesized that the binding of olive oil polyphenols to HDL would increase the fluidity of
the particle, thus enhancing the HDL capacity for promoting the
cholesterol efflux from cells (Hernáez et al., 2014).
According to Otvos et al., (2006), the only HDL functional parameter that has been correlated to incident coronary events is the
HDL particle number. So it was assessed by Hernáez et al. (2014)
whether positive changes in this direction happened after the consumption of olive oil polyphenols. Although nonsignificant, a
trend toward higher HDL particle count values after the HPCOO
intervention was observed. Moreover, a direct relation between
baseline values of this parameter and cholesterol efflux capacity
was found. However, as these results are not conclusive, and because few treatments have been able to induce an enhancement in
HDL particle count values, further studies in this line are priority
to check this hypothesis.
There are findings, nowadays, that triglyceride levels in the
HDL core are present in several cardiovascular pathologies, such
as coronary heart diseases (Syvänne et al., 1995) and they are related to a less stable conformation of apolipoprotein-A1 in HDL
surface (ie, a less stable lipoprotein structure). It was found that
significantly lower triglyceride levels in the HDL core were observed. This decrease, according to Kontush et al., (2006), could be
explained by a lower activity of the cholesterol ester transfer protein (CETP). CETP extracts esterified cholesterol from the HDL
core to triglyceride-rich lipoproteins, returning triglycerides from
triglyceride-rich lipoproteins to HDL. Lam et al., (2008) suggest
that this could have happened through a direct blockade of CETP
enzyme, as it has been described for apple polyphenols, or through
a nutrigenomic inhibition of CETP gene expression, similar to the
one reported after a Mediterranean diet consumption (Ros et al.,
2014)
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Covas and Gaddi, (2011), in their letter to “The Journal of Nutrition” editor mentioned that most bioavailability studies conducted so far agree that plasma and tissues concentration of EVOO
polyphenols metabolites is often higher than the concentration
reached by the ingested parent compounds. Thus, these metabolites are likely to significantly contribute to the beneficial health
effect correlated to the regular consumption of olive products.
11.3. Diabetes and obesity
Basterra-Gortari et al. (2019) stated that a healthful eating pattern, such as the Mediterranean eating plan (Med-EatPlan), is a
key component of type 2 diabetes management. The traditional
Mediterranean pattern is characterized by a high intake of olive
oil, fruits, vegetables, nuts, and cereals; a moderate intake of fish
and poultry; a low intake of red meat, whole-fat diary, and sweet
desserts; and wine consumption with meals is allowed in moderation. In summary, our study results show that PREDIMED participants with type 2 diabetes who underwent an intervention with an
energy-unrestricted Med-EatPlan+EVOO had significantly lower
rates of initiation of glycose-lowering medications.
EVOO consumption in a regular basis, especially as an animal
fat replacer, is a safe way to manipulate postprandial blood glycose response after high-glycemic index meal in type 1 diabetes
patients, through complex interactions between the macronutrient composition of the meal and gastro-intestinal sensing that involve gastric emptying, incretins secretion, and lipid metabolism
(Bozzetto et al., 2019).
According to Wijayanthie et al., (2019), MUFA cause changes
in the composition of cell membranes so that they are richer in cistype fatty acids. This alteration of composition results in the formation of more spaces between membrane head groups so that they
are more broadly hydrophilic. This change increases the fluidity
of cell membranes and activates key receptor proteins (G proteins,
protein kinase Cα subunits), which can reach the membrane surface readily and increase signal sensitivity. MUFAs also improve
the entero-insular axis by increasing the secretion and activity of
glucagon-like peptide (GLP)-1 and gastric inhibitory polypeptide.
This increase can increase the secretion and biosynthesis of insulin. In addition, GLP-1 can reduce glucagon levels, which makes
GLP-1 effective as nutritional therapy in DM. MUFAs also reduce
damage and trigger neogenesis of pancreatic beta cells.
Santangelo et al. (2016) suggested that both fasting plasma glycose and HbA1c significantly decreased after HPCOO intake. In
addition, ingestion of HPCOO resulted in the reduction in body
weight and BMI. In addition, HPCOO consumption determined
a reduction in serum levels of AST, ALT. As for lipid profile,
decreased HDL level was observed after HPCOO consumption,
without modifying the total cholesterol/HDL (TC/HDL), LDL/
HDL and triglycerides/HDL ratios. No changes were observed
in the other assessed variables after EVOO ingestion. The main
finding of the present study is that the consumption of HPCOO
improves anthropometric (body weight and BMI) and biochemical
parameters (fasting glycose, HbA1c, liver enzymes and visfatin)
in patients with T2D.
This research also provided the first evidence about the effect
of HPCOO consumption on visfatin in humans, in agreement with
those of other studies, which have shown an association between
MD and a significant improvement in metabolic control in patients
with T2D diabetes (Violi et al., 2015; Visioli et al., 2001). In particular, MD supplemented with extra-virgin olive oil strongly reduces
the risk of T2D in Mediterranean population at high risk of CVD
and downregulates the expression of atherosclerosis-related genes

in peripheral blood mononuclear cells, in healthy subjects. Moreover, higher olive oil intake has been associated with a reduced T2D
risk in a large US women population as well.
In the light of the above findings, they stated that the changes
found in metabolic control parameters drove them into the conclusion that EVOO polyphenols can have a crucial role in these
effects, since they represent the only difference in composition of
EVOO compared to ROO. Weight loss and inflammatory status
improvement have been observed in overweight subjects following diet and physical activity modifications, and adherence to MD
has been linked to a lower rate of obesity. After HPCOO ingestion,
a reduced BMI in the subjects was observed even though the diet
was the same throughout the intervention period.
Regular EVOO consumption and its effect on obesity was also
researched by Cândido et al. (2018). Their study was designed to
assess the effects of EVOO incorporated into an energy-restricted
non-Mediterranean diet program on body weight, body composition and metabolic biomarkers in women with excess body fat.
The main finding of the study was that the consumption of EVOO
increased total fat loss and reduced diastolic blood pressure compared to the control soybean oil group.
Α clinical trial conducted in 17 type 1 obesity participants (BMI
between 30.1 and 33.3 kg/m2) with a polyphenol supplement of
370 mg of total polyphenols by Guo et al. (2017), showed a significant reduction in body weight, BMI, and waist and hip circumference compared with a placebo group after 12 weeks of intervention. A study conducted by Marranzano et al. (2018) demonstrated
that higher dietary intake of flavonoids is inversely associated with
an excess of weight and obesity. A longitudinal study that included
4,280 participants aged 55–69 years showed an association between a higher flavonoids intake and a lower increase in BMI in
women (Wang et al., 2014).
Regarding EVOO polyphenols, Vogel et al. (2015) suggested
that tyrosol derivates, such as oleuropein, are involved in energy
metabolism and adiposity, improving insulin sensitivity. Another
interesting mechanism studied by Oi-Kano et al. (2017) in experimental models showed an increase in uncoupling protein 1 (UCP1)
expression, which translates to the formation of “beige” adipose
tissue, leading to a decrease of visceral fat mass.
11.4. Protection against cancer
Many epidemiological studies highlight that a Mediterranean diet
decreases the risk of some types of cancer, especially those of the
digestive tract (Gotsis et al., 2015; Grosso et al., 2013). This probably derives from high consumption of olive oil in Mediterranean
countries. A meta-analysis of 19 observational studies came to the
conclusion that a higher intake of olive oil was associated with
lower risks of having any type of cancer (Psaltopoulou et al., 2011).
Reduction of environmental and food carcinogen bioavailability, protection against oxidative stress, inhibition of enzymes related to tumor promotion and metastasis, a direct effect on nucleic
acids and nucleoproteins and interactions with proteins controlling cell cycle progression and gene expression were some of the
mechanisms proposed to explain the anti-cancer properties of olive
oil (Barbaro et al., 2014; Cárdeno et al., 2013; Martín-Peláez et
al., 2013; Serreli and Deiana, 2018). The chemopreventive activity of olive oil has been attributed to hydroxytyrosol, tyrosol oleuropein aglycon, ligstroside aglycon, oleocanthal and oleuropein.
The animal studies have confirmed the ability of these compounds
to inhibit the carcinogenesis process at both initiation and promotion/progression stages. The human intervention trials, on DNA
damage, have shown a significant preventive effect on oxidative
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DNA damage in terms of reduction of 8-oxo-7,8-dihydro-2′deoxyguanosine in urine, in mitochondria DNA of mononuclear
cells and in lymphocyte DNA (Fabiani, 2016).
11.5. Neuroprotective effect
There is evidence about the relation between olive oil and neurodegenerative diseases. In vitro, neuroprotective activities attributed
to phenolic compounds from VOO include interference with amyloid and tau protein aggregation, and reduction of Aβ deposition,
production, and induced inflammation, as well as enhanced Aβ
clearance, decreased inflammatory biomarkers, oxidative stress,
and apoptosis, lowering the cerebral infarct volume and damage
after induced injury, and attenuation of insulin resistance, mitochondrial dysfunction, and ATP depletion. These compounds are
able to protect against cerebral ischemia, spinal cord injury, Huntington’s disease, and Alzheimer’s disease. However, many of the
mechanisms behind these protective actions have not been fully
explained (Khalatbary, 2013).
Studies in animals revealed that oleuropein and hydroxytyrosol
play an important role in preventing or attenuating Parkinson’s and
Alzheimer’s diseases. For instance, oleuropein counteracts amyloid plaque generation and deposition, and inhibits Tau aggregation, which are characteristics of Alzheimer’s disease (Carito et
al., 2014; Sarbishegi et al., 2014). Other authors also examined
the effects of EVOO on learning and memory in SAMP8 mice, an
age-related learning/memory impairment model associated with
increased amyloid-β protein and brain oxidative damage. Their
findings suggested that EVOO has beneficial effects on learning
and memory deficits related to the overproduction of amyloid-β
protein by reversing oxidative damage in the brain (Farr et al.,
2012). Results from intervention studies about olive oil and neuroprotection are very scarce, since most of the available studies
were performed in experimental animals. However, a long-term
intervention with a Mediterranean diet supplemented with EVOO
resulted in a better cognitive function in comparison with a low-fat
diet in a subsample of the PREDIMED trial (Martínez-Lapiscina et
al., 2013). Hydroxytyrosol is even capable of crossing the bloodbrain barrier. However, data in this field are still very limited and
further investigation is needed. According to an in vitro study with
human retinal pigment epithelial cells (ARPE-19), age-related
macular degeneration, which in most cases leads to blindness, can
also be prevented with hydroxytyrosol (Zhu et al., 2010).
11.6. Other effects
Results with olive oil polyphenols such as oleuropein, hydroxytyrosol and tyrosol have demonstrated in vitro potent antimicrobial
activity against several strains of bacteria responsible for intestinal
and respiratory infections (Barbaro et al., 2014). Olive oil polyphenols can improve the human macrobiotics as well, since most of
them reach the lower parts of the gastrointestinal tract, where they
can be metabolized.(Martín-Peláez et al., 2013). Oleuropein was
found to be effective against various strains of bacteria, viruses,
fungi, molds and even parasites (Gorzynik-Debicka et al., 2018).
Moreover it possesses prebiotic properties, since Lactobacillus and
Bifidobacterium strains may utilize it as a carbon source and exhibits a significant antimicrobial activity against Clostridium and
E. Coli (Deiana, 2018). As far as hepatic dysfunction is concerned,
olive oil and its phenolic compounds has been associated with the
modulation of hepatic lipid metabolism, including protective effects against steatosis, lipid synthesis, and endoplasmic reticulum

50

Kiritsakis et al.
stress, as well as induction of antioxidant/detoxicant enzymes, mitochondrial biogenesis, and mitochondrial function. In a clinical
study done with healthy subjects, in the frame of a Mediterraneanstyle diet, EVOO improved post-prandial glycose and LDL-cholesterol levels. A higher olive oil intake has been associated with
a modestly lower risk of type-2 diabetes in women from a US cohort and this agrees with the previous results (Guasch-Ferré et al.,
2015). Other in vitro and in vivo studies also showed the relation
of olive oil and its bioactive compounds with hepatoprotection, a
decrease in chronic inflammatory disorders, nutrigenomic effects,
and bone health (Barbaro et al., 2014; Martín-Peláez et al., 2013).
For all these to be confirmed more studies especially in humans,
are required.
12. Conclusions
VOO, due to its lipid profile and rich phenolic composition, has
unique sensory and health properties. The complexity of the phenolic profile of olives and VOO requires mass spectrometry or
nuclear magnetic resonance spectroscopy for its determination.
Initially, the properties of olives and VOO were attributed to their
high antioxidant levels, but it has become clear that multiple mechanisms are involved, including an impact on gut macrobiotics that
may have protective effects against CVD and cancer neurological
diseases.
Phenolic compounds in olive fruit are receiving increased attention due to their influence on sensory characteristics (flavor, colour etc.), nutritional properties and scientific evidence of positive
health effects. EVOO is one of the most appreciated fat products
of the Mediterranean diet, and many positive nutritional properties have been associated with its consumption. The popularity of
EVOO is linked both to its health properties, sensory properties,
antioxidant activity and its nutritional and functional properties.
While its health properties are attributed to phenolic compounds,
which are also responsible for its bitterness and pungency, its
pleasant aroma is due to the presence of volatile aroma compounds
olives, virgin olive oil have attracted a great interest among scientists due to their valuable compounds with health promoting benefits. These benefits mainly arise from the positive bioactive properties of their phenolic compounds (phenolic acids and alcohols,
secoiridoid derivatives, lignans and flavones) which have been
proven antiviral, antimicrobial, antioxidant, anti-inflammatory and
anti-carcinogenic activity.
Several studies have been applied in vivo (to humans and animals) and in vitro (via gastrointestinal digestion studies and cell
culture studies) to determine the bioavailability of olives and olive
oil phenolics. More studies, however, should be taken into consideration and the methodologies should be adopted accordingly.
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Abstract
Quantification of chiltepin hot pepper (Capsicum annuum L. glabriusculum) phytochemicals provides a tool to
evaluate the fruit quality and health impact. This study evaluates the phytochemical content and antioxidant
activity of chiltepin from different locations of Sonora, Mexico, at two ripening stages (immature and mature).
Seeds from Cumpas and Sahuaripa, were grown under greenhouse conditions and phenolic compounds, flavonoids, carotenoids, chlorophylls, and ascorbic acid were determined by spectrophotometric techniques. Capsaicinoids were determined by HPLC-DAD. The antioxidant activity was determined through DPPH and ABTS radical
scavenging and by FRAP techniques. The origin of the seed influenced the antioxidant activity and phytochemical
content. Samples from Cumpas, were superior in phytochemicals compared with Sahuaripa. Antioxidant activity
and phytochemicals were higher in mature stage. Antioxidant activity correlates mainly with phenolic compounds
and carotenoids. This study highlights that mature chiltepin pepper from Sonora could grow under controlled
conditions develop bioactive compounds with antioxidant potential.
Keywords: Seed origin; Phytochemical compounds; Mature stage; Immature stage; Antioxidant activity.

1. Introduction
Pepper (Capsicum annum) is consider one of the most important
vegetable in Mexico for its gastronomic-cultural relevance. Besides, is valued for its high nutritional content, been an important
source of vitamins (C, B1 and B2), minerals, carotenoids and phenolic compounds (Vera-Guzman et al., 2018). The annual Mexican
per capita consumption of pepper is 8 to 9 kg, due to their high sensory acceptability, together with its high nutritional content. The

sensory characteristics of pepper such as size, pungency and taste
are the main factors for the consumer choice and making chiltepin
and jalapeño pepper among the preferred hot peppers in Mexico
(Rodríguez-del Bosque, 2005).
Chiltepin pepper (Capsicum annum var. glabriusculum) is
wild perennial bush plant that grows in dry and warm conditions,
at heights below 1,300 meters below sea level, which presents
a fruit in form of berries, with 3 to 6 millimeters in diameter
(Araiza et al., 2011). At the ripening stage has a reddish color and
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high pungency (spicy taste). Chiltepin growths in the wild and is
widely distributed in Mexico, being Sonora the main chiltepin
producer. Has different names depend on the region, such as
chiltepin, piquin pepper, mountain pepper among others (Hayano-Kanashiro et al., 2016). Until recently, chiltepin could not
be tamed due its specific conditions of growth like moisture, soil
and daylight that only can be found in their natural habitat. In the
present, is under anthropogenic pressure, since the harvest of the
fruit by farmers lacks of an appropriate technique that compromises the root, and consequently the plant dies during harvesting
(Araiza et al., 2011). Furthermore, in the natural environment,
for the germination of seeds, it is necessary that they are eaten
and digested by birds, because the acidity of their stomach promotes its germination. Such digestive process by birds promotes
both seed germination and plant propagation. For this reason, the
cost of chiltepin in the market is high and studies are undertaken to achieve chiltepin production under greenhouse controlled
conditions (Reyes-Acosta et al., 2019), in order to conserve the
resource and reduce its commercial price (Araiza et al., 2011;
Vera-Guzman et al., 2018).
Sensorial characteristics of chiltepin depends on its phytochemical composition (Vera-Guzman et al., 2018). Phytochemicals are
compounds with specific physiologic functions in vegetables.
They include phenolic compounds, carotenoids, capsaicinoids and
vitamins. Moreover, the phytochemical content in edible fruits its
related to their health beneficial effects, due to their antioxidant
and anti-inflammatory activities, since such compounds may prevent oxidative stress in cells (Rodrigo-García et al., 2011). It has
been reported that phenolic compounds present in fruits may affect
their color and taste (Sarafi et al., 2018). Carotenoids are responsible for the reddish color at ripening stage. Capsaicinoids only
present within the Capsicum genus, are responsible for the pungent
sensation that mammals experience when hot peppers are ingested
(Hayano-Kanashiro et al., 2016). Phytochemical content among
vegetables present high variability due to differences in ripeness,
U.V. radiation exposure, water availability and genetical modification seed, harvest season (González-Ayala et al., 2012) and in
consequence, the sensorial characteristics and the consumer preferences on certain types of peppers, specially chiltepin pepper, will
vary depending mainly on harvesting location (Gao et al., 2011).
Even though, the environment conditions affect considerably the
phytochemical content, there is a lack of studies that evaluate the
effect of chiltepin recollection region on its phytochemical content. In this context, the aim of this study was to evaluate the phytochemical content and antioxidant activity of chiltepin peppers
from seeds from two regions of Sonora, Mexico, at two ripening
states (immature and mature) grown under controlled greenhouse
conditions.
2. Materials and methods

2.2. Samples
Chiltepin (Campsicum annuum var. Glabriusculum) from two regions: Sierra de Cumpas, Sonora (29°59′38″ N y 109°46′55″ West,
760 meters above the sea level) Sahuaripa, Sonora (29°03′00″ N
y 109°14′00″ West, 440 meters above the sea level, from a backyard), were collected, identified and kept as reference samples in
the greenhouse facilities. Seeds were cultivated under greenhousecontrolled conditions at the Universidad Autónoma de Ciudad
Juárez experimental greenhouse (summer of 2015). Both seeds
were germinated in plastic bags (3.7 L capacity) with substrate
mix composed of 50% peat moss and 50% agricultural soil. Substrate and seeds were fertilized with Miracle-Growth® 24-8-16
(3.5% ammoniacal nitrogen and 20.5% urea, 8% P2O5, 16% soluble potassium (K2O), 0.02% boron, 0.07% CuSO4, 0.15% chelated
iron, 0.05% chelated manganese, 0.0005% sodium molybdenum
and 0.06% CuSO4, water soluble) three times at manufacturer
recommended dose (3 g l−1). Seeds were germinated for 115 days
previous harvesting green peppers (immature). Peppers were harvested in the production stage. A total of 90 chiltepin peppers from
Cumpas (wild) seeds were harvested, 38 from immature stage
(green) and 58 from the mature stage (red). Thirty-three chiltepin
peppers were harvested from Sahuaripa seeds: 14 immatures and
19 mature.
2.3. Morphological characteristics of fruit from Capsicumm annuum L. glabriusculum
Morphological characteristics of peppers were analyzed in function of weight, diameter and length for each type and ripeness
stage.
2.4. Sample treatment
After morphological characterization of peppers, samples were frozen at −80 °C for at least 24 h (Thermo Scientific®, EXF32086D,
Wattham, MA, USA). Then, samples were freeze-dried for 48 h
(LABCONCO®, Freezone 6, Kansas, MO, USA). Moisture content was determined by difference of fresh weight and after lyophilized weight to express results in grams per dried matter (DM).
Dried samples were grinded in a commercial coffee mill, and homogenized in a sieve (mesh no. 40, 20 µm). Homogenized sample
were vacuum stored at −80 °C until further analysis.
2.5. Total soluble phenolic extraction

2.1. Chemicals
Reagents and standards used for spectroscopy determinations as
Folin-Ciocalteu reagent, sodium carbonate, sodium nitrate, aluminum chloride, sodium hydroxide, potassium chloride, sodium
acetate, iron chloride hexahydrate, 2,4,6 tripyridyl-s-triazine
(TPTZ), 2,2-diphenyl-1picryl-hydrazyl (DPPH), 2,2′-azinobis-[3-ethyl-benzothiazoline]-6-sulfonic acid (ABTS), 6-hydroxy2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), sodium
phosphate monobasic, sodium phosphate dibasic, sodium chloride,
potassium persulfate, solvents as methanol, acetone and chloro-
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form were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Only acetone, methanol, and acetonitrile used in chromatography
were acquired from TEDIA® (Fairfield, OH, USA).

One g of dried chiltepin peppers were homogenized with 80%
methanol at a 1:10 (w/v) ratio for immature peppers and 1:25 (w/v)
for mature peppers. Samples were sonicated for 30 min at room
temperature and centrifugated for 10 min at 420 × g at 4 °C. Supernatant was removed and extraction process was repeated. Supernatants were mixed and methanol was removed by rotovaporation
(BÜCHI®: R-3, New Castel, NJ, USA). Finally, the extract was
frozen at −80 °C for 24 h and freeze-dried for 48 h. Solid extracts
were vacuum stored at −80 °C until further analysis (Moreno-Escamilla et al., 2015).
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2.6. Total soluble phenolic content
Total soluble phenolic compounds were determined by the FolinCiocalteu reagent method according to Moreno-Escamilla et al.
(2015) with slightly modifications. Briefly, 250 µl of extract (1 mg
ml−1 in methanol) were mixed with 1,000 µl of sodium carbonate
(7.5%) and incubated for 3 min at room temperature. After this
time, 1,250 µl of Folin-Ciocalteu reagent (10% in distilled water)
were added. Mix was incubated for 15 min at 50 °C in the dark.
Finally, chill in cold water for 10 min, and 300 µl of reaction were
transferred to a microplate well and absorbance was read at 760
nm in a microplate spectrophotometer (BioRad® Xmark, Hercules, CA, USA) Gallic acid was used as standard and results were
expressed as milligrams of gallic acid equivalents per gram of
dried matter (mg GAE g−1 DM).
2.7. Total soluble flavonoid content
Total soluble flavonoids were measured by the aluminum complexation method (Alvarez-Parrilla et al., 2011). In brief, 31 µl of
sample (1 mg ml−1) was poured in a microplate well and mixed
with 125 µl of distilled water and 9.3 µl of sodium nitrite (5%)
and incubated for 3 min at room temperature. 9.3 µl of aluminum
chloride (10%) was added and reaction was incubated 3 min at
room temperature. Finally, 125 µl of sodium hydroxide (0.5 M)
was added and incubated for 30 min at room temperature in the
dark. Absorbance was determined at 510 nm in a microplate spectrophotometer. Catechin was used as standard and results were expressed as milligrams of catechin equivalents per gram of dried
samples (mg CE g−1 DM).
2.8. Carotenoid extraction and quantification
Two hundred and fifty milligrams of samples were mixed with 10
mL of acetone and sonicated for 20 min at room temperature in
the dark. The extract was centrifugated at 420 × g for 10 min at 4
°C. Supernatant was removed and extraction process was repeated.
Both supernatants were mixed and diluted to 50 mL volumetric
flask with acetone. Extract was diluted 1:10 (v/v) with acetone,
and absorbance was determined at 454 nm. β-carotene was used
as standard and results were expressed as milligrams of β-carotene
equivalents per gram of dried matter (mg βCE g−1 DM) (MorenoEscamilla et al., 2015).
2.9. Capsaicinoids extraction and quantification
Capsaicinoids were extracted and quantified according to MorenoEscamilla et al. (2015). One hundred milligrams of sample were
mixed with 1 ml of methanol (100%). Mixture was sonicated for
30 min at room temperature in the dark. Then, mix was centrifugated at 420 × g for 7 min at room temperature. Supernatant was
removed and extraction process was repeated. Both supernatants
were mixed and stored at −20 °C until further analysis (no more
than 24 h). Identification and quantification of capsaicinoids was
performed by high performance liquid chromatography (HPLC,
PerkinElmer® series 200 with diode array), equipped with a SupercosilLC-18 collum (5 μm particle size, 250 × 4.60 mm). Capsaicinoids extract (2 ml) were passed through nylon filter (45 µm)
and poured in a vial. Ten µL of each sample (1 mg ml−1) was injected into the HPLC system and eluted using an isocratic mobile

phase (50:50 v/v, acetonitrile 100% and formic acid 1% in water),
at a 1 ml min−1 flow rate. Capsaicinoids were monitored at 280
nm wavelength. Identification of compounds in samples was determined using retention times (Rt) of commercial standards (capsaicin (Cap) and dihydrocapsaicin (DHC), and results expressed as
micrograms of capsaicin or dihydrocapsaicin equivalents per gram
of dried matter (µg CapE or DCE g−1 DM).
2.10. Ascorbic acid extraction and quantification
Ascorbic acid (vitamin C) content in chiltepin pepper samples was
determined according to Alvarez-Parrilla et al. (2011). Two hundred mg of each dried sample was mixed with 5 ml of metaphosphoric acid (5%) and sonicated for 20 min at room temperature
in the dark. Samples were centrifugated at 1,300 × g for 10 min
at 4 °C, and supernatant was collected. Ascorbic acid was quantified by mixing 300 µl of supernatant with 200 µl of trichloroacetic
acid (6.65%) and 75 µl of dinitrophenylhydrazine (DNPH) (2 g of
DNPH, 230 of thiourea and, 270 mg cuprum sulphate pentahydrate
in 100 ml of sulfuric acid 0.5 M). Reaction was incubated for 3 h at
37 °C. After this incubation period, 500 µl of sulfuric acid (65%)
was added, and absorbance was measured at 520 nm in a microplate spectrophotometer. Ascorbic acid was used as standard, and
results were expressed as milligrams of ascorbic acid per gram of
dried matter (mg AA g−1 DM).
2.11. Chlorophylls extraction and quantification
Chlorophylls were extracted by mixing 100 mg of dried chiltepin
peppers with 10 mL of chloroform-methanol (2:1, v/v) solution
and stirred for 3 min. Mixture was filtered, and the solid phase
was extracted once again. Supernatant were mixed in a 25 ml
volumetric flask and filled with the chloroform-methanol solution
and stored at −80 °C. Chlorophyll was quantify in a microplate by
measuring the absorbance at 663 and 645 nm. Chlorophyll content
was calculated using Equation 1 and, results were expressed as
milligrams of total chlorophylls per 100 g of dried matter (mg TC
g−1 DM), as result of the sum of chlorophyll a and b present in
samples (Sumanta et al., 2014).
Total chlorophyl = 0.202Abs663 + 0.00802Abs645

(1)

2.12. Antioxidant activity of Capsicumm annuum L. glabriusculum
Antioxidant activity of chiltepin peppers was determined by
three techniques: radical scavenging 2,2-diphenyl-1pycrilhydrazil (DPPH) and 2,2′-azino-bis (3 ethylbenzotiazolin-6 sulfonate)
(ABTS) and by ferric reduction antioxidant power (FRAP). In all
cases, phenolic extracts were used (1 mg ml−1 in methanol).
DPPH assay. Twenty-five 25 µl of sample (or Trolox standard)
were mixed with 200 µl of DPPH radical (190 µM in methanol)
in a microplate well. Absorbance was measured every 20 s for 10
min at 517 nm. Inhibition percent was calculated using Equation 2:
=
Inhibition (%)

Abs blank − Abs sample
×100
Abs zero

(2)

Where Abs blank: radical absorbance (DPPH or ABTS) at 10 min
(6 min for ABTS), Abs sample: sample absorbance or Trolox at
10 min (6 min for ABTS). Results of antioxidant activity were
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Table 1. Morphology of wild chiltepin pepper (Campsicum annuum var. glabriusculum) from Cumpas (wild) and Sahuaripa (backyard), at two ripening
stages: immature (green) and mature (red)

Chiltepin pepper

Diameter (mm)
0.9c

Cumpas immature

6.69 ±

Cumpas mature

5.81 ± 0.98d

Sahuaripa immature
Sahuaripa mature

11.64 ±
8.63 ±

Long (mm)

33

7.58 ± 1.88c

36

8.81 ±

1.53a

1.8b

Moisture (%)

1.93b

13.41 ±
7.06 ±

2.69a

2.21c

28
31

Results express mean ± standard deviation of three independent experiments. Different letters in the same column indicate significant difference (p < 0.05) between samples.
Cumpas (inmature n = 38, mature n = 52) and Sahuaripa (inmature n = 14, mature n = 19).

expressed as micromoles of Trolox equivalents per gram of dried
matter (µmol TE g−1 DM) (Alvarez-Parrilla et al., 2011).
ABTS: ABTS radical was prepared at 7 mM in phosphate buffer
solution 0.1 M (PBS, pH 7.4, 0.15 M potassium chloride) then
potassium persulfate was added 2.45 mM (final concentration).
Radical was incubated for 12 to 16 h at room temperature in the
dark. After this period, radical absorbance was adjusted to 0.7 ±
0.1 at 734 nm with PBS. Antioxidant activity was performed in a
96 well-microplate. Twelve µl of sample were mixed with 285 µl
of adjusted ABTS radical, and the absorbance was measured every
30 s for 6 min at 734 nm. Inhibition percent was determined using Equation 2. Results were expressed as micromoles of Trolox
equivalents per gram of dried matter (µmol TE g−1 DM) (MorenoEscamilla et al., 2015).
FRAP: FRAP reagent (2,4,6-trypyridil-s-triazine, TPTZ 0.3 M)
was prepared in a acetate buffer solution (pH 3.6), hydrochloric
acid (40 mM) and ferric chloride (20 mM) in a 10:1:1 ratio and
heated at 37 °C for 30 min. twenty-five µl of sample mixed in a microplate well with 180 µl of FRAP reagent. Absorption was measured at 595 nm every 60 s for 30 min. Trolox was used as standard
and results were expressed as micromoles of Trolox equivalents
per gram of dried matter (µmol TE g−1 DM) (Moreno-Escamilla
et al., 2015).
2.13. Statistical analysis
All analyses were carried out by triplicate. Results are expressed as
mean ± standard deviation. One-way analysis of variance (ANOVA) and Tukey analyses were performed in order to determine statistical differences (p < 0.05) between seeds origin and ripening
stage. All data were analyzed using SPSS 21 statistical software
(SPSS Inc. Headquarters, Chicago, IL, USA). Pearson correlation
was performed using Prisma software at p < 0.05.
3. Results
In order to evaluate the effect of seeds origin on the phytochemical
characteristics of chiltepin hot pepper (Campsicum annuum var.
Glabriusculum), seeds collected in two regions of Sonora were
cultivated under controlled greenhouse conditions at the Universidad Autónoma de Ciudad Juárez greenhouse, and harvested at two
commercial ripening stages: immarure (green) and mature (red),
and their morphological and phytochemical characteristics evaluated.
Table 1 summarizes the morphological differences found in
chiltepin peppers from Cumpas (wild, 29°59′38″ N y 109°46′55″
West, 760 meters above the sea level) and Sahuaripa (29°03′00″ N
y 109°14′00″ West, 440 meters above the sea level, from a back-

60

yard) Sonora at both immature (green) and mature (red) stages.
These results show that both seeds origin and ripening stage affect
the morphology of chiltepin peppers. Sahuaripa samples showed
larger dimensions at both ripening stages. Interesting mature (red)
peppers showed smaller sizes compared to immature peppers. No
statistical differences were observed for the length at the mature
stage. Similar results have been reported by Kissinger et al. (2005).
Both mature peppers showed similar morphological characteristics, compared to other chiltepin peppers harvested in the northern
states of Mexico (Hayano-Kanashiro et al., 2016).
Total phytochemical content of chiltepin pepper samples, determined by spectrophotometric techniques, are summarized in Table
2. From the analysis of this table, it is possible to observed that
phytochemical content is affected by the seed origin, as well as
the chiltepin ripening stage. Chiltepin pepper grown from seeds
collected in Cumpas showed a higher content of total phenols, total flavonoids, carotenoids, total chlorophylls and ascorbic acid,
at both ripening stages. For both cultivars, higher phytochemical
content was observed for mature stage, except for total chlorophylls, which were not identified in this stage.
Among all phytochemicals, phenolic compounds have probably
been the most studied, due to large experimental evidence that link
these compounds with different biological activities (Bhat and
Rajanna, 2017). Total phenolic content in chiltepin samples from
Sahuaripa, Sonora was in the range of 14 to 26 mgGAE g−1 DM
for immature and mature stage respectively, while it ranged from
24 to 42 mgGAE g−1 DM for the samples from Cumpas, Sonora.
These results may indicate that seeds harvested from wild chiltepin
plants showed higher total phenolic content compared to those
harvested in semi-domesticated plants (backyard). On the other
hand, for both samples, their phenolic content increased up to 50%
when they reached fruit maturity (red). In the case of flavonoids, a
similar trend as those for total phenolic compounds was observed,
even though no significant difference was observed at the mature
stage. Considering that homogeneous greenhouse growing conditions were applied to both samples, differences can be attributed to
environmental conditions at which seeds were exposed.
Total carotenoids content (reported as β-carotene) showed significant differences both between seeds location and ripening stage
(Table 2). As in the case of phenolic compounds, Cumpas chiltepin
peppers showed higher carotenoids content (1.6–6.06 mg βCE g−1
DM), and their values increased in mature samples. Total chlorophylls content was only detected in immature samples, with values
of 5.0 and 2.5 mg TC g−1 DM, for chiltepin pepper from Cumpas and Sahuaripa, respectively. As expected, no chlorophyll was
detected in mature samples. It was observed that the chlorophyll
contents were significantly more abundant in the green chiltepin
peppers of Cumpas than in those of Sahuaripa. No significant differences in ascorbic acid content among seeds from Cumpas and
Sahuaripa (Table 2). However, mature samples showed approxi-
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Table 2. Phytochemicals quantified in chiltepin pepper (Campsicum annuum var. glabriusculum) from Cumpas (wild) and Sahuaripa (backyard), at two
ripening stage: immature (green) and mature (red).

Cumpas
Total phenols (mg GAE g−1 DM)
Flavonoids (mg CE

g−1

DM)

Sahuaripa

Immature

Mature

Immature

Mature

24.8 ± 0.15b

42.4 ± 1.43a

14.85 ± 0.40c

26.19 ± 4.8b

2.34 ±

0.14b

4.14 ±

1.0a,

1.32 ±

0.17c

3.53 ± 1.3a,b

Carotenoids (mg βCE g−1 DM)

1.60 ± 0.02c

6.03 ± 0.08a

0.66 ± 0.002d

5.70 ± 0.8b

Total Chlorophyll (mg TC 100 g−1)

5.05 ± 0.71a

ND

2.52 ± 0.35b

ND

Vitamin C (mg AA

g−1

DM)

0.38 ±

0.01b

2.58 ±

0.007a

0.4 ±

0.002b

3.07 ± 0.1a

Total Capsaicinoids (mg g−1 DM)

1.68 ± 0.01b

8.73 ± 0.06a

1.41 ± 0.01c

8.59 ± 0.04a

Capsaicin (mg CapE g−1 DM)

1.33 ± 0.008c

6.61 ± 0.11b

1.17 ± 0.002d

7.10 ± 0.04a

0.005c

0.04a

0.009d

1.49 ± 0.03b

Dihydrocapsaicin (mg DCE

g−1

DM)

0.34 ±

2.12 ±

0.24 ±

Results express mean ± standard deviation of three independent experiments. Different letters in the same row indicate significant difference (p < 0.05) between samples using
a Tukey test. ND not detected.

mately 7 times more ascorbic acid content than immature peppers
for both samples.
Capsaicin and dihydrocapsaicin were identified and quantified
in Cumpas and Sahuaripa chiltepin peppers by HPLC-DAD. Figure 1 shows the chromatograms of chiltepin pepper extracts from
the mature stage from Cumpas (1a) and Sahuaripa (1b). capsaicin
and dihydrocapsaicin were identified in the samples by comparison of their retention times (13.6 and 19.5 min, respectively) and
absorption spectra with those of commercial standards. Capsaicin
and dihydrocapsaicin and total capsaicinoids (sum of both capsaicinoids) are reported in Table 2. All samples showed higher capsaicin content than dihydrocapsaicin. Also, both capsaicin and dihydrocapsaicin values were higher in the mature stage. No statistical
differences were observed between samples from Cumpas and
Sahuaripa. The reported capsaicinoid content for chiltepin peppers
of Cumpas and Sahuaripa position them among the most pungent
pepper commercially available in northern Mexico (4.17 to 8.2 mg
g−1 DM) (Hayano-Kanashiro et al., 2016).
3.1. Antioxidant activity

capsaicinoids, ascorbic acid and chlorophylls may be responsible
for their antioxidant activity (Hayano-Kanashiro et al. 2016; VeraGuzman et al. 2018). To determine which phytochemical present
in chiltepin pepper have a greater impact on antioxidant activity,
a correlation analysis was performed between each of the six phytochemicals determined in this study and the three antioxidant activity methods (DPPH, ABTS and FRAP), and results are shown
in Table 4. Results describe that there is a significant correlation
coefficient between antioxidant activity by DPPH and caroteonid content, (r = 0.99), followed by capsaicinoids (r = 0.98), and
flavonoids (r = 0.98). While for ABTS method, flavonoids (r =
0.97) seems to be the only phytochemical that correlates with this
antioxidant activity method. Finally, FRAP showed correlation
with carotenoids (r = 0.98), ascorbic acid (r = 0.995) and capsaicinoids (r = 0.997). These results allow to infer that flavonoids
and capsaicinoids are the main phytochemical compounds present
in chiltepin responsible for its antioxidant activity determined by
DPPH and ABTS, while capsaicinoids affect the activity of DPPH
and FRAP.
4. Discussion

Antioxidant activity of chiltepin pepper from Cumpas and Sahuaripa, Sonora at two ripening stages (immature and mature)
was evaluated by three spectrophotometric techniques: DPPH and
ABTS radical scavenging and FRAP, based on iron reduction, and
results are presented in Table 3. Antioxidant activity showed different results depending on the method used. DPPH showed de
lowest values in all samples. DPPH values were higher for mature samples compared to immature and for both ripening stages,
Cumpas samples were higher than those from Sahuaripa. Antioxidant activity measured by FRAP showed that there were only significant differences (p < 0.05) due to sample ripening stage, being
higher for mature samples (∼200 μmol TE g−1 DM), compared to
immature stage (∼100 μmol TE g−1 DM) for both seeds. A completely different effect was observed by ABTS, where the immature stages presented the highest antioxidant activity, likewise, the
fruits from Sahuaripa seeds were above those of Cumpas with 209
and 135 μmol TE g−1 DM respectively, while for mature stage the
place of origin did not affect the antioxidant activity (∼70 to 80
μmol TE g−1 DM).
A large variety of bioactive compounds in chiltepin pepper
(C. anumm var. glabriusculum) such as flavonoids, carotenoids,

Considering the growing demand of chiltepin peppers (Capsicum
annuum var. glabrisculum) among consumers, and that this hot
pepper is mainly exploited as a wild crop by cutting all the plant
before collecting the fruits, chiltepin peppers are overexploited and
at risk of becoming endangered. For this reason, several studies
have been undertaken to produce this pepper under controlled conditions both under normal field and greenhouse conditions, without losing sensory and quality properties (Rodríguez-del Bosque,
2005).
An important agronomical and economical factor for chiltepin
peppers is their morphological changes during ripening (Gao et al.,
2011). Interesting, a decrease in dimensions was observed from
immature to mature stage in peppers from seeds from both Cumpas
and Sahuaripa grown under greenhouse conditions. This phenomenon is explained by some authors due to the ripening process itself,
where the fruit ceases its growth and stops the accumulation of
reserves. For example, water is incorporated into metabolic processes that lead to maturity (Kissinger et al., 2005). It is interesting
to state that the dimensions of mature chiltepin peppers cultivated
under greenhouse conditions were in the range reported for com-
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Figure 1. Chromatogram of chiltepin pepper (Campsicum annuum var. glabriusculum) from (a) Cumpas (wild) and (b) Sahuaripa (backyard) in mature
stage. 1 Capsaicin, 2 Dihydrocapsaicin.
Table 3. Antioxidant activity of chiltepin pepper (Campsicum annuum var. glabriusculum) from Cumpas (wild) and Sahuaripa (backyard) in two ripeness
stages: immature and mature

Cumpas
Immature
0.72c

Sahuaripa

Mature

Immature

10.08 ±

ABTS*

135.7 ± 14.76b

71.8 ± 4.74c

209.04 ± 30.42a

80.9 ± 16.6c

FRAP*

97.36 ± 3.13b

198.95 ± 4.77a

100.97 ± 1.67b

204.87 ± 4.89a

54.64 ±

2.97a

0.96 ±

0.15d

Mature

DPPH*

44.33 ± 1.77b

Results express mean ± standard deviation of three independent experiments. Different letters in the same column indicate significant difference (p < 0.05) between samples using
a Tukey test. *Results expressed in μmol TE g−1 DM. de acuerdo con la prueba de Tukey. * Resultados expresados en μmol TE g−1 DM.
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Table 4. Correlation coefficients (r) between phytochemicals and antioxidant activity in chiltepin pepper (C. anuumm var. glabriusculum)

Variables

TP

FT

1

F

Car

TC

Vit C

Flv

0.909

1a

Car

0.802

0.968a

1a

Clor

−0.510

−0.692

−0.835

1a
−0.898

1a

Caps

DPPH

ABTS

Asc

0.641

0.883

0.972a

Caps

0.750

0.933

0.993a

−0.892

0.987a

1a

DPPH

0.860

0.980a

0.994a

−0.822

0.943

0.982a

1a

ABTS

−0.846

−0.979a

−0.938

0.591

−0.859

−0.891

−0.935

1a

0.905

0.983a

−0.914

0.995a

0.997a

0.965a

−0.863

FRAP

0.699

FRAP

1a

Data represent the correlation coefficents of Pearson test. aThe values indicate significative difference at level of p < 0.05. Abbreviations: TP: total phenols; F: flavonoids; Car:
carotenoids; Tc: total chlorophylls; Asc: ascorbic acid; Caps: capsaicinoid compounds.

mercial chiltepin peppers (6 and 8 mm in diameter) (Hayano-Kanashiro et al., 2016). In this way, both states have chiltepin seeds
variety that can grow within normal size range.
The increase in phenolic compounds during ripening from immature to mature fruit for Cumpas and Sahuaripa was to be expected since the production of phenolic compounds as secondary
metabolism, responds to the abiotic stress to which the fruit growth
is subjected (Navarro et al., 2006). Although both seeds belong to
the same species, they belong to different geographical areas that
can modified the phenolic content in each seed, even growing under controlled greenhouse conditions. Likewise, backyard samples
can also be considered wild, because they are not commercially
cultivated, since they are in a community, they have greater access to water and irrigation, which is subject to less water stress.
Similar results have been observed for jalapeño peppers, where
the stage of maximum maturation (red) presented higher phenolic
compounds content (Moreno-Escamilla et al., 2015). The reported
phenolic content for both seeds location and ripening stage are between the range of those reported for chiltepin peppers collected
in different Mexican states. Total phenolic content of 250–500 mg
GAE g−1 DM were reported for samples from Tamaulipas (Moreno-Ramírez et al., 2018), 34–54 mg GAE g−1 DM for samples
from Coahuila (Reyes-Acosta et al., 2019) and 4.85 mg GAE g−1
DM for samples from Baja California (Rodríguez-Maturino et al.,
2012). This wide difference in total phenolic content may be due
not only to the conditions of handling the samples during their collection and commercialization, but also the influence of the geographical area in which the fruits grow.
The differences in the content and composition of flavonoids
define the sensory characteristics of each type of pepper and, therefore, is related to consumer use and preferences (Vera-Guzman et
al., 2018). In agreement with results for Cumpas and Sahuaripa
chiltepin peppers, it has been reported that the amount of flavonoids tends to increase with fruit ripening (transition from green to
red) (Adedayo et al., 2010). This may be because the metabolism
of flavonoids in chiltepin pepper depends on the geographical area
of growth (variables studied in this research), agroecological characteristics and post-harvest management are also important. Even
so, published studies indicate that high variability in flavonoid
content in some peppers is due to growing conditions, soil, climate
and maturity level (Alvarez-Parrilla et al., 2011).
The capsaicinoid content in chiltepin pepper is one of the essential quality parameters, because it is associated with the appreciated pungent sensation of hot peppers. From the analysis of the

data reported in Table 2, it can be deduced that the ripening stage
highly influenced capsaicinoids content in chiltepin peppers, since,
independently of the seeds region, capsaicinoid content increased
5–6 times during maturation from an immature (green) to mature
(red) fruit. Similar results have been reported for samples of green
and red wild chiltepin pepper from Sonora (Montoya-Ballesteros
et al., 2009), Coahuila (Reyes-Acosta et al., 2019) and Tamaulipas
(Moreno-Ramírez et al., 2018). Little differences may be a product
of the response of varieties of the same species that have grown under different abiotic conditions and that express differences in the
phytochemical content, including capsaicinoid compounds. The
change of capsaicinoids from the green to the red stage justifies
the high pungency of the red chiltepin pepper from wild areas such
as the Sonoran desert region, where its consumption is mainly as a
condiment on some typical foods such as fruits or corn, but not as
the main ingredient of dishes such as mole, sauces and chilaquiles
(Vera-Guzman et al., 2018). The high amount of capsaicinoids in
the mature stages of both samples tested, propose an advantage
over other types of peppers, since they can provide a very spicy
seasoning with small amounts as an ingredient and without losing
the original flavor of the dishes (Hayano-Kanashiro et al., 2016),
unlike other peppers as jalapeño red and serrano with lower capsaicinoid content (Alvarez-Parrilla et al., 2011; Moreno-Escamilla et
al., 2015). When total capsaicinoids content were compared with
other studies carried out with wild chiltepin samples, it is possible
to observe that the reported values were below those previously reported for both green and red peppers (16–31.84 mg Caps g−1 DM)
(González-Zamora et al., 2013; Moreno-Ramírez et al., 2018).
These differences may be because in the present study greenhouse
controlled growing conditions were used, and consequently less
heat and hydric stress was applied. It has been reported that the
accumulation of capsaicinoids in peppers increases when the environment temperature rises, especially in desertic conditions, altering the genotype of the seed (Moreno-Ramírez et al., 2018).
Carotenoid, chlorophyll and ascorbic acid content was higher in
mature stage of chiltepin pepper. The increase of carotenoids, up
to 6 times, is consistent with previous studies (Rochín-Wong et al.,
2013). Carotenoid content in chiltepin from Cumpas (1.6–6.03 mg
βCE g−1 DM for immature and mature peppers, respectively) and
Sahuaripa (0.7–5.7 βCE g−1 DM) was higher than that of red jalapeno (2.04 mg βCE g−1 DM), harvested in Chihuahua (MorenoEscamilla et al., 2015). It has been reported that the color of the
peppers is attributed to a wide variety of pigments, that include flavonoids, chlorophylls and carotenoids, and that their content varies
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as a function of the ripening stage of the fruit, and geographical
and agronomical conditions (Hayano-Kanashiro et al., 2016). The
absence of chlorophyll in the mature stage is in agreement with the
literature, which states that pigments such as chlorophylls decrease
with fruit ripening, rising in fruit formation (immature), and disappearing at commercial maturity (post-harvest) (Gallardo-Guerrero
et al., 2002). The different concentration between chlorophyll
content in immature samples from Cumpas (higher content) and
Sahuaripa can be attributed to different environmental conditions
between Cumpas (760 masl) and Sahuaripa (440 masl), which triggers different phytochemical synthesis (Hayano-Kanashiro et al.,
2016). In agreement with previous studies, ascorbic acid increased
6–7 times in the mature stage (Rodríguez-Maturino et al., 2012).
These results confirm that hot peppers are one of the highest sources of ascorbic acid (Alvarez-Parrilla et al., 2011).
The variability observed in the phytochemical content of fruits
from different geographical areas has already been observed for
Capsicum annuum fruits (Vera-Guzman et al., 2018). Therefore,
the difference in phytochemical content between Cumpas and Sahuaripa samples coincides with those described in the scientific
literature. In this way, not only the shape and size of the fruits are
modified, but also the content of molecules responsible for color
and taste are modified (Vera-Guzman et al., 2018). Considering
that both seeds (Cumpas and Sahuaripa) were grown under controlled conditions (greenhouse), the variability observed in the
phytochemical content in chiltepin pepper can be attributed not
only to the ripening stage, but to genetic differences between the
seeds collected from each location. Among differences in environmental conditions between seeds from Cumpas and Sahuaripa
may be the water stress that would be greater in Cumpas than in
Sahuaripa.
The phytochemical profile (amount of phenolic compounds,
flavonoids, capasaicinoids, chlorophylls, carotenoids and ascorbic acid) of chiltepin peppers is essential to assess nutritional and
sensory quality (color, flavor, aroma and texture) of the fruit and
consequently may also affect consumers preference (MorenoRamírez et al., 2018; Vera-Guzman et al., 2018). Additionally,
these phytochemicals are considered bioactive compounds that, included in the diet in sufficient quantities may show health benefits,
promoting alternative strategies for prevention, management and
treatment of chronic diseases (Baiano and Del Nobile, 2016). Normally these diseases are a result of an imbalance on the oxidative
status in cells. One of the main strategies to reduce these oxidative damages is through the consumption of exogenous antioxidant
compounds with the diet. It has been reported that phytochemicals
present in chiltepin pepper have antioxidant potential, inhibiting or
stabilizing free radicals (DPPH and ABTS) (Di Sotto et al., 2018;
Hayano-Kanashiro et al., 2016; Moreno-Ramírez et al., 2018).
Antioxidant activity of Cumpas and Sahuaripa chiltepin peppers are reported in Table 3. DPPH values for Cumpas and Sahuaripa were above from those previously reported for chiltepin
samples from Tamaulipas (70 μmol TE g−1 DM) (Moreno-Ramírez
et al., 2018) and Coahuila (29 μmol TE g−1 DM) (Reyes-Acosta et
al., 2019), but in the range of those reported in another study for
Tamaulipas (57.3 mM TE g−1 DM) (Moreno-Ramírez et al., 2018).
The antioxidant activity by the FRAP method has been reported
for other varieties of C. annuum (fresh red jalapeño and smoked
chipotle) with values below those obtained in this study (51 μmol
TE g−1 DM) (Moreno-Escamilla et al., 2015). It has been reported
in the literature that variations in antioxidant activity in C. annuum
var. glabriusculum are dependent on the geographical origin of the
fruit, where the agroecological characteristics modify the expression of the secondary metabolism to adapt to the abiotic conditions
of the geographical region to which they are subjected, thus the
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synthesis of these phytochemicals that regulates antioxidant activity varies among regions (Moreno-Escamilla et al., 2015; MorenoRamírez et al., 2018; Vera-Guzman et al., 2018).
In this study, chiltepin pepper showed different antioxidant activity behavior by each of the 3 methods, which can be associated
to the different mechanism involved in each method. DPPH is an
antioxidant capacity method that measures mainly lipophilic compounds, while the ABTS is associated with the antioxidant activity of hydrophilic compounds in alcoholic extracts (Pérez-Nájera
et al., 2013). In addition, both methods base their results on the
neutralization of a free radical, which is more representative of the
behavior of oxidative stress at biological level. The FRAP test is
slightly different from the previous, since it measures antioxidant
activity based on the ability that phytochemicals have to act in reducing the Fe3+ ion to Fe2+ in acidic conditions (Sarafi et al., 2018).
Although, this mechanism does not neutralize an unstable radical,
it does provide information about the importance of phytochemicals in the antioxidant activity of biological reactions that generate unstable molecules due to the presence of metals, complexing
them and at the same time delaying production of free radicals
(Fenton reaction) (Mardani-nejad et al., 2015). In previous studies,
phenolic compounds have been correlated with antioxidant activity through the DPPH and neutralization of hydroxyl radical methods, with correlation coefficients of 0.84 and 0.75, for serrano and
jalapeño peppers, respectively (Alvarez-Parrilla et al., 2011; Moreno-Escamilla et al., 2015). In another study, capsaicinoids have
been correlated with antioxidant activity by DPPH and ABTS•+
methods with correlation coefficients of 0.9 and 1.0 respectively
for chiltepin pepper (Rochín-Wong et al., 2013). Table 4 shows the
correlation coefficients of phytochemicals with antioxidant activity values. Interesting, even though phenolic compounds correlated
with DPPH and FRAP, they were not significantly, suggesting that
other phytochemicals may be related to the antioxidant activity.
Results shows that lipophilic compounds such as carotenoids and
capsaicinoids exhibit a good relationship with the antioxidant activity of DPPH, while flavonoids that are more hydrophilic showed
high correlation with ABTS (Ovando-Martínez et al., 2018). FRAP
correlated with both hydrophilic and lipophilic compounds, suggesting that both compounds can reduce metals in vitro. Finally,
some studies suggest the analysis of antioxidant activity by combining various methods to distinguish the dominant antioxidant
mechanism (Shahidi and Zhong, 2015). The only phytochemicals
present in chiltepin pepper that appear to have no antioxidant activity by any of the methods used, are chlorophylls. Although, it
has been suggested that these compounds have antioxidant activity, they appear to exert it only in limited light conditions (AlvarezParrilla et al., 2011).
5. Conclusions
The chiltepin pepper grown with seeds from Cumpas, Sonora, under controlled greenhouse conditions at both ripening stages (immature and mature) showed higher phytochemical content values,
compared to peppers grown using seeds from Sahuaripa, Sonora.
These greenhouse-controlled conditions showed that both ripening
and seed origin influenced phytochemical content. Results suggest
that greenhouse conditions may be a good alternative for the commercial production of chiltepin peppers.
High correlations were observed between DPPH and flaonoids,
carotenoids and capsaicinoids, and between ABTS with flavonoids, while FRAP values were correlated with carotenoids, ascorbic acid and capsaicinoids.
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Abstract
The effect of processing on potential changes of antioxidant activity (DPPH and ABTS), total phenolic content
(TPC) and total flavonoids (FLAV) of feijoa pulp during storage was investigated. In addition, possible modifications
in the phenolic composition of the pulp. The pulp was subjected to refrigeration (control, 5 °C), pasteurization (85
°C/5 min) and irradiation (2.0 kGy). TPC, FLAV, DPPH and ABTS were measured during 28 days, whereas the identification and quantification of phenolic compounds were conducted after processing. The results were submitted
to principal component analysis (SAS 9.4). Pasteurization preserved TPC, DPPH and ABTS for 21 days, while in the
irradiated samples and control, the values were decreased and FLAV were maintained at high levels. The profile
of phenolic compounds was different for each sample with six compounds being identified.
Keywords: Antioxidants; Pasteurization; Irradiation; Phenolic Compounds; Principal Component Analysis; Brazilian native fruits.

1. Introduction
Brazil has a wide variety of native fruits with unique and attractive
flavors for commercialization. Furthermore, these fruits are often important sources of bioactive compounds, such as polyphenols, which
comprise a large group of molecules whose regular consumption
has been associated with anti-inflammatory, antioxidant, and cardioprotective effects as well as immuno-stimulating activity (Weston,
2010; Alov et al., 2015; Szymanowska and Baraniak, 2019).
Considering the present perspectives, better use of native fruits
by the food industry may be a way to provide innovative and
healthier products. Although some native fruits present an interesting composition, many are still inadequately known and are not
explored by the commercial market as is the case for feijoa (Feijoa
sellowiana), a fruit that belongs to the Myrtaceae family, and contains high amounts of vitamin C, flavonoids (quercetin glycosides,
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procyanidins and catechins) and phenolic acids (Weston, 2010;
Karami et al., 2013; Mosbah et al., 2019).
Due to its high perishability, the processing of feijoa for commercialization as frozen products or refrigerated pulp is stimulated
as a way to extend its shelf life and add value it (Karwowski et al.,
2013). However, attention must be paid to the processing method
chosen, in order to reduce possible losses of nutritional value and
bioactive compounds.
In this context, besides the conventional conservation methods
such as pasteurization, refrigeration, and freezing, other technologies
have been employed to increase the shelf life of products, such as
irradiation, because it is a non-thermal technology which contributes
to the conservation, distribution and marketing of the pulp, by inactivating pathogenic and spoilage microorganisms (Aneja et al., 2014).
Although some studies have demonstrated the impact of the
processing on the bioactive compounds of feijoa pulp (Buratto et
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al., 2019; Castelucci et al. 2020), to the best of our knowledge,
there has been no report focusing on the fresh feijoa pulp and its
shelf life using irradiation compared to other conventional methods. Considering the potential use of this fruit for manufacturing
new foodstuffs, further studies must be carried out to indicate the
advantages of using different processing methods in order to avoid
the loss of functional compounds. Therefore, this study aimed to
verify whether different processing methods (refrigeration, pasteurization and irradiation) had an effect on changes of the antioxidant activity, total phenolic content and total flavonoids of feijoa
pulp during storage, both quantitatively and qualitatively.

nm in a UV/VIS Femto–432C spectrophotometer (São Paulo, Brazil) and the results were expressed as mg of gallic acid equivalents
(GAE) per g of pulp on the wet basis.
2.4. Total flavonoids
Total flavonoids were determined according to Park et al. (1995)
and the absorbance was read at 415 nm using a UV/VIS Femto–
432C spectrophotometer. The results were expressed as mg of
quercetin equivalents per 100 g of pulp on the wet basis.
2.5. Antioxidant activity

2. Material and methods
2.1. Raw material and pulp processing
The feijoa fruits were obtained from a producer in Paraibuna (São
Paulo, Brazil). The fruits were harvested in 2012 and stored at −18
°C for one month, until processing. For pulping, the fruits passed
by a selection for high quality, and were washed and sanitized with
active chlorine solution (200 mg L−1) for 15 min. The material was
crushed and homogenized in an industrial stainless-steel blender
(2:1, w/v) with mineral water for 3 min at room temperature (25
°C). The pulps were separated into three portions for treatments
via refrigeration (control), pasteurization and irradiation.
The control treatment consisted of storing the pulp at 5 °C (nonirradiated and non-pasteurized pulp). For the pasteurization treatment, the pulps were treated in an open pan (36 cm) at 85 °C for
5 min, and rapidly cooled down after thermal treatment in an ice
bath, and packed in polyethylene bags (10 × 15 cm) with 100 mL
of pulp that were stored under refrigeration (5 °C). For irradiation
treatment, the pulps were packed in polyethylene bags (100 mL)
and stored at −18 °C in a commercial freezer until the irradiation
process. According to previous studies (Silva et al., 2018), irradiation doses above 2.5 kGy have not shown satisfactory results for
fruit pulps. Thus, the lots were irradiated in the radiator of the Institute of Energy and Nuclear Research (IPEN, São Paulo, Brazil),
using a commercial source of cobalt-60 with 2.0 kGy and subsequently were stored at 5 °C. The dose was 2.30 kGy hour−1, and the
boxes were positioned at 30 cm from the source for 2 h.
The samples (three repetitions) were stored under refrigeration
(5 °C) for 28 days (in the dark, to avoid the oxidation of the phenolic compounds). The experimental design was randomized factorial, composed of three treatments (control, pasteurization and
irradiation) and five periods of analysis (1, 7, 14, 21 and 28 days
after processing).
2.2. Phenolic extract
For the preparation of the phenolic extract, 10 g of feijoa pulp were
vortexed (1 min) with 20 mL of ethanol/water (80:20, v/v) and allowed to stand for 50 min at room temperature (25 °C). The extract
was centrifuged at 8,000 g for 15 min at 4 °C in a refrigerated
Eppendorf–R-5810 centrifuge (Hamburg, Germany) and the supernatant (ethanolic extract) was used for the subsequent analyses.
2.3. Total phenolic compounds

The antioxidant capacity was evaluated by DPPH and ABTS
analyses. The DPPH assays were conducted according to BrandWilliams et al. (1995). The solutions were mixed and the reduction
of the DPPH radical was measured by reading the absorbance at
515 nm in a UV/VIS Femto–432C spectrophotometer after 50 min
of reaction. Results were expressed in µM of trolox equivalents per
g of pulp on the wet basis. For the ABTS assays, the methodology
described by Rufino et al. (2007) was used. The reduction of the
ABTS•+ was measured at 734 nm using a UV/VIS Femto–432C
spectrophotometer after 6 min of reaction. The results were expressed in µM of trolox equivalents per g of pulp on the wet basis.
2.6. Identification and quantification of the phenolic compounds
in feijoa pulp
Thirteen phenolic compounds (1,3-dicaffeoylquinic acid, 1,5-dicaffeoylquinic acid, caffeic acid, p-coumaric acid, chlorogenic
acid, ellagic acid, ferulic acid, gallic acid, quinic acid, shikimic
acid, kaempferol, quercetin and rutin) were identified and quantified in samples of feijoa pulp by UHPLC-MS.
For this analysis, the feijoa pulp was primarily lyophilized (Apparatus Inc., New York, NY, USA) and employed in the extraction
of the phenolic compounds by the use of a FastPrep®-24 homogenizer. In this, 10 mg of the material were added to a tube with 1.5
mL of water/methanol (1:1, v/v) and porcelain pearls. The samples
were agitated at a speed of 5.0 ms−1 for 120 s and then filtered.
The identification and quantification of the phenolic compounds
were performed using ultra-high-performance liquid chromatography (UHPLC) Accela 1250 pump, coupled to a Thermo Scientific
high-resolution mass spectrometer, model LTQ Orbitrap Velos
with electrospray ionization (ESI) operating in the negative mode.
The samples were injected (10 µL) by an autosampler Accela
Open, and a (C18) Phenomenex Kinetex PFP column (150 mm
x 3.00 mm x 2.6 µm) was employed, with the flow of the mobile
phase of 500 µL min−1. The mobile phase used consisted of a gradient of water/0.1% formic acid (solvent A) and methanol/0.1%
formic acid (solvent B), which was eluted in a linear gradient: from
5 to 80% (v/v) of B for 5 min; from 80 to 100% (v/v) of B for 5
min; 3 min with 100% of B; from 100% to 5% (v/v) of B for 4
min, and 3 min with B at 5%. For the quantification of compounds,
the calibration curve was constructed using authentic standards
(Sigma-Aldrich, St. Louis, MO, USA). The results were expressed
in µg g−1 of pulp on the wet basis.
2.7. Statistical analysis

Folin-Ciocalteau method (Singleton, 1965) was employed to measure the total phenolic compounds. The absorbance was read at 765

The results obtained in the evaluation of the phenolic compounds
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Table 1. Antioxidant activity, phenolic compounds and flavonoids of feijoa pulp subjected to refrigeration (control), irradiation (2.0 kGy) and pasteurization (85 °C/5 min) during 28 days of refrigerated storage (mean ± standard deviation, n = 3)

Storage period (days)
Treatments

1

7

14

21

28

DPPH radical scavenging activity (µM of trolox equivalents g−1 of pulp)
Control

53.74 ± 8.95

39.20 ± 3.78

20.53 ± 2.69

25.36 ± 2.77

22.97 ± 2.10

Irradiation

48.92 ± 2.06

46.06 ± 4.30

33.89 ± 1.31

21.41 ± 3.42

26.57 ± 0.57

Pasteurization

49.61 ± 0.69

37.74 ± 4.09

41.84 ± 6.70

39.95 ± 7.05

49.60 ± 0.58

ABTS radical scavenging assay (µM of trolox equivalents g−1 of pulp)
Control

42.87 ± 6.11

32.89 ± 4.38

34.24 ± 6.96

26.98 ± 1.20

28.98 ± 2.61

Irradiation

39.34 ± 5.25

42.21 ± 2.05

47.07 ± 0.80

23.72 ± 2.75

31.47 ± 0.30

Pasteurization

41.63 ± 1.72

55.31 ± 5.39

59.26 ± 6.05

58.15 ± 0.59

59.40 ± 0.37

Total phenolic compounds (mg of gallic acid equivalents

g−1

of pulp)

Control

10.21 ± 0.75

6.01 ± 0.84

5.09 ± 0.91

5.09 ± 0.91

4.98 ± 0.61

Irradiation

9.75 ± 0.78

7.77 ± 0.28

6.54 ± 0.14

6.54 ± 0.14

4.23 ± 0.84

Pasteurization

12.64 ± 0.47

10.35 ± 1.21

12.42 ± 1.10

12.42 ± 1.10

6.20 ± 0.07

Total flavonoids (mg of quercetin equivalents 100

g−1

of pulp)

Control

68.40 ± 9.39

42.50 ± 1.67

40.25 ± 2.24

47.99 ± 5.34

21.01 ± 0.47

Irradiation

53.82 ± 4.74

44.33 ± 7.30

40.46 ± 2.08

31.51 ± 3.16

18.65 ± 5.99

Pasteurization

58.48 ± 7.82

30.89 ± 4.36

29.17 ± 3.45

26.74 ± 2.12

13.56 ± 2.70

during the storage period and in the analysis of identification and
quantification of phenolic compounds were subjected to the Principal Component Analysis (PCA), based on the Correlation Matrix.
For this, the statistics program SAS 9.4 was employed.
3. Results
3.1. Total phenolic compounds, flavonoids and antioxidant activity of the feijoa pulp during storage
The PCA extracted two principal components from the total dataset (Table 1), explaining 88.45% of the variance. The first principal component (Component 1) explained 58.81% of the statistical
variance and was positively correlated with the variables antioxidant activity by the DPPH method and total phenolic compounds
(TPC) (Figure 1). The second principal component (Component
2) explained 29.64% of the statistical variance and was positively
correlated with the variable flavonoids (FLAV). The variable antioxidant activity by the ABTS method was correlated with the third
principal component, which is not present in the cloud of observations and variables because it corresponded with only 11.55% of
the total variance.
On the first day of storage, the control feijoa pulp (refrigerated) presented higher values of FLAV, TPC and DPPH. On the
other hand, after seven days of storage, a reduction in the values
of flavonoids was observed, with the results of antioxidant activity
(DPPH) and TPC staying close to those of the general mean among
the observations. After the 14th day of storage, the samples of the
control treatment presented a similar profile until the end of the
analyses. An interesting fact for this treatment is that the content of
flavonoids of the samples stored for 21 days remained above those

68

verified in the pasteurized and irradiated samples.
The pasteurized samples, on the other hand, when compared
to the control treatment, presented higher values of DPPH and
TPC, and lower flavonoid content with values remained similar
during the entire storage period. Although the pasteurized samples
demonstrated a flavonoid content below the general mean of the
observations (between 7 and 28 days of storage), the pasteurization applied to feijoa pulp can be considered an advantageous technique, since it is less expensive than irradiation, for instance, and
maintained the contents of TPC and antioxidant activity (DPPH
and ABTS) at satisfactory levels.
When compared to the other treatments, the irradiated pulps
(2.0 kGy) presented the lowest amount of FLAV, DPPH and TPC
on the first day of storage. During storage, a decrease in the above
values was noticed in each period. It is worth noting that despite
the decreases observed after 28 days of storage, the values of TPC
and of DPPH in the irradiated samples were similar to those of the
control samples.
Furthermore, among the variables presented in Figure 1, a high
positive correlation existed between TPC and DPPH, since they
are positioned in an angle close to zero degree.
3.2. Identification and quantification of the phenolic compounds
in feijoa pulp
Among the 13 compounds analyzed, six phenolic compounds were
identified and quantified in the feijoa pulp subjected to different
treatments (Figure 2, Table 2), each observation (control, pasteurized and irradiated) evidencing a specific profile of phenolic compounds.
The PCA extracted two principal components from the total
dataset (Table 2), explaining 100% of the variance. The first princi-
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Figure 1. Distribution of the cloud of variables and observations, obtained in the Principal Component Analysis (PCA) from the results of antioxidant
activity, phenolic compounds and flavonoids of the feijoa pulp submitted to refrigeration (control), irradiation (2.0 kGy) and pasteurization (85 °C/5 min)
during storage (5 °C, 28 days). Variables: FLAV = total flavonoids (mg of quercetin equivalents 100 g−1 of pulp); DPPH = DPPH radical scavenging activity (µM
of trolox equivalents g−1 of pulp); TPC = Total phenolic compounds (mg of gallic acid equivalents g−1 of pulp); ABTS = ABTS radical scavenging assay (µM of
trolox equivalents g−1 of pulp). Observations: C1 = control stored for 1 day; C7 = control stored for 7 days; C14 = control stored for 14 days; C21 = control
stored for 21 days; C28 = control stored for 28 days; I1 = irradiated (2.0 kGy) stored for 1 day; C7 = irradiated (2.0 kGy) stored for 7 days; C14 = irradiated (2.0
kGy) stored for 14 days; C21 = irradiated (2.0 kGy) stored for 21 days; C28 = irradiated (2.0 kGy) stored for 28 days.

pal component (Component 1) explained 69.52% of the statistical
variance and was positively correlated with the compounds ellagic
acid, quercetin and caffeic acid; and negatively correlated with
quinic acid (Figure 2). The second principal component (Component 2) explained 30.48% of the statistical variance and was positively correlated with the compound shikimic acid, and negatively
with gallic acid.
The control feijoa pulp (refrigerated) was characterized by a
higher amount of gallic acid and lower contents of quinic acid,
shikimic acid and caffeic acid. Meanwhile, intermediate values
were found for ellagic acid and quercetin (Figure 2). Conversely,
the pasteurized pulp presented higher values for caffeic acid, ellagic acid and quercetin. In this sample, lower values were verified for
gallic acid, quinic acid and shikimic acid. On the other hand, the
irradiated sample (2.0 kGy) presented higher values for quinic acid
and shikimic acid and lower values for ellagic acid and quercetin.
Regarding the correlations among the compounds, a high positive correlation existed between ellagic acid and quercetin (positioned with angle close to 0°). On the contrary, gallic acid and caffeic acid showed a high negative correlation since the variables are
positioned with angle close to 180° from each other.
4. Discussion
4.1. Total phenolics, flavonoids and antioxidant activity of feijoa
pulp during storage
The search for strategies for the preservation of phenolic compounds in fruit-based products is mandatory for the functionality

and quality of the end product. During the storage period, it was
observed that the contents of total phenolic compounds (TPC),
total flavonoids (FLAV) and antioxidant activity (DPPH) for the
control treatment decreased, which precludes the storage of the
product for long periods.
According to Galani et al. (2017), the storage of fruits and vegetables at 4 °C for 15 days significantly decreased their TPC content, drastically affecting the results of antioxidant activity, especially by the DPPH method, which is coherent with that observed
in the present study, given the high correlation existing between
these two parameters (Figure 1). Furthermore, many factors can
influence the antioxidant activity of fruit pulps, including colloidal
properties of the substrates, the conditions and oxidation stages,
the formation and stability of the radical, as well as the possible
location of antioxidants and their stability at different processing
stages in food (Rockenbach et al., 2008).
It is worth noting that although both the DPPH and ABTS
methods are considered indirect methods for determination of antioxidant activity; these assays present distinct forms of analysis
regarding the solubility of the compounds present in the samples.
In the ABTS method, both lipophilic and hydrophilic compounds
are identified, whereas by DPPH there is a higher sensitivity for the
hydrophilic compounds (Dastmalchi et al., 2011). Therefore, since
the DPPH method is represented by Component 1, it is possible
to affirm that there was a dominance of hydrophilic compounds
(e.g. phenolic acids, phenylpropanoids, flavonoids and quinones)
(Guiné and Barroca, 2014) related to the antioxidant activity in the
samples of refrigerated feijoa pulp.
In general, the values for antioxidant activities by the DPPH
method in feijoa pulp, regardless of the treatment used, were similar to the values described for acerola pulp (68.0 µmol of trolox
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Figure 2. Distribution of the cloud of variables and observations, obtained in the Principal Component Analysis (PCA) from the phenolic compounds
identified and quantified (µg g−1) in feijoa pulp subjected to refrigeration (control), irradiation (2.0 kGy) and pasteurization (85 °C/5 min). Variables: Shik
= Shikimic acid; Caff = Caffeic acid; Ella = Ellagic acid; Quer = Quercetin; Gall = Gallic acid; Quin = Quinic acid. Observations: C = refrigerated feijoa pulp (control); I = irradiated feijoa pulp (2.0 kGy); P = pasteurized feijoa pulp (85 °C/5 min).

equivalents g−1) (Kuskoski et al., 2005), a fruit which presents considerable antioxidant activity. The authors also found 7.4 µmol of
trolox equivalents g−1 in guava pulp, a fruit belonging to the same
family of feijoa.
Regarding the behavior of the samples in relation to the other
processing strategies studied, pasteurization was observed to be
the most promising method in terms of the preservation of the
total phenolic compounds and the antioxidant activity for feijoa

pulp, with the pasteurized samples presenting a lower loss of the
total phenolic compounds (1.74%), when compared to the control
(50.14%) and irradiated (32.92%) samples after 21 days of storage.
It is known that pasteurization is a thermal process capable of inactivating enzymes and reducing microbial load, which may have
contributed to prevent the oxidation of phenolic compounds in the
samples subjected to this treatment (Kaur and Kapoor, 2001).
Mena et al. (2013) reported similar results for juice samples that

Table 2. Phenolic compounds identified and quantified (µg g−1 of pulp) in feijoa pulp subjected to refrigeration (control), irradiation (2 kGy) and pasteurization (85 °C/5 min)

Phenolic compound

Control

Irradiation

Pasteurization

1,3-Dicaffeoylquinic acid

LD

LD

LD

1,5-Dicaffeoylquinic acid

LD

LD

LD

Caffeic acid

14.9 ± 0.001

19.0 ± 0.001

25.9 ± 0.001

Chlorogenic acid

LQ

LQ

LQ

p-Coumaric acid

LQ

LQ

LQ

Ellagic acid

290.0 ± 0.004

237.0 ± 0.004

383.0 ± 0.003

Ferulic acid

LD

LD

LD

Gallic acid

80.1 ± 0.004

77.2 ± 0.0036

73.0 ± 0.003

Quinic acid

217.0 ± 0.007

269.0 ± 0.007

204.0 ± 0.006

Shikimic acid

21.9 ± 0.0001

27.2 ± 0.001

23.3 ± 0.0001

Kaempferol

LQ

LQ

LQ

Quercetin

6.24 ± 0.0033

LQ

16.1 ± 0.003

LQ

LQ

Rutin
LQ (limit of quantification) = 6.09

70

LQ
10−3

mg

g−1

of extract; LD (limit of detection) = 3.10

10−6

mg

g−1

of extract.
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showed higher antioxidant activity values following processing
under mild temperature pasteurization (MTP) and high temperature pasteurization (HTP) conditions compared to the samples subjected to low-temperature pasteurization (LTP) that did not suffer
any thermal treatment.
Although there were some variations in the results of antioxidant activity (DPPH), it was observed that the sample of pasteurized pulp tended to remain stable during the storage period (Figure
1, Table 1). Small positive fluctuations were also observed for the
TPC content during the 14th and 21st days of storage of the pasteurized feijoa pulp, similar to that reported by Castro-Lopez et al.
(2016) when analyzing the TPC content of pasteurized fruit beverages (95 °C, 15 s) after the 12 days of storage.
Studies have demonstrated that thermal food processing treatments can present positive effects (Guiné and Barroca, 2014), such
as TCP content and antioxidant activity (DPPH and ABTS) in the
pasteurized feijoa pulps. However, some detrimental effects such
as lower FLAV contents were observed for the pasteurized pulps
compared to the control and irradiated samples.
Flavonoids are among the major metabolites found throughout the plant kingdom, especially in fruits and vegetables. Their
consumption has grown in the past years, given their numerous
health benefits and because these compounds can also be used as
functional compounds and natural food ingredients (Ahmed and
Eun, 2018).
Studies have demonstrated that the use of thermal treatment
for the preservation of vegetable products may cause degradation of total flavonoids. Igual et al. (2011) evaluated the effect of
conventional pasteurization (water bath at 80 °C/11 seconds) on
the flavonoid content in grapefruit juice, and concluded that heating caused a decrease in FLAV content. According to Fuleki and
Ricardo-da-Silva (2003), pasteurization combined with cold pressing increased the content of some flavonoids (e.g. catechins and
procyanidins) in grape juice but when the samples were subjected
to further thermal treatment (hot pressing), there was a decrease
in the concentration of these compounds. Variations for the total
flavonoids after the use of pasteurization (70 °C for 1 h) were also
identified by Medina-Meza and Barbosa-Canovas (2015) in the
analysis of grape and plum peels. Thus, in order to prevent fluctuations in the phenolic compounds (e.g. flavonoids) in foodstuffs,
other non-thermal methods, such as irradiation, are gaining more
popularity because these approaches allow the retention of the nutritional value in various functional foods in addition to their role
in food preservation (Ahmed and Eun, 2018; Khan et al., 2018).
For this study, however, it was verified that the feijoa pulp subjected to gamma radiation (2.0 kGy) presented decreases in phenolic compounds and antioxidant activity (DPPH and ABTS) during the storage period. This result is supported by studies on the
effects of the gamma radiation in juçara pulp subjected to doses
between 2.5 and 10 kGy (Silva et al., 2018); in oranges, between
0.5 and 2.0 kGy (Jo et al., 2019); in strawberries, between 1.0 and
10 kGy (Breitfellner et al., 2002); in kale juice, between 0.3 and
5.0 kGy (Song et al., 2006) and in sour cherry juice, between 0.5
and 6.0 kGy (Arjeh et al., 2015). The decrease in the antioxidant
activity and the phenolic compounds may be related to the indirect
action of the gamma radiation on the organic compounds present
in fruits or vegetables. One of these effects is water radiolysis,
which promotes the formation of hydroxyl radicals, hydrated electrons and hydrogen atoms, which may break the glycosidic bonds
of phenolic compounds (Breitfellner et al., 2002; Lee et al., 2009).
In contrast, the irradiated samples presented flavonoid contents
above those observed in the pasteurized samples, in which at 7 and
14 days of storage, the irradiated had approximately 44 and 39%
more of such compounds, respectively (Table 1). Pongamia pin-

nata leaves subjected to gamma radiation (100–600 Gy) also evidenced the rise in the flavonoid content after treatment (Wani et al.,
2019). Irradiated sesame seeds (3, 6, 9 and 12 kGy), likewise, preserved a high flavonoid content during 12 months of storage (Hajar
et al., 2019). Studies indicate that radiations, such as gamma or
UV radiation, can stimulate phenylalanine ammonia lyase (PAL)
biosynthesis, which, in turn, increases flavonoid production in the
samples (Hadwiger and Schwochau, 1971; Oufedjikh et al., 2000).
4.2. Identification and quantification of phenolic compounds in
feijoa pulp
Plant foods containing high amounts of phenolic compounds and
antioxidant potential can be used in nutraceuticals and functional
foods for health promotion and disease risk reduction (Shahidi,
2005). The identification and quantification of the phenolic compounds in feijoa pulp subjected to different processings (refrigeration, irradiation or pasteurization) were performed on the first day
of storage. The results indicated that the contents of flavonoids
and total phenolic compounds were similar among the samples,
but it was observed that the use of different methods resulted in
the dominance of distinct phenolic compounds in the end product.
According to the literature, the fruit of feijoa may contain significant amounts of catechins, leucoanthocyanins, proanthocyanidins, naphthoquinones, syringic and trans-cinnamic acids in its
flesh, whereas ferulic and o-coumaric acids and these occur most
commonly in the peels (Romero Rodriguez et al., 1992; Ielpo et
al., 2000; Tuncel and Yilmaz, 2015). Considering the results obtained in the present study, among the compounds identified in feijoa pulp, only quercetin is a flavonols which is commonly found in
large amounts in onions, broccoli, apples and berries (Aherne and
O’Brien, 2002; Arya et al., 2014). Researches have indicated that
quercetin exerts a protective effect in the human organism against
a series of diseases (Yokoyama et al., 2009; Yousef et al., 2010). In
the present study, quercetin was found in the highest amount in the
sample of pasteurized pulp (16.1 µg g−1), and it was not identified
in the irradiated samples. Nonetheless, it is worth highlighting that,
given the elevated content of total flavonoids (FLAV) in the irradiated feijoa pulp, it is believed that other compounds belonging to
the class of the flavonoids, that were not included in this study,
might be present in the irradiated samples, justifying the result obtained in the shelf life study.
Regarding non-flavonoids, the most important compounds in
the diet are phenolic acids, which include gallic and ellagic acids (phenolic acids with chemical structure C6-C2-C6), caffeic
and ferulic acids (hydroxycinnamates of structure C6-C3) and
resveratrol (stilbenes C6-C2-C6) (Crozier, 2003). Among these
compounds, the first three were identified in relevant amounts in
the pulp of feijoa.
In the pasteurized pulp, caffeic acid was present in the highest
amount (25.9 µg g−1) in comparison with the other treatments. A
similar behavior was observed by Bhattacherjee et al. (2011) for
pasteurized aonla juice at 90 °C during the first days of storage. On
the other hand, Gil-Izquierdo et al. (2002) observed its degradation
after thermal treatment (pasteurization at 95 °C) of orange juice.
Given its powerful antioxidant activity, caffeic acid has the potential for use in medications and cosmetics. Its consumption has
been related to the increase in collagen production and prevention
of premature aging, antimicrobial activity, in addition to possible
effects in the treatment of dermal diseases (Magnani et al., 2014).
Similarly, it was observed that pasteurization contributed to the
rise in ellagic acid content (383.0 µg g−1) in feijoa pulp, which is
in accordance with that recommended by Mena et al. (2013) in
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a study with pasteurized pomegranate juices (80 °C or 95 °C for
30 s) and by Marszałek et al. (2015) in the analysis of pasteurized strawberry puree (90 °C for 15 min). Ellagic acid is known as
the product formed upon hydrolysis of ellagitannins, a compound
commonly found in plant species of the Myrtaceae family (Aoyama et al., 2018) as is the case for feijoa. Heat treatment can contribute to an increase in the level of ellagic acid due to its release
from ellagitannins (Zafrilla et al., 2001). Thus, it can be observed
that thermal treatment can influence the release of certain antioxidant compounds from fruit tissues, increasing their presence according to the binomial time and temperature employed.
The samples of feijoa pulp subjected to irradiation evidenced
higher values of quinic acid (269.0 µg g−1) and of shikimic acid
(27.2 µg g−1), indicating that the treatment did not degrade them.
The first is a polyphenol that occurs naturally in fruits, coffee, cocoa beans and wine, and it can also be synthesized via the hydrolysis of chlorogenic acid, whose antioxidant activity is higher than
that of certain synthetic antioxidants, such as butylated hydroxytoluene (BHT) (Hung et al., 2006; Cinkilic et al., 2013). Similar
to this study, Nagy et al. (2011), using a Cobalt-60-gamma ray
irradiator (10 kGy) in extracts of dehydrated herbs, verified that
irradiation did not exert any significant impact on quinic acid and
other 19 phenolic compounds present.
On the other hand, shikimic acid is fundamental for plant metabolism, producing l-phenylalanine and l-tryptophan, which are
essential amino acids for humans (Krämer et al., 2003). Furthermore, this compound is used in the synthesis of the antiviral agent
oseltamivir phosphate, which is employed against the human influenza virus A and B (Marchiosi et al., 2019). Pereira et al. (2015),
irradiating Ginkgo biloba (1 and 10 kGy) also observed that the
treatment preserved compounds such as quinic and shikimic acids.
Finally, gallic acid was present in higher amounts in the control
sample (80.1 µg g−1), with 3.8% higher amounts in the irradiated
and 9.7% in the pasteurized samples, indicating the negative effect
of processing on that compound. Similar results were obtained by
Kumari and Khatkar (2019) when they verified a reduction in the
gallic acid content after pasteurization (90 °C for 1 min) of aonla
juice; and also by Chaikham et al. (2014) after they pasteurized
longan juice (90 °C for 2 min). The reduction in the gallic acid
content in the irradiated samples of the feijoa pulp can be related
to the fact that this compound has antioxidant activity, donating
H atoms of the phenol groups to the free radicals formed during
irradiation (Roidoung et al., 2016).
5. Conclusion
The use of different processing methods (refrigeration, pasteurization and irradiation) changed the antioxidant activity, total phenolic content and total flavonoids of feijoa pulp during the storage
period, as well as the composition of phenolic compounds of this
product. Pasteurization (85 °C for 5 min) was considered the most
promising technique for the preservation of feijoa pulp during 21
days of storage (5 °C), since the contents of total phenolic compounds and the antioxidant activity were maintained. Conversely,
for both refrigeration (5 °C) and irradiation (2.0 kGy) there was a
decrease in the values of these parameters during storage; however, it is worth highlighting that the flavonoid contents were more
elevated. From the identification and quantification of phenolic
compounds of feijoa pulp, a distinct profile difference was observed among samples subjected to different processing methods;
six compounds were also quantified. The refrigerated pulps (control) presented a higher amount of gallic acid, whereas the irradi-
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ated demonstrated elevated levels of quinic acid and of shikimic
acid, and the pasteurized sample had higher amounts of caffeic
acid, ellagic acid and quercetin.
The results obtained in this research are innovative and original,
since there are no reports in the literature on the identification and
quantification of phenolic compounds in feijoa pulp subjected to
different processing strategies (e.g. irradiation), besides the evaluation of this product regarding its antioxidant activity during storage. However, future studies should be conducted to evaluate the
individual behavior of phenolic compounds during storage. Additionally, optimization of the binomial time/temperature relative to
the process of pasteurization in feijoa feijoa pulp for the preservation of flavonoid compounds is necessary.
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Abstract
Herbal teas are globally popular among health conscious consumers. In this study the phenolic content and potential antioxidant activities of bael fruit herbal tea prepared with dried immature bael fruit cuts (Aegle marmelos), traditionally used in the Asia, were determined. Phenolic compounds of the herbal extracts were identified
using liquid chromatography-tandem mass spectrometry. The total phenolic content (TPC) and antioxidant activities of the tested herbal extract was determined. The amount of herbal material to be used in the tea preparation
was established based on the sensory evaluation conducted with 50 untrained adult panelists. The single dose
efficacy of the bael fruit herbal tea on postprandial glycemic response and plasma antioxidant capacity (PAC) of
healthy adults were investigated. A randomized crossover study was carried out with 16 healthy adults who consumed 250 mL bael fruit tea with 50 g glucose challenge and the control (50 g glucose in 250 mL water) randomly
within two visits. Blood samples were collected at the baseline and postprandial at 30, 45, 60, 90, and 120 min
using microcapillary tubes. The plasma was analyzed for glucose concentration (PGC) and PAC. The TPC of bael
fruit tea extract was 108.3 µmol gallic acid equivalents/g of extract. There was a reduction trend in mean PGC of
those subjects who consumed bael fruit tea compared to the glucose added water (control) at each time point.
Furthermore, the bael fruit tea significantly increased PAC at the end of 120 min post ingestion. Further research
is warranted to examine the long-term efficacy of multiple dose ingestion of bael fruit herbal tea in the control
and management of diseases associated with oxidative stress.
Keywords: Aglae marmelos; immature fruits; HPLC; TPC; single dose ingestion; Sri Lanka.

1. Introduction
Oxidative stress is a known underlying factor of metabolic syndrome and associated health conditions such as cardiovascular disease, diabetes, hypertension, as well as liver and kidney disorders

(Iannitti and Palmieri, 2009). Reactive oxygen species (ROS) and
reactive nitrogen species (RNS) play a pivotal role in production of
secondary complications of diabetes. Hyperglycemia leads to the
generation of ROS which can damage cell membranes and form
lipid peroxides which lead to atherosclerosis.

Copyright: © 2020 International Society for Nutraceuticals and Functional Foods.
All rights reserved.
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There is a renewed recent interest on certain plants as complementary alternative medicine to prevent and manage non-communicable disease (NCD) conditions associated with dietary and
lifestyle behavior. Plant products are rich in bioactive compounds
and are more active in natural formulations than those of isolated
components due to the synergistic, additive or antagonistic actions
among compounds (Caesar and Cech, 2019).
Herbal teas play an important role among commonly consumed
beverages such as tea, coffee and cocoa in the food cultures of
many countries (Chandrasekara and Shahidi, 2018). Sri Lankan
herbal teas are conventionally used as an alternative to regular tea
(Camellia sinensis) and are popular among health-conscious consumers. In recent years, herbal teas have received much attention
as natural health promoting products (Li et al., 2019). The type
of herbal teas commonly consumed in different countries may be
affected by local habits and availability of the respective plants.
Herbal teas contain a number of bioactive compounds belonging
to the group of carotenoids, phenolic acids, flavonoids, coumarins,
alkaloids, polyacetylenes, saponins and terpenoids, among others.
These bioactive compounds are responsible for several health effects, such as antioxidant, antibacterial, antiviral, anti-inflammatory, antihyperglycemic, antihyperlipidemic, anticarcinogenic
and antiaging activities (Akalin et al., 2019; Chandrasekara and
Shahidi, 2018; Chandrasekara et al., 2018; Kamalakkannan and
Prince,2005, 2003).
Aegle marmelos, known as Bengal quince, Indian quince, holy
fruit, golden apple in English, and bael in Hindi and bilva in Sanskrit, belongs to the family Rutaceae. Bael is a tropical plant and
is native to the Southeast Asian region in India, Sri Lanka, Pakistan, Bangladesh, Mianmar, and Thailand. Although the ripen fruit
is most popular, different parts of bael tree, namely flowers and
buds, unripe fruit, seeds, leaves, bark, branches, and roots are used
for the treatment of a number of ailments in traditional Ayurvedic medical system (Dhankhar et al., 2011). The bark as well as
fruit are used as ethnomedicine for dysentery and various intestinal complaints. Several bioactivities, such as antiulcer, antimalarial, anti-inflammatory, radioprotective, analgesic, antibacterial,
antiviral, anti-dyslipidemic, anticancer and antidiabetic activities
of parts of bael tree have been reported (Dhankhar et al., 2011;
Kamalakkannan and Prince, 2005; Rajadurai and Prince, 2005;
Arul et al. 2005; Jagetia et al. 2004; 2005; Dhuley, 2004; Badam
et al. 2002; Misra et al. 1991). Coumarins, alkaloids, tannins and
other phenolic compounds, and carotenoids, are reported in different parts of bael tree (Baliga et al. 2011; Dhankhar et al. 2011;
Maity et al. 2009). In a previous study, we reported the presence of
several phenolic acids, namely vanillic, p-coumaric, chlorogenic,
caffeic, and gentisic acids along with some flavonoids, mainly catechin, and quercetin in the extracts of dried bael flowers and buds
(Chandrasekara et al. 2018).
Bael fruit is a source of vitamin C, vitamin A, thiamin, niacin
and riboflavin as well as calcium and phosphorus. The ripe fruit is
slightly sweet and is characteristically aromatic. The pulp of fully
ripen Thai bael fruit contain both soluble, and insoluble dietary
fiber at 11.2, and 8.6 g/100 g dry weight (dw), respectively (Suvimol and Pranee, 2008). Fruits of bael have been reported to contain several bioactive compounds such as marmelosin, marmelide,
luvangetin, aurapten, psoralen, aegelin, scoparone, scopoletin,
tannic acid, xanthotoxol and β-sitosterol and tannin (Maity et al.,
2009; Kamalakkannan and Prince, 2005). Immature bael fruit cuts
are dried and used to prepare tea by open boiling or as tea bags
after making a powder in Sri Lanka.
A number of therapeutic effects of mature bael fruit are reported
(Baliga et al., 2011; Dhankhar et al., 2011; Krushna et al., 2012).
However, studies on beneficial health effects improved plasma an-
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tioxidant activities and hypoglycemic response of dried immature
bael fruit tea upon ingestion have not been reported. The present
study aimed to determine the phenolic content and antioxidant activities of teas prepared with dried immature bael fruits. Furthermore, the potential short-term efficacy of bael fruit herbal tea on
postprandial glycemic response and plasma antioxidant capacity of
healthy adults were evaluated.
2. Materials and methods
2.1. Herbal samples
Dried cuts of immature bael fruits (Aegle marmelos) were purchased from a local market in North Western Province in Sri Lanka. All samples were cleaned to remove debris and dust and dried
under sunlight before use.
2.2. Chemicals
Sodium carbonate and ferric chloride were procured from Thomas
Baker (Chemicals) Ltd. (Mumbai, India). Folin-Ciocalteu’s reagent and sodium nitrite were purchased from Research Lab Fine
Chem Industries (Mumbai, India). The compounds 2,2-diphenyl1-picrylhydrazyl (DPPH), 2,2′-azino-bis (3-ethylbenzothiazoline6-sulfonate)(ABTS), trolox, ferric chloride, ferrous chloride,
2,2-azobis (2-methylpropionamidine) dihydrochloride (AAPH),
potassium ferricyanide, sodium chloride, gallic acid, catechin,
ascorbic acid and methanol, were purchased from Sigma-Aldrich,
(St Louis, MO, USA). The compound 3-(2-pyridyl)-5, 6-diphenyl1,2,4-triazine-4,4-disulfonic acid sodium salt (Ferrozine) was
bought from SERVA Electrophoresis GmbH (Heildberg, Germany). Aluminum chloride, and dibasic potassium phosphate were
purchased from Techno Pharm Chem (Delhi, India). Sodium
hydroxide (NaOH), and monobasic potassium phosphate, were
bought from Loba Chem Pvt Ltd (Mumbai, India). Ethylenediaminetetraacetic acid trisodium salt (Na3EDTA) was purchased from
Needham Market (Suffolk, UK). Ellagic acid, protocatechuic acid
(+)-catechin, (−)-epicatechin were purchased from Sigma Aldrich
Canada Ltd (Oakville, ON, Canada). Acetonitrile, and formic acid,
were procured from Fisher Scientific Ltd (Ottawa, ON, Canada). Glucose GOD-PAP reagent was purchased from BIOLABO
(Maizy, France).
2.3. Herbal aqueous extracts preparation
The hot water extracts were prepared by boiling dried immature
fruit cuts of bael in water (1:15; w/v) at 100 °C for 20 min. The
residues were filtered through medium porosity filter papers and
extracts were freeze dried at −55 °C, and 0.012 mbar (Alpha 1-4
LD plus CHRIST, Osterode am Harz, Germany). Lyophilized extracts were stored at −80 °C until used for further analysis.
2.4. Identification and quantification of phenolic compounds—
HPLC-DAD-ESI-MSn analysis
Phenolic composition of herbal tea aqueous extracts was determined by RP-HPLC analysis using an Agilent 1100 HPLC system (Agilent Technologies, Palo Alto, CA, USA) equipped with a
G1311A quaternary pump, a G1379A degasser and a G1329A ALS
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automatic sampler, a G1330B ALS Therm, a G1316A COLCOM
column compartment, a G1315B diode array detector (DAD) and
a system controller linked to Chem Station Data handling system
(Agilent Technologies) as explained by de Camargo et al. (2015).
Separations were conducted with a SUPELCOSILTM LC-18 column (4.6 × 250 mm, 5 μm; Merck, Darmstad, Germany). The
binary mobile phase consisted of 1% formic acid (eluent A) and
1% formic acid in acetonitrile (eluent B). Gradient elution was
used as follows: 0 min, 100% A; 5 min, 90% A; 35 min, 85% A;
45 min, 60% A; 45 to 50 min 60% A was maintained from 50 to
55 min eluent A was increased and 100% A at 55 min. The flow
rate was adjusted to 0.5 mL/min and the detection of compounds
was achieved at 280 nm. Samples were filtered through a 0.45 µm
PTFE membrane syringe filter (Thermo Scientific, Rockwood,
TN, USA) before injection.
Phenolic compounds were identified by comparing their relative retention times (RT), and UV spectra and ESI-MS spectra
with authentic compounds. HPLC-MS analysis was performed
under the HPLC analytical conditions explained above using an
Agilent 1100 series capillary liquid chromatography/mass selective detector (LC/MSD) ion trap system in electrospray ionization
(ESI) negative ion mode. Complete system control and data evaluation were achieved with Agilent LC/MSD Trap software (Agilent
Technologies). The mass spectrometer was operated in scan range
of m/z 50–2,000; smart parameter setting using a drying gas (N2)
temperature of 350 °C, drying gas flow 12 L/min, and nebulizer
gas (N2) pressure of 70 psi. A number of compounds, present in
the extracts were tentatively identified using ESI-MSn and UV
spectral data and literature and quantified as equivalents of the
closely related available standards. The external standard method
in which reference compounds were chromatographed under similar chromatographic conditions separately from samples was used
for quantification purposes.
2.5. Chemical analysis of test herbal extract
2.5.1. Determination of total phenolic content (TPC)
The total phenolic content of herbal extracts was determined according to the method of Singleton and Rossi (1965) with slight
modifications (Chandrasekara et al, 2018). Briefly, the lyophilized
crude extract of herbal tea was dissolved in methanol to obtain a
concentration of 1 mg/mL. Folin Ciocalteu reagent (0.25 mL) was
added to 50 mL centrifuge tubes containing 0.25 mL of extract and
the contents were mixed thoroughly by vortexing. To the reaction
mixture 0.5 mL of saturated sodium carbonate solution was added
followed by the addition of distilled water (4 mL) with thorough
mixing. Tubes were allowed to stand at room temperature in the
dark for 35 min followed by centrifugation at 4,000 × g for 10
min (Refrigerated centrifuge 3-18R TOMOS Life Science Group,
Belmont, MA, USA). The absorbance of the resulting blue color
supernatant was read at 725 nm (UV-VIS Spectrophotometer,
Labomed Inc, Culver City, CA, USA) using appropriate blanks
for background subtraction. The content of total phenolics in the
extract was determined using a standard curve prepared for gallic acid and expressed as µmol gallic acid equivalents (GAE) per
gram of crude extract.
2.5.2. Determination of total flavonoid content (TFC)
Total flavonoid content was determined using a colorimet-

ric method as previously described (Kim et al, 2003). In brief,
a known volume (1 mL) of aliquot of the extract, dissolved in
methanol (1 mg/mL), was mixed with 4 mL of distilled water in a
50 mL centrifuge tube and 0.3 mL of 5% NaNO2 was then added
to the tube and allowed to react for 5 min. Subsequently, 0.3 mL
of 10% AlCl3 was added to the reaction mixture and allowed to
stand for 1 min. Finally, 2 mL of 1M NaOH and 2.4 mL of distilled water were added and mixed immediately. Centrifuge tubes
were kept in the dark at room temperature for 15 min followed by
centrifugation at 4,000 × g for 5 min. The absorbance was read at
510 nm against a blank prepared in a similar manner by replacing
the extract with distilled water. A standard curve prepared with
catechin was used to calculate total flavonoid content which was
expressed as µmol catechin equivalents (CE) per gram of crude
extract.
2.5.3. DPPH radical scavenging activity (DRSA)
The DPPH radical scavenging ability was determined by the method of Lee et al. (2007). The sample of 0.04 mL of extract (1 mg/
mL in methanol) was added to the 1.96 mL of methanolic DPPH
(60 µM) solution. The mixture was vortexed and allowed to stand
at room temperature in the dark for 20 min. The absorbance of the
solutions was read at 517 nm with appropriate blank. The DPPH
radical scavenging activity was expressed as µmol trolox equivalents (TE) per gram of crude extract.
2.5.4. Trolox equivalent antioxidant capacity (TEAC)
The TEAC of the extract was determined as previously explained
(Chandrasekara and Shahidi, 2010). AAPH (2.5 mM) was mixed
with ABTS (100 mM) in saline phosphate buffer (PBS) (pH 7.4,
0.15 M NaCl) to prepare the ABTS•+ solution. The solution was
kept in a water bath at 60 °C for 16 min and the flask was covered
by aluminum foil to protect it from light. Medium porosity filter
papers were used to filter the prepared ABTS•+ solution before
mixing with the extract. A separate blank was used to compensate
for the diminished absorbance of radical solution. PBS solution
was used to prepare herbal extract (1 mg/mL) and further diluted to
fit within the range of 6.25–50 μM of the standard curve prepared
using trolox. To measure the TEAC, 40 μL of the extract were
mixed with 1,960 μL of the ABTS•+ solution. The absorbance of
the reaction mixture was read at 734 nm immediately at the point
of mixing (t0) and after 6 min (t6). The decrease in absorbance at
734 nm after 6 min of addition of trolox and extract was calculated
using the equation: ΔA trolox = (At0, trolox − At6, trolox) − (At0,
blank − At6, blank), where ΔA is the reduction of absorbance and
A is the absorbance at a given time. TEAC values were expressed
as µmol trolox equivalents (TE)/g of crude extract.
2.5.5. Reducing power (RP)
The RP of the sample was determined using a spectrophotometric
method as explained by Kumari et al. (2017). Briefly, the extract
(0.5 mL) was mixed with 1.25 mL of phosphate buffer solution
(0.2 M, pH 6.6) and 1.25 mL of potassium ferricyanide in a centrifuge tube. The mixture was incubated for 20 min at 50 °C and 1.25
mL of 10% TCA were added followed by centrifugation at 1,750
× g for 10 min. The supernatant (1 mL) was transferred into a tube
containing 1.25 mL of deionized water and 0.25 mL of 0.1% (w/v)
FeCl3, and the absorbance was read using a spectrophotometer at
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700 nm. The results were expressed as µmol ascorbic acid equivalents (AAE) per gram of crude extract using a standard curve prepared using ascorbic acid.

attributes favorably was selected for further experimentation based
on the results of Frideman ranking test.
2.8. Determination of phenolic content of the selected herbal
tea

2.5.6. Ferrous ion chelating activity (FICA)
The ability of herbal tea extract to chelate ferrous ions was measured according to the method described by Kumari et al. (2017).
The crude extract in distilled water (1 mg/mL) was used to measure chelating activity of ferrous ions. Briefly, 0.4 mL of extracts
was added to a solution of 2 mM FeCl2 (0.05 mL) followed by
addition of 5 mM ferrozine (0.2 mL). The total volume was adjusted to 4 mL with distilled water followed by vigorous vortexing. After standing for 10 min at room temperature, the absorbance of the reaction mixture was read at 562 nm. Distilled water
was used in place of the extract as the control. Appropriate blanks
were prepared with 0.4 mL of the sample and 3.6 mL of distilled
water for background subtraction. The inhibition percentage of
ferrozine-ferrous ion complex formation was calculated using the
following equation. Metal chelating effect (%) = {1 − (Absorbance of the sample/Absorbance of the control)} × 100. The percent inhibition of ferrozine-ferrous ion complex formation was
calculated by the following equation: metal chelating effect (%)
= [1 − (absorbance of the sample − absorbance of the control)]
100. The results were expressed as µmol EDTA equivalents/per
gram of crude extract
2.6. Herbal tea preparation
Three formulations of bael fruit tea were prepared with dried immature fruit cuts of bael in water (1:40, 1:20, and 1:10; w/v). The
quantities were based on the customary use of ingredients in Sri
Lankan households. In preparation of the tea, ingredients were
added to water and then allowed to boil for 20 min in medium heat
followed by 20 min standing at room temperature. Residues were
discarded by straining and the warm tea was used.
2.7. Sensory evaluation of herbal teas

The total phenolic content of the selected herbal tea based on sensory evaluation was determined as explained by Chandrasekara et
al. (2018) using 0.25 mL of herbal tea. The TPC in the herbal tea
was expressed as µmol GAE per 250 mL serving.
2.9. Determination of antioxidant activity of the selected
herbal teas
Antioxidant activity of the selected herbal tea was determined by
TEAC as explained by Chandrasekara and Shahidi (2010). The
TEAC was expressed as µmol TE per 250 mL serving.
2.10. Determination of glycemic response and plasma antioxidant capacity
2.10.1. Subjects
Volunteers for the study were recruited through an opened advertisement from Makandura premises of Wayamba University of
Sri Lanka. Written consent was obtained from each subject after
explaining the study protocol before recruiting to the study. Ethical approval was obtained from the Ethics Review Committee of
Faculty of Livestock, Fisheries and Nutrition, Wayamba University of Sri Lanka (201810HI06). Sixteen healthy individuals with
fasting blood glucose between 70–110 mg/dL were recruited to the
study after screening. Exclusion criteria included presence of any
microvascular complications, alcohol and cigarette consumption,
known allergies to herbal teas, and continuous use of any kind of
medications.
2.10.2. Protocol

Sensory properties were evaluated to determine the optimum level
of herbal ingredient in the tea preparation. Fifty untrained panelists
(25 males and 25 females in the age range of 24–40 years) were
recruited for the sensory evaluation. The panelists were mainly
students (80%) and university staff (20%) of the Makandura premises of Wayamba University of Sri Lanka. Three herbal teas, 50 mL
each and coded with three digits, were served randomly to each
panelist. Teas were served at the temperature range of 40–50 °C
in transparent glass cups. The panelists rinsed their mouths with
warm water before the commencement of tasting and in between
each tasting of herbal teas. The panelists were instructed to wait
90 seconds before tasting the next sample and cracker biscuit was
provided between tastings to eliminate any carry over effect. The
panelists were not required to drink 50 mL of each bale fruit tea.
They were asked to keep one sip of tea for 5 seconds in the mouth
and swallow in small quantities. The panelists repeated tasting of
the same tea whenever necessary.
The panelists scored in a 7 point hedonic scale for five attributes of the herbal tea. These included color, taste preference, after
taste, overall acceptance, and willingness to drink regularly. In the
hedonic scale 1 meant ‘dislike very much’ and 7 meant ‘like very
much’. The herbal tea performed with high score with majority of
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Two days prior to the test, participants were asked to restrict their
intake of tea, including any herbal teas. Furthermore, they were
restricted in intensive physical activities such as exercise and
running. Each person made three visits and during the first visit
anthropometric measurements (weight and height) and 24 hour
dietary recall were taken from each participant. On each study
visit, after 10–12 hours of fasting a blood sample was collected immediately before administering the herbal tea or control. The bael
fruit tea (250 mL of serving with 50 g glucose) and control (250
mL water with 50 g of glucose) were administered to participants
randomly. The herbal tea and control were served in amber glass
tumblers at same temperature level and panelists were advised to
drink within 10 min.
Finger prick blood samples were obtained at 30, 45, 60, 90 and
120 min after completing the drink using glass micro-hematocrit
capillary tubes (75 µL, sodium heparinized) for the determination
of postprandial plasma glucose concentration (PGC). Only fasting
and end point blood samples were taken for the determination of
plasma antioxidant capacity (PAC) by finger pricking. The plasma
was separated using micro-hematocrit centrifuge (Model HC-12A,
Zenith Lab Inc, Brea, CA, USA) at 15,300 ×g for 3 min and was

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

Chandrasekara et al.

Phenolic antioxidants of bael fruit herbal tea and effects

Table 1. Phenolic compounds identified in bael fruit extracts

Compound

[M-H]− (m/z)

Other product ions (m/z)

Contents (µg/100 g)

Ellagic acid

301

283

0.04 ± 0.003c

Protocatechuic acid derivative*

337

153, 109

25.63 ± 0.86b

Resveratrol derivative**

433

227

497.8 ± 17.2a

Data represent mean values for each sample ± standard deviations (n = 3). Means followed by the same letter within a column are not significantly different (p > 0.05). *Quantified
as equivalent of protocatechuic acid. **Quantified as equivalent of catechin. nd: not detected.

stored in Eppendorf tubes at −80 oC for subsequent analysis of
PGC and PAC.
2.10.3. Determination of plasma glucose concentration
Plasma glucose concentrations were determined by spectrophotometric method using a commercial kit (Glucose GOD-PAP liquid
ready for use from BIOLABO (Maizy, France). Briefly, 10 µL of
plasma were mixed with 1 mL of reagent and was left for 20 min
at room temperature (30 °C). The absorbance of the mixture was
measured at 500 nm against the reagent blank. Plasma glucose
values were calculated using the given standard concentration and
expressed as mg/dL.
2.10.4. Determination of plasma antioxidant capacity
The TEAC assay described by Re et al. (1999) was used with minor modifications. The ABTS•+ solution was prepared as explained
by Chandrasekara and Shahidi (2010). The TEAC was measured
by mixing 20 µL of the plasma sample with 980 µL of the ABTS•
solution. The absorbance value of the reaction mixture was read
at 734 nm immediately at the point of mixing (t0) and after 6 min
(t6). The decrease in absorbance at 734 nm after 6 min of addition
of trolox and plasma was calculated using the following equation:
ΔA trolox = (At0, trolox − At6, trolox) − (At0, blank − At6, blank),
where ΔA is the reduction of absorbance and A is the absorbance
at a given time. TEAC values were expressed as µmol TE per L.
2.11. Statistical analysis
All experiments of chemical analysis of the herbal extract were
carried out in triplicates and data were reported as mean ± standard deviation. The mean ranking of sensory scores was determined
using Friedman test (Milton, 1937). In the glycemic response efficacy study data were reported as mean ± standard error of mean.
The glycemic responses of the control and the herbal tea was compared using Bonferroni multiple comparison with 95% confidence
interval (CI). The differences of group means at each time point
were analyzed by paired t-tests with 95% CI. Plasma antioxidant
capacities at the baseline and end of the group were compared using paired t-tests. All statistical analysis was performed by using
SPSS version 23 (IBM Analytics, USA).
3. Results and discussion
In this study, phenolic content and antioxidant activities of immature dried bael fruit extracts were determined using different in
vitro methods along with identification of compounds by HPLCDAD-ESI-MSn analysis. Subsequently, a bael herbal tea prepara-

tion, based on sensory characteristics, was selected and tested in a
randomized single blind cross over design to determine the single
dose efficacy on postprandial glycemic response and plasma antioxidant capacity of healthy adults.
3.1. Identification of phenolic compounds
Table 1 summarizes individual phenolic compounds and their
contents from aqueous extracts of dried immature bael fruit cuts.
Three compounds belonging to phenolic acids, and stilbenes were
identified. Phenolic acids identified were ellagic acid and a derivative of protocatechuic acid. Ellagic acid was identified using an
authentic standard and also due to the presence of a deprotonated
ion at m/z 301 and MS2 at 283 (de Camargo et al., 2015). The second phenolic acid showed a deprotonated ion at m/z 337 and gave
product ions at m/z 153, 119 (protocatechuic acid) in MS2, which
was confirmed using an authentic standard and literature data (de
Camargo et al., 2015), thus tentatively identified as a protocatechuic acid derivative. Furthermore, a resveratrol derivative belonging
to the group of stilbenoids was tentatively identified in the aqueous
extract of immature bael fruits due to its m/z of 433 in MS and m/z
of 227 in MS2, the latter being typical of resveratrol (Urpí-Sardà
et al., 2005). In contrast to protocatechuic acid derivative, which
gave product ions that allowed a better identification in MS2, the
third compound (deprotonated ion at m/z 301) only showed one
product ion (m/z at 227) in MS2. Therefore, to provide a putative
information the compound was only tentatively identified as a resveratrol derivative and its further isolation and characterization by
nuclear magnetic resonance (NMR) is deemed necessary. However, this is beyond the mandate of the present study and may be
addressed in the future.
The tentatively identified derivative of resveratrol made the
highest contribution to the phenolic profile, showing a content of
497.8 µg/100 g. Resveratrol is a natural phytoalexin reported in a
number of plant species and is mainly found in the skins and seeds
of grapes as well as peanut skin (Salehi et al., 2018). Compounds
identified in the matured bael fruit pulp in previous studies included monoterpenes, sesquiterpenes, coumarines, alkaloids, saponins,
lignins, flavonoids and tannins, among others (Charoensiddhi and
Anprung, 2008; Rajan et al., 2011). This is the first report on the
presence of resveratrol or its derivatives in the extracts of bael
fruit. It has been reported that resveratrol affects the nuclear factor
kappa B (NF-κB) signaling pathway which is responsible for the
regulation of inflammation and immune responses (Kundu et al.
2006). Furthermore, beneficial therapeutic efficacy of resveratrol
in a number of diseases such as cancers, obesity, neurological disorders, type 2 diabetes, cardiovascular diseases and non-alcoholic
fatty liver diseases has been in focus though the bioavailability
is low (Berman et al., 2017). In the present work extracts of immature bale fruits were used whereas previous studies had used
pulp which is generally obtained from mature fruits. Furthermore,
a recent study demonstrated that composition of active compounds
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Table 2. Phenolic contents and antioxidant activitieof aqueous bael fruit extract

Method

Results

Total phenolic content (µmol GAE/g)

108.3 ± 1.4

Total flavanoid content (µmol CE/g)

73.0 ± 2.4

Trolox equivalent antioxidant capacity (µmol TE/g)

429.9 ± 0.01

DPPH radical scavenging ability (µmol TE/g)

27.4 ± 4.3

Reducing power (µmol AAE/g)

122.1 ± 4.2

Ferrous ion chelating ability (µmol EDTA eq/g)

0.09 ± 0.01

*Abbreviations are: GAE, gallic acid equivalents, CE, catechin equivalents; TE, trolox equivalents; AAE, ascorbic acid equivalents; EDTA, ethylenediaminetetraacetic acid; Eq,
equivalents. Data represent mean values (three determinations) for each sample ± standard deviations.

vary with the maturity stage of the bael fruit and was revealed that
the level of phenolic compounds increased with the maturity of the
fruit (Gurjar et al., 2019). Immature bale fruits contained higher
levels of potassium, iron, marmelosin, psoralen and tannic acid
compared with their mature counterparts (Gurjar et al., 2019).
3.2. Total phenolic contents (TPC) of bael fruit extract
Table 2 presents phenolic contents of the aqueous extract of immature bael fruit cuts. The TPC of bael fruit aqueous extract was
108.3 µmol GAE/g of extract. Flavonoids are known to possess
antioxidant, anticancer, antiallergic, anti-inflammatory, and antineuro-inflammatory properties, among others (Shahidi et al., 2019;
de Camargo et al., 2019; Zhang and Tsao, 2016). The total flavonoid content (TFC) of the bael fruit extract was 73.0 µmol CE/g
extract (Table 2). According to Suvimol and Pranee (2008), TPC
and TFC of 95% ethanolic extract of mature bael fruit pulp were
87.8 mg GAE/g (dw) and 15.2 mg CE/g (dw), respectively. Thus,
the results in this study demonstrate that aqueous extracts of dried
bael immature fruits were rich sources of phenolic compounds.
3.3. Antioxidant activities of bael fruit extracts
Antioxidant activities of aqueous extracts of immature bael fruit
cuts are presented in Table 2. TEAC of the bael fruit extract was
429.8 µmol TE/g of extract. This assay is commonly used to assess antioxidant capacity of food and other biological matrices that
reduce the ABTS radical cation to its non-radical form. The results
are compared with that of trolox, the water soluble analogue of
vitamin E, thus only water-soluble compounds in the extracts are
measured.
DPPH, a synthetic free radical, is widely used to evaluate radical scavenging properties of antioxidant compounds. In DRSA assay antioxidant compounds donate a hydrogen atom or an electron
to the stable DPPH radical to convert it to the non-radical form
(Yeo and Shahidi, 2019). DRSA of bael fruit extract was 27.4 µmol
TE/g of extract. Krushna et al. (2012) previously showed that bael
fruit extract scavenged DPPH and ABTS+ radical dose-dependently, in agreement with the findings of this study.
Activation of NF-κB is mediated by oxidative stress. A recent study showed that samples exhibiting scavenging activity of
ABTS+ and DPPH radicals were effective in inhibiting the activation of NF-κB in RAW 264.7 macrophages (Falcão et al., 2019).
Thus, the present study showed that aqueous extracts of dried immature bael fruit cuts containing resveratrol possessed the capacity to inhibit both ABTS+and DPPH radicals and could serve as a
potential candidate for inhibiting the activation of NF-κB in bio-
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logical systems.
Compounds with reducing ability are capable of donating electrons and reduce the oxidized intermediates of peroxidation, hence
acting as antioxidants. Reductants in herbal extracts reduce ferric/
ferricyanide complex to the ferrous form. RP of the tested extract
of bael fruit herbal was 122.1 µmol ascorbic acid equivalents/g
extract. The immature bael fruit extract tested in the present work
exhibited a considerable RP thereby acting as effective reducing
agents.
FICA of of bael fruit extracts showed values of 0.09 µmol
EDTA equivalents/g extract in this study. By the action of ferrous
ions in the body hydroxyl radicals are generated via Fenton’s reaction and cause destruction of biomolecules leading to degenerative
disease conditions and aging. Compounds that can act as chelating
agents, reduce the concentration of metal ions available for catalyzing peroxidation thus serve as effective secondary antioxidants.
Presence of chelating agents decreases the intensity of the purple
color of the complex of ferrous ions with Ferrozine in the assay.
3.4. Sensory evaluation
Table 3 presents the results of sensory evaluation conducted for the
three bael fruit tea preparations. The product 780 with 1:20 ratio of
ingredient to water (w/v) received significantly (p < 0.05) higher
mean scores for taste preference, overall acceptability and willingness to drink regularly than others. The mean scores of untrained
panelists for all attributes tested ranged between like slightly to
like moderately for product 780. The mean scores of color and
after taste were not significantly different between the product 780
and product 892 with 1:40 (w/v) ingredient to water ratio. The
product 531 with 1:10 (w/v) ingredient to water ratio received the
least (p < 0.05) mean scores for all attributes tested. According to
the Friedman test rank the product 780 obtained the highest mean
rank of 2.41 (p < 0.05) and was selected for further studies as the
most preferred bael tea.
3.5. Phenolic content and antioxidant activities of selected bale
fruit tea
The TPC and TEAC of the selected bale fruit tea based on sensory evaluation were 1,576.0 ± 32.5 and 336.5 ± 26.5 µmol TE
per 250 mL, respectively. The serving size used for the single dose
ingestion (250 mL) for the determination of postprandial glycemic
response and plasma antioxidant activity. The TPC and TEAC per
g of raw ingredient (dried immature bael fruit cuts) were 16.1 mg
GAE and 20.2 µmol TE, respectively. In a recent study Zhao et al.
(2019) showed that TPC of 30 tea (Camellia sinensis) aqueous in-
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Table 3. Mean scores for sensory attributes and Friedman test ranks for different preparations of bael fruit tea

780

892

531

Color

5.1 ± 1.5a

6.0 ± 1.1a

4.5 ± 1.2b

Taste preference

5.3 ± 1.0a

4.3 ± 1.3b

3.5 ± 1.0c

After taste

5.4 ± 0.8a

5.3 ± 1.1a

3.5 ± 0.9b

1.1a

0.9b

3.7 ± 0.8c

Mean scores

Overall acceptance

5.4 ±

4.6 ±

Willingness to drink regularly

5.1 ± 1.1a

4.2 ± 1.0b

3.6 ± 1.1c

2.41

1.98

1.61

Friedman test ranks
Mean rank

All values are mean (n = 50) ± SD; Values in each row having the same letter are not significantly different (p > 0.05).

fusions ranged from 24.8 to 252.6 mg GAE per g of dry weight (g
DW) of tea. The TEAC values of tea infusions varied from 166.3
to 2,532 µmol TE/g DW (Zhao et al., 2019). It should be noted that
bael fruit tea used in the present work contained a lesser TPC and
TEAC compared to tea infusions of green, black, oolong, white,
yellow and dark teas (Zhao et al., 2019).
3.6. Effect of herbal teas on glycemic response
From the sixteen healthy subjects recruited in the study one withdrew after completing two visits due to change of personal work
arrangement. In the final analysis 15 subjects (11 males and 4 fe-

males) were included. The mean age of subjects was 24 ± 2 y and
the mean body mass index was 21.7 ± 3.4 kg/m2. Daily energy,
carbohydrate, protein and fat intake of subjects were 1,322 ± 257
kcal, 216 ± 49 g, 39 ± 8, and 36 ± 9 g, respectively. No adverse
effects due to the ingestion of herbal teas were reported during the
study period.
Figure 1 and Table 4 present the change of mean PGC of healthy
adults over the time from baseline (0 min) to 120 min. Bael fruit
tea showed a lower PGC than the control at each postprandial time
point except at the baseline (Figure 1). Several previous studies
have shown that repeated administration of aqueous extracts of bael
leaves, bark, seeds, fruits was effective in treating hyperglycemic
conditions in rats (Kamalakkannan and Prince, 2003; 2005; Maity

Figure 1. Mean plasma glucose concentration of healthy adults after consuming bael fruit herbal tea and the control.
Table 4. Difference of postprandial plasma glucose response of healthy adults for bael fruit tea compared to the control

0 min

30 min

45 min

60 min

90 min

120 min

Mean difference

−7.89

15.9

10.5

6.9

10.5

1.54

SEM

5.58

16.4

13.7

16.3

11.9

5.99

SEM, Standard error of mean
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Table 5. Plasma antioxidant capacity (µmol trolox equiv/L) of healthy adults at baseline and 120 min after ingestion of herbal teas

Control
Bael fruit tea

Baseline

End (120 min
after ingestion)

Difference between
baseline and end

Percentage change (%) compared
to baseline at the end

206.9 ± 44.1a

196.1 ± 43.5a

−10.8

–

27.1a

39.4b

168.1

74.6*

229.1 ±

397.2 ±

All values are mean (n = 15) ± SEM; Values in each column with the same letter are not significantly different (p > 0.05); Values in each row having the same letter are not significantly different (p > 0.05). * Percentage increment of plasma antioxidant capacity of bael fruit tea compared to the respective baseline is significant (p > 0.05).

et al., 2009). According to Kamalakkannan and Prince (2003) oral
administration of water extract of bael fruit two times per day for 4
weeks in streptozotocin induced diabeteic Wistar rats significantly
reduced blood glucose, plasma TBARS, and hydroperoxides.
To the best of our knowledge there are no reports of any human
studies on how immature bael fruit tea may improve the postprandial glycemic control. In the present study, the efficacy of single
dose administration of bael fruit tea was investigated in healthy
humans. The results demonstrated that ingestion of a single dose of
250 mL of bael fruit tea with 50 g of glucose challenge had no significant (p < 0.05) effect on postprandial hypoglycemic response
in healthy adults when compared with the corresponding values at
each time point compared to the control.
3.7. Effect of herbal teas on plasma antioxidant capacity (PAC)
Plasma antioxidant capacity of healthy subjects was measured at
the baseline and 120 min after ingestion of herbal teas. The test bael
fruit herbal tea showed a significant (p < 0.05) increment of PAC
compared to the baseline and the change was 74.6% (Table 5). The
increment of PAC for bael fruit tea compared to the corresponding baseline was 168.1 TE/L. Villano et al. (2010) demonstrated
an increment of PAC in healthy adults after a single dose load of
500 mL of fermented or unfermented rooibos tea. Furthermore, the
increment of PAC was reported for green tea beverage and green
tea extract in adults with metabolic syndrome (Basu et al., 2013).
The bael fruit tea showed a significantly higher PAC of 397.2
TE/L compared to the control at the end of 120 min post ingestion
(Table 5). This was almost 75% increment of plasma antioxidant
capacity compared to the baseline. In the present work the compositional analysis showed that bael fruit extract contained ellagic acid,
protocatechuic acid derivative and resveratrol derivatives (Table
1). All these phenolic compounds are potent antioxidants and exert
beneficial effects that prevent and manage non-communicable disease conditions in which oxidative stress plays a major role (Krushna et al., 2012; Muthukumaran et al., 2016; Salehi et al., 2018;
Chandrasekara, 2019). Furthermore, the presence of resveratrol and
its metabolites in human LDL-cholesterol after moderate intake of
red wine has already been reported (Urpí-Sardà et al, 2005). Previously, Krushna et al. (2012) showed that bael fruit extract scavenged superoxide and hydroxyl radicals and nitric oxide in a dose
dependent manner in vitro. In the same study, isoproterenol (ISO)
induced oxidative stress of rats was ameliorated by repeated use of
bael fruit extract for 45 d by reducing thiobarbituric acid reactive
substances (TBARS) and tissue damaged marker enzymes, namely
aspartate aminotransferase (AST), lactate dehydrogenase (LDH),
alanine transaminase (ALT) and creatinine kinase MB isoenzyme
(CK-MB) in the serum. In addition, Krushna et al. (2012) further
showed that bael fruit extract elevated antioxidant enzymes such
as superoxide dismutase, catalase, glutathione peroxidase, and glutathione-S-transferase and reduced glutathione levels in serum that
attenuated oxidative stress induced by ISO in rats.
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The foregoing results suggest that bael fruit tea could serve as
a potential source of antioxidant compounds and is effective in attenuating oxidative stress that leads to a plethora of non-communicable diseases, including type 2 diabetes.
4. Conclusion
Herbal tea prepared with immature dried bael fruits is a rich source
of water-soluble phenolic compounds with demonstrated potent
antioxidant activities. Bael fruit tea tested in this work was found
effective in increasing plasma antioxidant activity with the potential
of reducing oxidative stress and help controlling secondary complications of type 2 diabetes and maintaining health and wellness.
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Abstract
Popsicle-type edible ice cream is consumed worldwide for its sensory properties. However, its nutritional composition is limited to carbohydrates, sweeteners and synthetic flavors. In this work, the objective was to develop
popsicles manufactured with different protein sources (rice protein, concentrated bovine milk whey protein and a
mixture of both proteins) and added with an herbal lyophilized extract (LME) composed of white tea, fermented
rooibos, and roasted yerba mate. Six formulations were produced and their proximate composition, physicochemical properties, sensory acceptability, total phenolic content, condensed tannins, and in vitro antioxidant activity
determined. Popsicles added with LME showed a higher total phenolic content compared to the controls (without
LME). The popsicles formulated with animal protein and LME showed the highest antioxidant activity as measured
by the DPPH and FRAP assays. In relation to sensory analysis, the highest acceptance rates, 91 and 88%, were
observed in formulations added with animal protein without and with LME, respectively. On the other hand, the
vegan formulation added with LME had the lowest acceptance rate (69%). Overall, the addition of LME and concentrated bovine whey protein provides a viable option for the development of phenolic-rich protein-based popsicles.
Keywords: Technology application; Vegetarian diet; Dairy desserts; Food development; Popsicle.

1. Introduction
Ice creams are defined as frozen products obtained from an emul-
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sion of fats and proteins; or a mixture of water and sugar. Other
ingredients can be added as long as they do not mischaracterize the
product (Brasil, 2005). The production of edible ice cream in Brazil has shown stability in recent years. According to the Brazilian
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Ice Cream Industry Association–ABIS, Brazil currently has roughly 8,000 ice cream producers. The sector generates about 75,000
direct and 200,000 indirect jobs, with annual revenues above US$
2.5 billion (ABIS, 2020). Frozen desserts, such as popsicles, are
popular around the world because of their sweet taste, versatility
in terms of formulations and refreshing sensation.
Popsicles and conventional ice creams are marketed in various
forms such as conventional ones, light, fat-free, and low sugar content among others (Granato et al., 2018). Recent studies encourage
the addition of plant-based extracts, which are sources of bioactive
compounds, in ice cream and other dairy products to replace synthetic preservatives and taste agents (Öztürk et al., 2018). Martins
et al. (2018) evaluated the bioactivity, chemical and sensory characteristics of popsicles manufactured with bovine milk whey protein
and concentrated watermelon juice. According to these authors, the
popsicles were sensorially acceptable and presented antioxidant
activity. In fact, a diversity of herbal extracts has been studied in
relation to their bioactivity, such as antioxidative, anti-obesity, and
anti-allergic effects, among others (Khan and Mukhtar, 2019).
The health outcomes of plant-based diets have been increasingly
recognized for presenting several benefits in both the short and long
term (Satija and Hu, 2018). For instance, Patel et al. (2017) reported
that plant-based diets decrease some risk factors and mortality from
cardiovascular diseases and should be a therapeutic goal in patient
care. Ferdowsian and Barnard (2009) performed a biographical survey regarding the effects of plant-based diets had on plasma lipids.
Results showed that individuals who chose to follow plant-based diets have significantly lower blood lipid concentrations compared with
those who follow milk, egg and meat-based diets. Recently, AdevaAndany et al. (2019) concluded that reduction in consumption of animal-based foods is beneficial in decreasing the risk of type 2 diabetes.
A recent study conducted by Santos et al. (2018) described the
characterization of an herbal extract that is composed of 82.9% Camellia sinensis (while tea), 10.9% Ilex paraguariensis (roasted yerba mate) and 6.2% Aspalathus linearis (fermented rooibos). This
mixture presented a total phenolic content of 1,200 mg/L and high
antioxidant activity measured by different chemical and cell-based
assays. The beverage showed antibacterial activity and antiproliferative effects against human cancer cell lines (Caco-2 and HepG2).
However, there is no application of this mixture on the manufacture
of ice creams or other related desserts. In addition, the lyophilized
extract composed of 82.9% white tea, 10.9% roasted yerba mate and
6.2% fermented rooibos showed toxicological safety, antioxidant,
anti-hyperglycemic, and antihypertensive potential using different in
vitro methodologies (Santos et al., 2020). However, there is no technological application of this bioactive-rich extract in food models.
Natural extracts made of herbs, edible flowers and other sources
of bioactive compounds should be further explored by the food industry, in particular, for the development of products with a lower
content (or absence) of synthetic additives, such as flavorings, antioxidants and antimicrobial agents (Granato et al., 2018). Thus, considering the demand for natural products and the technological need
to develop nutritionally balanced foods, this work is aimed at developing popsicles that are sources of proteins and natural antioxidants,
without the addition of artificial sweeteners/flavors, and to evaluate
their nutritional, sensory acceptance and antioxidant activity.
2. Materials and methods
2.1. Chemicals
Folin-Ciocalteau reagent, DPPH (2,2-diphenyl-1-picrylhydrazyl),

gallic acid, (+)-catechin, vanillin, TPTZ (2,4,6-tris (2-pyridyl)-Striazine), ferric chloride hexahydrate, and quercetin were obtained
from Sigma-Aldrich (São Paulo, Brazil). Hydrochloric acid, sodium acetate, potassium ferricyanide, ascorbic acid, isobutanol,
absolute ethanol, methanol and acetic (glacial) acid were purchased from Vetec (Rio de Janeiro, Brazil). Sodium hydroxide was
purchased from Synth (Diadema, Brazil). Aqueous solutions were
prepared using ultrapure water. For the formulation of popsicles,
mineral water (Royal Fit, Ponta Grossa, Brazil), organic sucrose
(Native, Sertãozinho, Brazil), emulsifying and stabilizing agents
(Duas Rodas, Jaraguá do Sul, Brazil. Composition: mixture of fatty acid monoacylglycerols, potassium stearate, sorbitan monostearate and polyoxyethylene sorbitan monostearate), cocoa powder
(Marfil, Curitiba, Brazil), concentrated bovine whey protein (80
g/100 g) and concentrated rice protein (73 g/100 g, Growth Supplements, Bombinhas, Brazil) were used.
Chemicals for HPLC analysis of phenolic compounds were purchased from different suppliers and their purity was ≥98%. Gallic
acid, 5-caffeoylquinic acid, epicatechin, epicatechin gallate, gallocatechin, epigallocatechin, and epigallocatechin gallate were
purchased from Sigma-Aldrich (Espoo, Finland). Procyanidin B2
was purchased from Extrasynthese (Lyon, France). Kaempferol,
myricetin and quercetin were acquired from Carl Roth GmBH
(Karlsruhe, Germany). Butylated hydroxyanisole (BHA) and formic acid were obtained from Sigma-Aldrich (Espoo, Finland).
Phosphoric acid and hydrochloric acid were obtained from Merck
(Darmstadt, Germany) and Fisher Scientific (Vantaa, Finland), respectively. Methanol (LC-MS) was obtained from J.T. Baker (Gliwice, Poland) and acetonitrile (LC-MS) from VWR Chemicals
(Helsinki, Finland).
2.2. Plant material and obtaining the lyophilized mixed extract
(LME)
Organic white tea (Camellia sinensis var. sinensis), fermented
rooibos (Aspalathus linearis), and toasted matte (Ilex paraguariensis) were purchased from CLIPPERP (Germany), Matte Leão
(Brazil), and Simon Lévelt (Netherlands), respectively. The material was ground, and the particle size standardized on 60 Tyler
mesh. A mixture containing 82.9% white tea, 10.9% mate tea and
6.2% rooibos tea was extracted (80 °C for 10 min) with mineral
water at a 1:50 (w/v) ratio, totaling 5 L of tea (Santos et al., 2018).
Then, the aqueous extract was freeze-dried at 1,200 µHg at −50
°C for 120 h (Terroni LD, model LD1500, São Paulo, Brazil). The
lyophilized herbal extract (LME) was stored under vacuum until
analysis.
2.3. Phenolic composition and antioxidant profile of LME
The total phenolic content was determined by the Prussian blue
method and the results are expressed in mg gallic acid equivalents
per 100 g (mg GAE/100 g). The content of condensed tannins was
determined by the method using H2SO4 and vanillin and expressed
in mg of catechin equivalents per 100 g (mg CE/100 g). The ferric
reducing antioxidant power, FRAP, and the free-radical scavenging
activity in relation to DPPH radical were performed and expressed
in mg ascorbic acid equivalents per 100 g LME (mg AAE/100 g).
The total reducing capacity, TRC, was evaluated by the modified
Folin-Ciocalteu method and expressed in mg of quercetin equivalents per 100 g (mg QE/100 g). Analyses were performed in quadruplicate. The description of the analytical methods employed was
previously reported by Santos et al. (2018).
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Table 1. Formulation of popsicles according to the protein source and addition of an herbal extract containing antioxidants

Formulations

Bovine milk whey protein (g/100 g)

Rice protein (g/100 g)

Lyophilized herbal extract (g/100 g)1

F1

5

0

0

F2

5

0

1

F3

0

5

0

F4

0

5

1

F5

2.5

2.5

0

F6

2.5

2.5

1

1Herbal

extract composed of 82.9% white tea + 10.9% mate tea + 6.2% fermented rooibos tea.

An Acquity UPLC–Xevo G2 QTOF high resolution mass spectrometer (Waters, Milford, MA, USA) operated by Waters MassLynx 4.1 software was used for the characterization of phenolic
compounds in LME. Compounds were separated on Waters Acquity BEH C18 (1.7 µm, 2.1 mm × 150 mm) column using a gradient of 0.1% formic acid in H2O (A) and of 0.1% formic acid in
acetonitrile (B). The gradient program was as follows: 2% of B in
0–2 min, 2–75% of B in 2–27 min, 75–99% of B in 27–32 min,
held at 99% of B for 2 min, 99–2% in 2 min and held at 2% of B for
4 min. The flow rate was 0.55 mL/min, temperature of the column
oven was 45 °C, and the injection volume was 1.0 µL. An electrospray ionization (ESI) was used with capillary voltage of −1 kV in
negative and + 0.5 kV in positive mode. The sampling cone was set
to 35 V and extraction cone to 4 V. The cone and desolvation nitrogen gas flows were 15 and 990 L/h, respectively. The desolvation
temperature was 550 °C and the source temperature was 150 °C.
Argon was used as the collision gas. MS analyses were conducted
by data independent acquisition (MSE) centroid data mode in a full
scan m/z 50–1,500 with 0.2 sec scan time. In the MSE function,
the precursor ions from the low-collision energy MS-mode were
fragmented using high collision energy ramped up from 25 to 45
V (Pihlava et al., 2018).
Several HPLC methods were used for quantification of individual phenolics. LME samples were dissolved in 65% methanol (aq)
and filtered into HPLC ampoules. Phenolic acids were determined
by using an Agilent 1290 Infinity Series ultra-high-performance
liquid chromatograph (Agilent Technologies, Palo Alto, CA, USA)
equipped with a diode array detector and a fluorescence detector.
Phenolic acid separation was done with a Zorbax Eclipse Plus C18
(2.1 × 50 mm, 1.8 μm) column (Agilent Technologies Inc.) with
a C18 guard column. The temperature of the column oven was set
at 35 °C. A gradient elution was employed with a mobile phase
consisting of 50 mM H3PO4 at pH 2.5 (A) and acetonitrile (B)
as follows: 5% of B in 0–1.2 min, 5–15% of B in 1.2–4.25 min,
15–20% of B in 4.25–10 min, 20–50% of B in 10–15 min, 50% of
B in 15–16.2 min, 50–5% of B in 16.2–17 min, post-time 2 min
before the next injection. The flow rate of the mobile phase was 0.4
mL/min, and the injection volume was 2.0 μL. UV spectra of peaks
were recorded between 190 and 400 nm.
Flavan-3-ols were determined by the same UHPLC-DAD-FLD
device as phenolic acids using the same column. The binary mobile phase consisted of 0.5% formic acid (A) and acetonitrile (B):
2% of B in 0–2 min, 2–5% of B in 2–5 min, 5–15% of B in 5–12
min, 15–20% of B in 12–15 min, 20–35% of B in 15–20 min, 35–
90% of B in 20–21 min, and back to the starting point in 2 min. The
post-time was 2 min before the next injection. The flow rate was
0.5 mL/min and the injection volume was 2 μL. Elution was monitored by diode array detection (DAD; λ1 = 270 nm, λ2 = 280 nm)
and fluorescence detection (FLD; λex = 275 nm, λem = 324 nm).
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Flavonols were determined after acid-hydrolysis as aglycons.
The LME sample (10–15 mg) was dissolved in 20 mL of 62.5%
methanol (aq) containing 0.2% of BHA, after which 5 mL of 6 M
HCl were added. The sample was refluxed under an inert atmosphere (argon) for 2 h. Hydrolyzed and cooled sample was brought
to a volume of 50 mL and filtered into the HPLC ampoule. An
Agilent 1100 HPLC-DAD device equipped with Nova-Pak C18
column (3.9 × 150 mm, 4 μm) was used. The binary mobile phase
consisted of 50 mmol/L H3PO4 at pH 2.4 (A) and methanol (B):
5–58% of B in 0–50 min, 58–90% of B in 50–56 min, 90% of B
in 56–68 min, 90–5% of B in 68–71 min. The post-time was 10
min before the next injection. The flow rate was 0.9 mL/min and
the injection volume 10 μL. UV spectra of peaks were recorded
between 190 and 400 nm and flavonols were quantified at 370 nm.
All phenolic compounds were quantified using calibration
curves of authentic compounds when available. 5-Caffeoylquinic
acid (chlorogenic acid) was used as the reference standard for all
forms of caffeoylquinic acids. Gallolyated dimeric procyanidin
was quantified as epicatechin gallate. Results were expressed as
mg/100 g of LME.
2.4. Popsicle manufacturing
Six formulations of edible ice cream were prepared with 100
mL of water, 10 g/100 g of sucrose, 2 g/100 g of emulsifying
and stabilizing agents, and 4 g/100 g of cocoa powder as the
base formulation. The six popsicle formulations are shown in
Table 1.
The technological process applied consisted of mixing all components in a blender (Mondial, Power NL26) with a capacity of 1.5
L at 500 W for 5 min. The incorporation of the emulsifying and stabilizing agents and cocoa powder was performed slowly to facilitate dissolution. Subsequently, the formulations were pasteurized
at 65 °C/30 min. After cooling to 10 °C the mixture was beaten
in an electric mixer (KitchenAid, Stand Mixer Bowl Kitchen Aid
KEA30CEPNA, USA) with a capacity of 4.3 L at 300 W for 5
min. Then, the mixture was added in polyvinyl chloride molds and
subjected to rapid freezing in an ultra-freezer at –74 °C. Finally,
the popsicles were removed from the molds, individually wrapped
and stored until analysis.
2.5. Proximal composition of formulations added of LME
To characterize the popsicles with added of lyophilized mixed extract, the contents of protein, moisture and ash were determined according to the AOCS methods n°. 920.87; 925.09; 923.03, respectively (AOAC, 2005). The lipid content was determined according
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to the AOAC method n°. 989.05 (AOAC, 1990). The pH, total titratable acidity and total soluble solids were determined according
to methods No. 981.12, 942.15 and 932.12, respectively (AOAC,
1997). The carbohydrate + fiber content of edible ice cream formulations was calculated by the difference between 100 and the sum
of the protein, fat, moisture and ash content. The average caloric
value of edible ice cream was calculated using the factors Atwater
(proteins and carbohydrates = 4 kCal/g and lipids = 9 kCal/g), and
the results expressed in Ccal/100 g.
2.6. Total phenolic compounds, total condensed tannins and in
vitro antioxidant activity of popsicles
To determine the total phenolic content and antioxidant activity of
the popsicles, an extraction was performed under constant agitation in a vortex tube shaker for 10 min, of 4 g of the popsicles in
the presence of 4 mL of methanol. Subsequently, the mixture was
centrifuged at 700 x g for 20 min, and the upper phase was collected and analyzed immediately. The total phenolic compounds, total
condensed tannin content, as well as FRAP activity, antioxidant
action against the DPPH radical and total reducing capacity, were
evaluated as described in item 2.3, and the results were expressed
in mg of the standard used for each analysis equivalent per 100 g
of popsicle.
2.7. Sensory analysis
Sensory analysis was performed according to the approved terms
of the Ethics Committee of UEPG, CAAE: 65493717.9.0000.0105.
A total of 444 untrained evaluators, 149 men and 295 women between ages of 18 and 50 years were used after signing the informed
consent form. The edible ice cream, 15 g, was served in plastic
packaging identified with three random digits. The nine-point
structured hedonic scale ranging from 1 (extremely disliked) to
9 (extremely liked) was used to assess acceptability in terms of
odor, taste, color and overall impression. The acceptance index for
each sample was calculated using the average of the global impression attribute multiplied by 100 and divided by the maximum
score, that is, 9. The results were expressed as a percentage of acceptance. The acceptance index for each of the 6 formulations was
compared using the Marascuillo procedure, based on the z test with
p < 0.05. Additionally, the evaluators were requested to answer
how much more they would pay (R$ 0 to 2.00–US$ 0 to 0.37) for a
“chocolate popsicle with the addition of extract rich in natural antioxidant compounds” compared to “commercial popsicle without
the addition of natural antioxidants” , respectively. The evaluators
were also asked (yes/no) whether they would buy the popsicle if
it was marketed.
2.8. Statistical analysis
The analytical methods were performed in triplicate (unless otherwise stated) and the data were presented as mean ± standard deviation. To compare the responses, differences between the mean values were assessed by the one-way analysis of variance (ANOVA)
followed by the Fisher test to compare the means. To compare two
samples (presence or absence of extract) the paired t-Student test was
applied. Probability values lower than 0.05 were used to reject the
null hypothesis (Granato et al., 2014). The software TIBCO Statistica v. 13.3 (TIBCO Statistica Inc., USA) was used for all statistical
analyzes.

3. Results and discussion
3.1. Phenolic composition and antioxidant activity of the lyophylized herbal extract (LME)
The average total phenolic content in the LME was 30,401 mg
GAE/100 g and the total amount identified by chromatography was
11,736 mg/100 g. The condensed tannin content determined in the
LME was 6,844 mg CE/100 g, which is much higher than the total flavan-3-ol content determined by chromatography. Flavonols,
which include quercetin, kaempferol and their glucosides accounted for 65.4%, while flavan-3-ols accounted for 21.6% and phenolic
acids for 13.0% of the total phenolic content in LME (Table 2).
Epigallocatechin, epigallocatechin gallate, gallic acid, and
5-caffeoylquinic acid were the most abundant phenolic compounds in
LME. C. sinensis is the major source of tannins, such as flavan-3-ols,
and contributed mainly to the total flavan-3-ol content of LME (Zeng
et al., 2020). All flavan-3-ols identified in the present study have been
previously reported in C. sinensis previously (Jiang et al., 2015; Wang
et al., 2012). Fermented rooibos is a source of flavonols and other flavonoids (both aglycons and glucosides), such as isoquercitrin, rutin,
pinobanksin, quercetin, isorhamnetin, luteolin, orientin, aspalathin,
hyperoside, and vitexin (Santos et al., 2016; Walters et al., 2017).
Tea leaves have also been recognized as a rich source of flavonols,
especially quercetin, but also kaempferol and myricetin (JeszkaSkowron, et al., 2018; Wang et al., 2012) Roasted mate is a source of
caffeoylquinic acid derivatives (3-caffeoylquinic acid, 4-caffeoylquinic acid, and 5-caffeoylquinic acid, dicaffeoylquinic acids), other phenolic acids, and some flavonols, such as rutin, quercetin glucoside,
kaempferol-rhamnoglucoside and kaempferol glucoside (Markowicz
Bastos et al., 2007; Mateos et al., 2018). Santos et al. (2020) identified
hesperidin, epigallocatechin gallate, isoquercitrin, rutin and hesperidin as the main compounds in LME. In addition, methylxanthines,
caffeine and theobromine were detected by UHPLC-QTOF in positive mode, but these compounds were not quantified.
LME was evaluated for its in vitro antioxidant capacity by three
different methods. FRAP and DPPH values were 70,375 ± 2,575 and
43,189 ± 630 mg AAE/100 g, respectively. Similarly, the total reducing capacity of LME, which encompasses both lipophilic and watersoluble antioxidants was 43,790 ± 2,238 mg QE/100 g. Ali et al.
(2014) used pomegranate, asparagus, salep orchid and green asparagus powder (1 to 4 g/100 g) to manufacture ice creams and observed
that the antioxidant activity measured by the DPPH and FRAP assays increased in a dose-dependent manner. The antioxidant activity observed in LME is directly related to the content of phenolic
compounds. Recently, Santos et al. (2020) observed that LME also
presented Folin-Ciocalteu reducing capacity (∼1,800 mg GAE/L of
tea) and Cu2+ chelating ability (∼72% of pyrocatechol violet-Cu2+
complex formation). LME was also shown to decrease mechanical
hemolysis of human erythrocytes and inhibited the induced oxidation of Wistar’s rat brain homogenate. Morais et al. (2020) evaluated
the antioxidant activity and bioaccessibility of phenolic compounds
in edible flowers–Rosa chinensis Jacq., Torenia fournieri (F.) Lind.,
Bellis annua L., Clitoria ternatea L., Cosmos sulphureus Cav., Dianthus chinensis L., Begonia tuberhybrida Voss. and Tagetes patula
L. and observed high and positive correlation values (r = 0.90) between total phenolic content and FRAP in the methanolic extract.
3.2. Proximate composition and physicochemical properties of
popsicles
The physicochemical properties and proximate composition of the
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125.053

Total phenolic content quantified

Total flavonols

Apigenin-C,C-pentoside-hexoside (C26H28O14)

Apigenin-C,C-dihexoside 2 (C27H30O15)

Apigenin-C,C-dihexoside 1 (C27H30O15)

Kaempferol-dirhamnoside-hexoside (C33H40O19)

563.1412 (563.1401)

353.063

413.085

353.063

593.1493 (593.1506)
593.1512 (593.1506)

285.037

285.038

285.083

285.039

301.032

301.033

301.033

301.032

301.032

301.031

301.032

479.081, 317.026

317.026

577.098, 289.067, 169.006

425.086, 289.070

305.064, 169.010

353.086, 179.031, 191.053

353.086, 191.053, 179.031

353.086, 191.052, 179.031

179.031, 191.052

191.053, 179.035

739.2075 (739.2086)

755.2042 (755.2035)

593.1507 (593.1506)

Kaempferol-rhamnoside-dihexoside (C33H40O20)

447.0905 (447.0927

Kaempferol-rhamnoside-hexoside (C27H30O15)

755.1804 (755.1823)

771.2012 (771.1984)

771.1996 (771.1984)

609.1471 (609.1456)

609.1467 (609.1456)

433.0750 (433.0771)

463.0879 (463.0877)

625.1410 (625.1405)

479.0827 (479.0826)

729.1453 (729.1456)

577.1340 (577.1350)

457.0769 (457.0771)

305.0648 (305.0661)

305.0638 (305.0661)

289.0704 (289.0712)

289.0675 (289.0712)

515.1198 (515.1190)

515.1199 (515.1190)

515.1176 (515.1190)

353.0865 (353.0873)

353.0852 (353.0873)

191.051, 179.031

169.0123 (169.0140)
353.0857 (353.0873)

MS2

UHPLC-QTOF MS: [M-H]− (calculated mass)

Kaempferol-hexoside

Quercetin-coumroyl-rhamnoside-hexoside

Quercetin-rhamnoside-dihexoside 2 (C33H40O21)

Quercetin-rhamnoside-dihexoside 1 (C33H40O21)

Quercetin-rhamnoside-hexoside 2 (C27H30O16)

Quercetin-rhamnoside-hexoside 1 (C27H30O16)

Quercetin-pentoside (C20H18O11)

Quercetin-hexoside (C21H20O12)

Myricetin-rhamnoside-hexoside (C27H30O17)

Myricetin-hexoside (C21H20O13)

Total flavan-3-ols

Gallolyated dimeric procyanidin (C37H30O16)

Procyanidin B2 (C30H26O12)

Epigallocatechin gallate (C22H18O11)

Epigallocatechin (C15H14O7)

Gallocatechin (C15H14O7)

Epicatechin (C15H14O6)

Catechin (C15H14O6)

Total phenolic acids

Dicaffeoylquinic acid 3 (C25H24O12)

Dicaffeoylquinic acid 2 (C25H24O12)

Dicaffeoylquinic acid 1 (C25H24O12)

4-Caffeoylquinic acid (C16H18O9)

5-Caffeoylquinic acid (C16H18O9)

3-Caffeoylquinic acid (C16H18O9)

Gallic acid (C7H6O5)

Phenolic compounds

Table 2. Phenolic compounds in the lyophilized herbal extract characterized by UHPLC-QTOF MS in negative mode and quantified by HPLC/UHPLC methods

11,736

7,673 ± 428

<LOQ (apigenin,
total amount)

1,010 ± 80 (kaempferol,
total amount)

6,340 ± 310 (quercetin,
total amount)

323 ± 38 (myricetin,
total amount)

2,536 ± 141

310 ± 29

18 ± 1

877 ± 18

1,060 ± 80

19 ± 1

233 ± 12

19 ± 1

1,527 ± 19

136 ± 2

138 ± 2

<LOQ

61 ± 4

207 ± 5

170 ± 3

815 ± 2

Amount (mg/100 g)
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Table 3. Proximal composition and physicochemical properties of popsicles manufactured with different protein sources, with or without the addition
of the lyophilized herbal extract (LME) containing antioxidants

Evaluated parameters

Bovine whey protein + LME

Rice protein + LME

Bovine whey protein + rice protein + LME

1.02 ± 0.04a

1.02 ± 0.03a

1.00 ± 0.05a

0.07a

0.03a

0.47 ± 0.02b

Proximal composition
Lipid (g/100 g)
Ash (g/100 g)

0.71 ±

0.62 ±

Protein (N × 6.38; g/100 g)

7.41 ± 0.47a

7.54 ± 0.02a

6.11 ± 0.13b

Moisture (g/100 g)

82.51 ± 0.14a

76.95 ± 0.32b

82.90 ± 1.94a

0.28a

9.52 ± 2.02ab

0.57b

Carbohydrates + fibers (g/100 g)

8.35 ±

13.87 ±

Mean energy value (kCal/100 g)

72

95

71

pH

6.29 ± 0.03a

6.71 ± 0.01a

6.61 ± 0.01a

Titratable acidity (g/100 g)

0.63 ± 0.03a

0.18 ± 0.01c

0.28 ± 0.01b

Total soluble solids (°Brix)

24

14

18

Physicochemical properties

Different letters in the same line represent a statistical difference between popsicles (p < 0.05).

popsicles are shown in Table 3. There was no significant difference
in the lipid content and pH between the different formulations (p >
0.05). Regarding the ash and protein contents, there was a significant difference between the popsicles added with only one protein
source (either animal or vegetable) in relation to the mixture of the
two proteins (p < 0.05). The ash values ranged from 0.71 ± 0.07
(bovine whey protein) to 0.47 ± 0.02 g/100 g (50% bovine whey
protein and 50% rice protein). Protein contents ranged from 7.54 ±
0.02 (rice protein) to 6.11 ± 0.13 g/100 g (50% animal protein and
50% vegetable protein).
Significant difference was observed (p < 0.05) in the moisture
content between the popsicle added with rice protein and the other two formulations (p < 0.05), ranging from 82.90 ± 1.94 (50%
bovine whey protein and 50% rice protein) to 76.95 ± 0.32 (rice
protein). Regarding the carbohydrate content, a significant difference (p < 0.05) existed between the formulation added with bovine whey protein (8.35 ± 0.57 g/100 g) and rice protein (13.87 ±
0.28 g/100 g). For the total titratable acidity, there was a significant
difference (p < 0.05) between all formulations, and values ranged
from 0.63 ± 0.03 (bovine whey protein) to 0.18 g/100 g (rice protein).
3.3. Total phenolic content and condensed tannins in popsicles
Figure 1a shows the total phenolic content of the popsicles with
and without the addition of the LME with animal and/or vegetable
protein. Obviously, the higher total phenolic contents (p < 0.001)
were observed in popsicles added with 1 g of LME/100 g of popsicle. It is also observed that the animal and/or vegetable proteins did
not negatively affect the solubility and incorporation of phenolic
compounds in the popsicle model. Aqueous herbal extracts are recognized sources of phenolic compounds. The incorporation of this
type of extract in foods has become an alternative to enhance the
antioxidant activity of foods and beverages (Granato et al., 2018).
Figure 1b shows the content of total condensed tannins and a
similar behavior to that of the total phenolic content was observed.
Popsicles with the addition of LME had values between 50 to 55
mg CE/100 g, while popsicles without the addition of LME did not
present tannins. As LME is composed of flavan-3-ols originating
from the C. sinensis extract, it is plausible that popsicles added

with LME would be the source of condensed tannins (Santos et
al., 2018).
Our results are in line with those reported by Fidelis et al.
(2020) who added a lyophilized tannin-rich extract from camucamu (Myrciaria dubia) seeds in yogurt. This extract had a total
phenolic content of 43,598 mg GAE/100 g and a condensed tannins content of 5,766 mg CE/100 g. When added to yogurt (from
0.25 to 1 g/100 g), DPPH and FRAP values increased considerably
(p < 0.05) in a dose-dependent manner compared to the control
(without the tannin-rich extract). Martins et al. (2018) developed
popsicles added with concentrated watermelon juice as source of
natural flavor and bioactive compounds and found a total phenolic content of 12.5 mg GAE/100 g, lycopene content of about 3
mg/100 g, and antioxidant activity measured by the DPPH assay.
As a final comment on the total phenolic content of foods added
with natural extracts, any alleged health benefits to humans should
be assessed using clinical trials as it is still debatable whether a
higher ingestion of phenolic compounds provides any additional
benefits for the overall health (Granato et al. 2020a; Granato et
al., 2020b).
3.4. In vitro antioxidant activity of edible ice cream
Figure 2 shows the results of the antioxidant activity of the popsicle
formulations. Regarding DPPH and FRAP, there was a significant
difference (p < 0.001) between the different formulations with or
without the addition of LME. Regarding the total reducing capacity, the popsicles without the addition of LME did not present any
quantifiable antioxidant activity using the applied methodology.
Figure 2a shows that the popsicles added with 1 g of LME/100 g
had a FRAP mean value of 260 ± 8 mg AAE/100 g, while popsicles
without the addition of LME had 28 ± 1 mg AAE/100 g, thus representing an 8.75-fold increase. This disparity between popsicles
with and without the addition of LME was also observed for the
DPPH assay (Figure 2b). Popsicle added with 1 g of LME/100 g
had a DPPH mean value of 157 ± 8 g of AAE/100 g while a DPPH
value of 12 ± 1 mg AAE/100 g was obtained for the popsicles without the addition of LME. The total reducing capacity (Figure 2c)
ranged from 93 ± 7 mg QE/100 g quantified in the edible ice cream
added with animal protein to 80 ± 6 mg QE/100 g in the ice cream
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Figure 1. Total phenolic content (a) and condensed tannins (b) of popsicles manufactured with different sources of proteins, with or without the addition
of the lyophilized herbal extract (LME). 1Probability value obtained by the paired Student-t test; 2Probability value obtained by one-way ANOVA; Different
lower case letters indicate a significant difference between popsicle manufactured using the same protein source, with and without LME; Different capital
letters indicate a significant difference among all popsicle formulations; +extract = popsicle with addition of 1 g/100 g of lyophilized mixed extract; −extract
= popsicle without adding 1 g/100 g of lyophilized herbal extract.

added with protein animal and vegetable. Similarly, Gremski et al.
(2019) added a lyophilized herbal extract (1 g/100 g) composed
of 70% green mate (Ilex paraguariensis) and 30% lemon balm
(Melissa officinalis) in ice cream. The herbal extract was mainly
composed of flavonoids (quercetin-3-rutinoside, hesperidin and
isoquercetin – 11 g/100 of lyophilized extract) which provided a
total phenolic content, DPPH, FRAP, and total reducing capacity
of 160 mg GAE/100 g, 81 mg AAE/100 g, 442 mg AAE/100 g, and
231 mg QE/100 g, respectively.
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A similar trend observed herein was obtained by Escher et
al. (2019) when a lyophilized extract from Calendula officinalis
flower extract was added to a yogurt model. Yogurts added with
the flower extract up to 1.5 g/100 g presented a respective total
phenolic content and antioxidant activity (DPPH and total reducing capacity) up to 27 mg GAE/100 g, 13 mg AAE/100 g and 54
mg QE/100 g.
These results show that the addition of LME increased the antioxidant activity of popsicles formulated with rice and/or bovine
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Figure 2. In vitro antioxidant activity (FRAP, A; DPPH, B; TRC, C) of popsicles manufactured with different protein sources, with or without the addition
of the lyophilized herbal extract (LME). 1Probability value obtained by the paired Student-t test; 2Probability value obtained by one-way ANOVA; Different
lower case letters indicate a significant difference between popsicle manufactured using the same protein source, with and without LME; Different capital
letters indicate a significant difference among all popsicle formulations; +extract = popsicle with addition of 1 g/100 g of lyophilized mixed extract; −extract
= popsicle without adding 1 g/100 g of lyophilized herbal extract.
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Table 4. : Sensory data of popsicles manufactured with different protein sources, with or without the addition of an herbal extract containing antioxidants.

Formulations

Odor

Taste
1.5ab

Bovine whey protein – herbal extract

7.1 ±

Bovine whey protein + herbal extract

7.4 ± 1.6a

8.0 ±

Consistency
1.3a

7.7 ± 1.3ab

1.8bc

7.6 ± 1.4ab

8.2 ± 1.0a
8.2 ± 1.2a

1.8c

6.9 ± 1.7b

6.8 ±

Rice protein + herbal extract

6.4 ± 1.9c

5.8 ± 2.0d

6.3 ± 2.2c

7.3 ± 1.7b

Bovine whey protein + rice protein – herbal extract

7.5 ± 1.6a

7.4 ± 1.5b

7.3 ± 1.6b

8.2 ± 1.3a

1.9c

1.9c

8.3 ± 1.2a

1.6ab

Bovine whey protein + rice protein + herbal extract

7.1 ±

p-Value1

0.001

6.8 ±

<0.001

6.5 ±

Color

Rice protein – herbal extract

1Probability

6.6 ±

1.9c

7.9 ±

1.3a

6.7 ±

<0.001

<0.001

values obtained by one-way ANOVA; Different letters in the same column represent statistical difference between popsicle formulations.

whey protein. Our results clearly show that the incorporation of
natural extracts rich in antioxidant compounds in popsicle, which
is a product widely consumed by all age groups, is feasible. This
is in line with the global trend of consumers looking for foods that
have more functional natural compounds and less synthetic additives (Granato et al., 2018; Kooijmans and Flores-Palacios, 2014;
Katt and Meixner, 2020).
3.5. Sensory analysis
The data for the sensory attributes of the popsicles – liking of odor,
flavor, consistency and color–are shown in Table 4. There was a
significant difference (p < 0.05) in all parameters evaluated. Formulations F1 and F2, which were added with bovine whey protein,
were better perceived by the assessors for all their assessed sensory
parameters. These results were similar for popsicles with or without the LME. Popsicles manufactured with rice protein (formulations F3 and F4, respectively) garnered the lowest hedonic scores,
and LME negatively impacted on the liking of flavor.
Figure 3 shows the effects of adding 1 g of LME/100 g on the
acceptance rate of popsicles. It was observed that the addition of
LME in formulation did not decrease the overall acceptance of formulations (p > 0.05). Sacchi et al. (2019) developed ice creams
added with extra virgin olive oil and found that although the prod-

uct had 25 mg GAE/kg of total phenolics, it was well accepted by
the taste panel for receiving high scores for “cut grass”, “aromatic
persistence”, and “global aromatic intensity”. Ice creams added
with spray-dried microalgae up to 0.3 g/100 g (total phenolic content between 150 and 240 mg GAE/kg) did not differ from the control (no addition of microalgae) in terms of overall sensory acceptability and degree of liking of color, structure, taste, odor, melting,
texture, and strange taste (Durmaz et al., 2020).
The overall acceptance indices for the popsicle formulations
are shown in Figure 3. No significant (p = 0.354) difference in
acceptance index was observed between F1 (91%) and F2 (88%).
Popsicles manufactured with rice protein (F3 and F4) presented
the lowest acceptance indices −73 and 69%, respectively. This
result shows that the added protein is the determining factor in
the acceptance of the product. Kurt and Atalar (2018) used quince
seed flour up to 0.75 g/100 g (4.6 g/100 g of proteins) to develop
ice creams and found that the protein content was not associated
with the sensory acceptance of the formulations. Additionally, the
degree of liking of flavor, texture and appearance was not different
(p > 0.05) from the control (no addition of quince seed flour). Dos
Santos Cruxen et al. (2017) developed ice creams with increased
concentrations of butiá (Butia odorata) pulp (30 to 50%; total phenolic content between 49 and 67 mg GAE/100 g and DPPH values between 17 and 24% of inhibition). Sensory analysis showed
that there was no difference in overall acceptability between treat-

Figure 3. Overall sensory acceptance of popsicle formulations manufactured with different protein sources with or without the addition of the lyophilized
herbal extract (LME). Note: The probability values are based on the paired Student-t test.

92

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

Santos et al.

Effects of an herbal extract composed of white tea, roasted yerba mate and fermented rooibos

ments, but the degree of liking of color and flavor was higher for
ice creams added with 50% of butiá pulp.
When the evaluators were asked about the purchase intention,
77% responded that they would buy popsicles with added proteins
and natural extract. The assessors also gave their opinion on the
amount paid more for a 75 g unit of “chocolate popsicle added
with a natural extract rich in antioxidants” (R$ 0 to 2.00 – US$ 0
to 0.37) compared to a “commercial popsicle without the addition
of a natural extract rich in antioxidants” (R$ 2.00 – US$ 0.37),
respectively. The result was that 90% of the assessors would pay
at least R$ 0.50 (US$ 0.09) more for the product rich in natural
antioxidants. This result highlights the demand of current consumers, who are concerned not only with sensory issues, but also with
the presence of natural compounds with possible bioactivities rand
possible health benefits of the product.
4. Conclusions
The results presented in this work indicates that the addition 1
g/100 g of the optimized lyophilized extract containing white tea,
roasted mate and fermented rooibos in popsicles provides a significant increase in antioxidant compounds, regardless of the added
protein. The product formulated with animal protein and added
with the optimized extract showed 88% acceptance of by the consumers, indicating its market potential. Rice protein was shown to
be an adequate source of protein for the development of popsicles.
Overall, popsicles that are sources of proteins and phenolic compounds may become a potential delivery system of high-quality
nutritional proteins and bioactive compounds.
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Abstract
LEDs are applied in controlled environments to produce high-quality microgreens of various nutritional benefit.
We investigate different ratios of amber, blue and red LEDs on the synthesis of antioxidant phytochemicals in 8
species of the Brassica genus of microgreens. Microgreens were grown under 8 different LED ratios using combined amber, blue and red ranging from 4.73–58.94%, 20.52–58.94% and 74.36–0.57%, respectively. Results indicated that the effect of the combined lighting on antioxidant activity, total phenolic contents (TPC) accumulation,
or its sub-groups total flavonoid contents (TFC) and total anthocyanin contents (TAC), were species-dependent.
With increasing amber and blue and concurrently decreasing red lighting, overall positive correlations were observed for TPC, TFC and antioxidant activities (DPPH and FRAP), and overall negative correlations for TAC and
ORAC (p < 0.05). Current findings suggest the microgreens can be clustered into 3 groups based on phenolic
contents and sensitivity to the lighting: (i) high blue and amber dose-dependence producing high total phenolics
and flavonoids content and DPPH antioxidant activity in radish, red Rambo microgreens; (ii) moderate to high
sensitivity to overall lighting but no clear dose-dependence to the light in mustards Barbarossa and red kingdom;
and (iii) mizunas, pac choi and other microgreens with various responses to lighting.
Keywords: Amber light; Antioxidants; Light-emitting diodes; Microgreens; Phytochemicals; Secondary metabolites.

1. Introduction
Plant secondary metabolites play significant roles in plants’ survival from biotic or abiotic stresses. The antioxidant capability of such
metabolites are also believed to benefit human health when consumed (Hasan et al., 2017). Recently, microgreens have become
a unique sub-class of high-value fresh baby green vegetables that
are readily harvested in 12–14 days. Microgreens are 1–3 inches
by length and include the central stem, cotyledons and a pair of
true leaves when harvested. Several studies have reported higher
contents of bioactive compounds in the cotyledons compared to

mature leaf counterparts, and because of their health promoting
properties they are considered ‘functional foods’ (Kyriacou et al.,
2019a; Xiao et al., 2012). Microgreens can exist as vegetables, herbaceous plants, aromatic herbs, grains and other wild species (de
la Fuente et al., 2019).
Red and blue light wavelengths are important components of
the light spectrum for plant growth and photosynthesis (He et
al., 2017). Light-emitting diodes (LEDs) emitting red and blue
wavelengths have been a preferred energy-efficient source of
lighting over conventional high-pressure sodium (HPS) and fluorescent lighting because of their longevity, ease of use and high
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luminous efficiency. It is beneficial to tailor the light spectrum to
target the action of plant photoreceptors as a result of the variability in plant responses to light. In plants, blue light is detected
by cryptochromes, phototropins, chlorophyll and carotenoids, and
red light by phytochromes and chlorophyll (Kong and Okajima,
2016). Light is also a stressor which can create radicals in the
plant system thus modulating the antioxidant defense systems for
protection. Broad spectrum light can sometimes result in counterinteractions within the plant and can exhibit undesirable traits such
as stem elongation and reduction in synthesis of important antioxidant compounds like phenolics and carotenoids (Samuolienė et
al., 2013). Research is generally limited to uneconomical and less
‘photosynthetically effective’ spectral components like yellow, orange, and green light, and others outside the photosynthetic active range such as UV light (Kamal et al., 2019). Literature data is
also inconsistent on the effects of these spectral outputs on similar
families of vegetables possibly due to the accessibility and cost of
such custom-made LED chips.
Although there are knowledge gaps in the yellow-orange light
range, most existing studies examine ‘green light’ which is defined
as a broader range of light between 500–600 nm. Contradicting
results have been reported on the effects of light on plant growth
and development. Some reported overall lower yield caused by increased ‘green light’, and others beneficial responses on yield and
morphology in microgreen varieties of the Brassica genus (Kamal
et al., 2019). Green LEDs in the range of 525–575 nm promoted
Boston leaf lettuce growth while green-yellow LEDs (575–625
nm) suppressed their growth (Kong and Okajima, 2016). The effect by yellow (580–600 nm) light might have inhibited chlorophyll formation which decreases overall photosynthesis (Dougher
and Bugbee, 2001). Although there is a limited number of studies, the conclusions point to the importance of light spectrum in
the narrow range between 560–620 nm. The differences between
wavelengths in this range and the response by the plant with reproducible cut-off values should be further examined. Supplementary flashing amber (596 nm) LED light on 7 day old green leafy
radish sprouts was found to increase monosaccharide content and
modulate sugar and carbohydrate metabolism. The same study also
showed 30% increase in TPC and 1.5 times higher 2,2-diphenyl1-picrylhydrazyl (DPPH) radical scavenging activity as a result of
flashing amber light (Viršilė et al., 2009). Supplementary pulsed
yellow (590 nm) LEDs to basal HPS light increased ascorbic acid
(AA) and antioxidant activity in basil microgreens (Vaštakaitė et
al., 2018). Anthocyanin synthesis was also enhanced by LEDs
under yellow light (570–590 nm). These rather conflicting results
in phytochemical synthesis as affected by the quality LEDs, especially those in the yellow to amber range, warrant further studies.
Since phenolics are known for their strong antioxidant activities in vitro, the objective of this study was to evaluate the role of
supplementary amber (590 nm) LEDs to basal red (660 nm) and
blue (455 nm) LED regimes in different ratios on the synthesis of
phenolics. Special attention is given to the effect of different spectral ratios on different Brassica microgreens. The amount of red
light was reduced accordingly to increasing amber light to maintain the same light intensity (photosynthetic active range, PAR) so
the effects of spectral quality are not confounded by light quantity
(Snowden et al., 2016). The proportion of blue light was increased
with amber light due to the relative low efficiency of amber LED
chips. Many reports show positive enhancement on microgreen
growth and photosynthesis under blue and the combination of red
and blue thus we believe this is the first step towards understanding the response of these microgreens under amber LEDs and their
effects on bioactive synthesis (Kamal et al., 2019; Kyriacou et al.,
2019b; Vaštakaitė-Kairienė et al., 2015; Ying et al., 2020).
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2. Materials and methods
2.1. Chemical reagents and standards
Cyanidin-3-glucoside (C3G) standard was purchased from Indofine (Bell Mead, NJ, USA). AA, fluorescein, catechin, gallic
acid (GA), 2,4,6-Tri(2-pyridyl)-s-triazine (TPTZ), 2,2′-azobis-(2methylpropionamidine) dihydrochloride (AAPH), Folin-Ciocalteu
(FC) phenol reagent, Trolox, aluminum chloride hexahydrate
(AlCl3·6H2O), and DPPH were purchased from Sigma (St. Louis,
MO, USA). Ferric chloride hexahydrate (FeCl3·6H2O), sodium
acetate, sodium hydroxide (NaOH), sodium nitrate (NaNO2), sodium carbonate (Na2CO3), sodium phosphate monobasic (NaH2PO3), sodium phosphate dibasic (Na2HPO3), potassium chloride,
and HPLC grade solvents, methanol (MeOH), glacial acetic acid,
formic acid, and hydrochloric acid (HCl) were purchased from
Caledon Laboratories (Georgetown, ON, Canada). All chemical
reagents used were of analytical grade.
2.2. Lighting treatments in the chambers
Each growth chamber (PGW40; Conviron, Winnipeg, MB, Canada) was divided by a light impervious wooden barrier coated with
highly reflective material, providing 1.93 m2 of growing space.
The barrier contained a small gap at the top and bottom allowing
adequate air flow. The lighting system in each chamber half consisted of custom-made Ceres CL LED fixtures (Yunustech, Brampton, ON, Canada) with two 30V/200W open frame power supplies
on each side, and a dimmer. Each growth area consisted of various
ratios of red (660 nm), blue (455 nm) and amber (590 nm) LEDs
shown in the spectral distribution in Figure 1. To ensure there was
no light contamination between the treatments, measurements
were taken in the dark half side while the other half of the chamber
was illuminated, and values were determined on a scale of 0–1 implying no light leakage ‘0’ and full lighting ‘1’. Values were taken
using an LI-COR ideal quantum sensor (LI-190R quantum sensor, LI-COR Biosciences, Lincoln, NE, USA) at 12 different locations within each treatment and overall photosynthetic photon flux
(PPF) of the treatments were measured (Figure 2). Light measurements during growth were taken four inches above the plants.
Because amber LEDs are inefficient and red LED semi-conductors
emit a small proportion of light in the amber region, definite statements regarding the effects of any individual light cannot be made.
Interpretation of the data will be based on overall lighting consisting of red, amber and blue components and comparing their ratios
between the treatments to see which benefitted the accumulation of
phytochemicals overall.
2.3. Plant growth materials and parameters
Eight varieties of Brassica microgreens: mizunas Brassica rapa
var. Japonica [organic (MO) and red kingdom (MR)]; pac choi
Brassica rapa var. Chinensis (PC); radishes Raphanus sativus [red
Rambo (RR) and red Rambo organic (RO)]; and mustards Brassica juncea [Scarlet Frills (MS), Barbarossa (MB) and Garnet Giant
(MG)] were grown at the Harrow Research & Development Centre, Agriculture and Agri-Food Canada (Harrow, Ontario, Canada).
Seeds of microgreens were purchased from Johnny’s Selected
Seeds (Winslow, ME, USA). Approximately 4–5 seeds were sown
in each pot of the plastic trays (1 × 1 × 2 cm) and filled with 100%
Canadian Sphagnum Peat Moss (pH 6–6.2, 1,400 ms/M, and aver-
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Figure 1. Relative spectral distribution of the amber (590 nm), red (660 nm) and blue (455 nm) LEDs used in the lighting equipment.

age amounts of nutrients (ppm) N, 110; P, 32; K, 170; and other
microelements Ca, Mg, Fe, S, Mn, ASB Greenworld Ltd., Mount
Elgin, ON, Canada) for germination. Trays with seeds were submerged in a tray containing fertilizer and were subsequently placed
on racks in a germinating room (24 °C; 90% relative humidity
(RH); 16 h photoperiod). Seed pots were water sprayed, irrigated
and rotated as needed. Durations for seed germination and growth
duration in the chambers for each microgreen is listed in Table 1.
Upon first signs of seed germination, the plantlets were moved to

the chambers and were grown until harvest for 13–14 day under a
combined total of eight treatments (2 treatments/chamber; 16 °C;
70% RH; 16 h photoperiod). Microgreens were harvested at their
base with true leaves and cotyledons. Immediately the microgreens
were placed in a −80 °C freezer overnight prior to freeze-drying.
Frozen microgreens were freeze-dried for approximately 2 d. The
samples were then ground to a fine powder using a stainless-steel
coffee grinder (Black & Decker SmartGrind, model CBG100SC)
for approximately 45 seconds and stored in sealed bags at −80 °C

Figure 2. Schematic of the chamber design for microgreens production. Each growth chamber was divided by a light impervious wooden barrier coated
with highly reflective material, providing 1.93 m2 of growing space. The lighting system in each chamber half consisted of custom-made Ceres CL LED fixtures
with two 30V/200W open frame power supplies on each side, a dimmer and each growth area consisting of various ratios of red (660 nm), blue (455 nm)
and amber (590 nm) LEDs.
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Table 1. Durations for germination in growth chambers for each microgreen

Microgreen

seed germination (d)

duration in growth chambers (d)

duration from seed to harvest (d)

Mizuna organic

2

13

15

Mizuna, red kingdom

2

13

15

Pac choi, red Pac

3

13

16

Mustard, Barbarossa

2

14

16

Mustard, Scarlet Frills

2

14

16

Mustard, Garnet Giant

2

14

16

Radish, red Rambo

2

13

15

Radish, red Rambo organic

2

13

15

until analysis. All microgreens were grown in triplicate over two
separate and successive trials for a total of six biological repeats.
2.4. Sample extraction
Phenolic compounds were extracted from freeze-dried powder of
microgreens using a slightly modified protocol (de la Fuente et al.,
2019; Xiao et al., 2019). Briefly, freeze-dried powder (200 mg)
was weighed and transferred into a 15 mL tube containing 4 mL
of 1% formic acid (v/v) in 80% MeOH. Tubes were ultrasonicated
in a warm water bath for 15 minutes prior to shaking on a rotary
shaker for 4 h at 400 rpm at room temperature (Scientific Industries Inc. USA), and then centrifuged at 1,600 g for 5 min before
the supernatant of each sample was transferred to a clean 15 mL
tube. The suspended pellet was re-extracted with the same solvent
twice more, once with 2 mL for 2 h and another with 1 mL for 1
h with centrifugation at the end of each step. The supernatants of
each sample were pooled and stored at −20°C until analysis. Extractions were carried out in triplicate for each sample for a total of
6 biological repeats per variety.

AlCl3·6H2O was added and allowed to react for 5 min at room
temperature. The reaction was neutralized by adding 100 μL of 0.5
M NaOH. Absorbance was read at 510 nm against a blank solution
consisting of the extraction solvent (80% MeOH with 1% formic
acid). The same microplate reader was used. TFC was expressed as
milligrams of catechin equivalents per gram dry weight of sample
(mg CE/g DW) (r2 = 0.99). All samples were tested in triplicate.
2.5.3. Total anthocyanin content
Total anthocyanins content (TAC) was measured using a slightly
modified pH differential method (Li et al., 2012). Briefly, 25 µL
aliquots of sample extract or 80% MeOH containing 1% formic
acid (blank control) or C3G standard solutions (25–400 µg/mL)
were added in duplicates to the appropriate wells (one set of samples/standards in pH 1.0 and 4.5 buffers, respectively). The total
absorbance (A) was obtained using the same microplate reader as
stated above, and was calculated as follows:
A = (A510 − A700) pH1.0 − (A510 – A700) pH4.5

2.5. Total phenolic, flavonoid and anthocyanin content analysis

TAC was determined in triplicate by absorbance taken at 535 nm
and 700 nm at both pH 1.0 and 4.5 and is expressed as milligrams of
C3G equivalents per gram of dry weight (mg C3GE/g DW).

2.5.1. Total phenolic content

2.6. Antioxidant activity assays

TPC was measured according to a previously reported method using
the FC assay (Wang et al., 2011). A 25 μL aliquot of sample extract
or GA standard solutions (31.25–500 μg/mL) or 80% MeOH containing 1% formic acid (blank control), were added together with
125 μL of 10× diluted FC reagent (0.2 M) into the wells of a 96-well
microplate. Following 10 min incubation at room temperature, 125
μL of 7.5% Na2CO3 was added into the wells. The plate was read
after 30 min at 765 nm using a UV/vis Biotek Powerwave XS2 microplate reader (Bio-tek Instruments Inc., Winooski, VT, USA). The
TPC was expressed in milligrams of GA equivalents per gram of dry
weight (DW) (mg GAE/g DW). All samples were tested in triplicate.
2.5.2. Total flavonoid content
Total flavonoids content (TFC) was measured using a slightly
modified version of a previously reported method (Zhishen et al.,
1999). A 25 μL aliquot of sample or catechin standard solutions
(15.6–500 µg/mL) was mixed with 110 μL of a 0.066 M NaNO2
solution in wells of a 96-well plate. After 5 min, 15 μL of 0.75 M
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2.6.1. DPPH assay
The antiradical activity was determined based on a slightly modified version of a previously reported method (Li et al., 2011). In a
96-well microplate, 225 µL MeOH was added to blank wells and
25 µL 80% MeOH containing 1% formic acid in control wells followed by 200 µL DPPH (except in blank wells). Additionally, 25
µL aliquots of sample extracts or Trolox standard solutions (62.5–
1,000 µM) were added in triplicate followed by 200 µL DPPH
(350 µM). The plate was incubated for 6 h at room temperature
before absorbance was measured at 517 nm. The samples were
measured in triplicate and results were expressed as µmol Trolox
equivalents (TE)/g DW.
2.6.2. FRAP assay
Ferric reducing antioxidant power (FRAP) assay was conducted
using a slightly modified protocol reported by Li et al. (2011).
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Briefly, 10 μL of a sample extract was mixed with 300 μL of the
ferric-TPTZ reagent (prepared by mixing 300 mM acetate buffer,
pH 3.6, 10 mM TPTZ in 40 mM HCl and 20 mM FeCl3·6H2O
at a ratio of 10:1:1 (v/v/v)) in wells of a microplate. The plate
was incubated at room temperature for 2 h. Absorbances were
taken at 593 nm. The antioxidant values were expressed as μmol
AA equivalents/g DW) extrapolated from a linear standard curve
(62.5–1,000 μM AAE).
2.6.3. ORAC assay
The oxygen radical absorbance capacity (ORAC) assay followed
a protocol with slight modifications (Hu et al., 2012). A 25 µL aliquot of blank phosphate buffer, Trolox (6.25–100 µM) standard,
or sample extracts were added in triplicate to a 96-well microplate
followed by 150 µL (8.68 × 10−5 mM) fluorescein solution. Following incubation at 37 °C for 30 min, 25 µL of AAPH (153 mM) was
added to initiate reactions. Fluorescence was measured every min
in an automated spectrofluorometer PLX 800 (BioTek Instruments
Inc., Winooski, CT, USA) with a dual scanning microplate reader
for 120 min under excitation wavelength of 485 nm and emission
wavelength of 520 nm. Results were expressed as µmol TE/g DW.
2.7. Statistical analysis
TPC, TFC, TAC, DPPH, FRAP and ORAC were expressed as
mean ± SD of 6 biological replicates and statistical significance
was set at p < 0.05. One-way ANOVA followed by Tukey’s HSD
test was used for all the factors to determine the differences between groups (p < 0.05) using IBM SPSS® software for Windows
version 25.0 (IBM corporation, Armonk, NY, USA) and Dunnett’s
test to determine any significant effects compared to control (p <
0.05). Pearson correlation tests were interpreted according to the
guide Evans (1996) suggested. According to Evans’ empirical classification, the correlation strength can be interpreted using absolute values of Pearson correlation, r. less than 0.20 is very weak,
0.20–0.39 is weak, 0.40–0.59 is moderate, 0.60–0.79 is strong and
0.80 or greater is very strong correlation . It is commonly accepted
that higher absolute values and smaller associated p values imply a
stronger departure from a null hypothesis of no correlation.
3. Results and discussion
In the present study, eight different lighting ratios (%) (Figure 1)
on the microgreens were studied and phytochemical contents and
antioxidant activities were analyzed for each microgreen. The effects of each treatment lighting were investigated, and interpretations were based on Tukey’s HSD, Dunnett’s test and Pearson’s
correlation coefficients. The observed changes of increasing blue
and amber lights on the phenolic contents and antioxidant activities in microgreens were analyzed using Pearson’s correlation coefficient. When comparing individual treatment effects against
control (basal) conditions, only treatments that were significantly
different will be discussed based on maximum changes in content
(positive and negative).
3.1. Effects of lighting on total phytochemical content of microgreens
The TPC, TFC, and TAC of the studied microgreens were between

9.8–16.7 mg GAE/g DW (Figure 3a–c), 3.7–12.5 mg CE/g DW
(Figure 3d–f) and 0.06–0.12 mg C3GE/g DW (Figure 3g–i), respectively. The effects of the lighting on phytochemical accumulation in the microgreens varied significantly depending on the lighting conditions and species (p < 0.05). Most treatments enhanced
the TPC in certain microgreens with mixed effects on TFC and
little change and an inhibitory effect on TAC.
3.1.1. TPC
TPC was generally enhanced by overall treatments in more than
half the microgreens studied. Under amber lighting one half of the
microgreens (MO, MR, MS, RR) showed moderate correlation (r =
0.48–0.58) while the other half (PC, MB, MG, RO) showed weak
correlation (r = −0.3–0.28) (Table 2). It is generally reported that
blue light positively enhances phenolic content in vegetables and
herbs like lettuce, tomato and basil (Johkan et al., 2010; Kim et al.,
2013; Kyriacou et al., 2020). In our study, TPC was more strongly
correlated to blue light than amber light as seen in MO, MR, MS,
RR (r = 0.61–0.73), moderately in MG (r = 0.53) and generally
the same in other microgreens (Table 2). TPC is also shown to be
positively correlated with amber (595 nm) light in a study done on
two radish varieties grown under HPS light as control, an observation seen in our conventional radishes RR (Samuolienė et al., 2011;
Urbonavičiūtė et al., 2009). Out of all microgreens, both radishes
(RR, RO) contained the highest overall TPC while MG and MO
had the lowest. A recent study comparatively evaluating different
families of microgreens made a notable observation regarding the
high TPC of their radish microgreens compared to a least seven
other microgreens (Ghoora et al., 2020). This pattern was also seen
in our radishes compared to the six other microgreens of the same
family (Figure 3c). Phenolic compounds are linked to blue light
receptors and results in the current study shows that increasing both
amber and blue light enhanced TPC, and similar observations have
been noted elsewhere in different Brassica vegetables (Park et al.,
2019; Vaštakaitė-Kairienė et al., 2015). Blue light has a pronounced
effect on flavonoids and phenolic acid synthesis, and this could be
linked to their capacity for absorbing shorter wavelengths (Kyriacou et al., 2019b; Park et al., 2019). Positive correlations were
reported between the TPC, FRAP and DPPH antioxidant activities
in radish and mustard microgreens (Ghoora et al., 2020), winter
rapeseed varieties of Brassica napus (Szydlowska-Czerniak et
al., 2010), broccoli (Borowski et al., 2007) and lettuce (Liu et al.,
2007). The increase in TPC is attributed to the effect by increased
blue and amber light on synthesis of specific types of phenolics,
like phenolic acids which are found in high quantities in Brassica
microgreens (Harbaum et al., 2007; Kyriacou et al., 2019b).
Means that were significantly different from one another
were determined using Tukey’s HSD. The best combined lighting ratio out of all treatments for producing the highest content
in MO, MR, MS and RR is 39.46A:58.94B:0.57R and for MG is
12.57A:44.31B:42.39R (Figure 3a–c). When comparing individual
treatment effects against control conditions, overall maximum lighting conditions significantly increased TPC in MR, MS and RR by
4–18% while 18.45A:33.51B:47.48R and 12.57A:44.31B:42.39R
significantly increased TPC in MB and MG by 34% and 7%, respectively (Table 3). Generally, a significant decrease in TPC was
observed in RR under 6.74A:22.68B:70.25R (6%), in MS under 14.53A:30.18B:51.82R (11%) and in both PC and RO under
18.45A:33.51B:47.48R (13% and 17%, respectively).
The current findings agree with literature values and patterns
which suggest that blue lights are responsible for phenolics synthesis, such as that seen in microgreen species; however, red light
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Figure 3. Total phenolics content (TPC) (a–c) total flavonoids content (TFC) (d–f), and total anthocyanins content (TAC) (g–i) in the microgreens. Values are expressed as mean ± SD (n = 6). Values
with the same letter in each group are not significantly different (p < 0.05). TPC: total phenolics content (mg gallic acid equivalent GE/g dry weight (DW)); TFC: total flavonoids content (mg catechin
equivalent CE/g DW); TAC: total anthocyanin content (mg cyanidin-3-glucoside C3GE/g DW).
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Table 2. Overall amber and blue light effectiveness on phenolic contents and antioxidant activities based on Pearson correlation analysis (r-Pearson)a

TPCb

Phytochemical group

TFCc

TACd

Microgreen

amber

blue

amber

blue

amber

blue

Mizuna organic

0.50

0.68

0.40

0.49

−0.37

−0.12

Mizuna, red kingdom

0.48

0.66

0.37

0.57

−0.23

−0.18

Pac choi, red Pac

−0.30

−0.32

−0.62

−0.63

0.02

−0.33

Mustard, Barbarossa

−0.20

−0.06

0.31

0.44

−0.60

−0.68

Mustard, Garnet giant

0.28

0.53

−0.01

0.12

−0.81

−0.75

Mustard, Scarlet Frills

0.50

0.61

0.24

−0.16

−0.59

−0.64

Radish, red Rambo

0.58

0.73

0.03

0.26

−0.42

−0.25

Radish, red Rambo organic

−0.06

0.13

−0.45

−0.19

−0.78

−0.49

DPPHe

FRAPf

ORACg

Mizuna organic

0.71

0.60

−0.01

0.34

−0.37

−0.04

Mizuna, red kingdom

0.20

0.15

0.14

0.30

−0.58

−0.48

Pac choi, red Pac

−0.01

0.00

−0.67

−0.72

0.14

0.02

Mustard, Barbarossa

−0.33

−0.38

−0.82

−0.79

−0.57

−0.67

Mustard, Garnet giant

0.52

0.62

0.67

0.48

0.55

0.64

Mustard, Scarlet Frills

0.53

0.69

0.36

0.48

−0.48

−0.26

Radish, red Rambo

0.50

0.39

0.42

0.62

−0.04

0.33

Radish, red Rambo organic

0.57

0.50

−0.10

0.10

0.59

0.83

aValues

are mean ± SD, n = 6 (six biological samples); bTPC: total phenolic content (mg gallic acid equivalent GAE/g dry weight (DW)); cTFC: total flavonoid content (mg catechin
equivalent CE/g DW); dTAC: total anthocyanin content (mg cyanidin-3-glucoside C3GE/g DW); eDPPH: 2,2-diphenyl-1-picrylhydrazyl assay (µmol Trolox equivalent TE/g DW); fFRAP:
ferric reducing antioxidant power assay (µmol ascorbic acid equivalent/g DW); gORAC: oxygen radical absorbance capacity assay (µmol TE/g DW).

in combination with blue has also been reported to synthesize phenolic compounds (Kyriacou et al., 2019b). There is ample evidence
of blue light induced phenolic acid and flavonoid biosynthesis in
plants through the expression of key enzymes in the phenylpropanoid pathway (Chatterjee et al., 2006; Taulavuori et al., 2018;
Zoratti et al., 2014). This response to oxidative stress is speciesspecific and transcriptional responses are still poorly understood.
One study explains that exposure to both red and blue wavebands
could promote photoisomerization of phenolic compounds which
makes quantification relatively difficult (Kyriacou et al., 2019b).
Investigation into genotype-wavelength interaction and the underlying enzymes that control phenolics synthesis is recommended
for light-tailored biosynthesis, and is currently being studied in our
laboratory.
3.1.2. TFC
Only PC showed a strong negative correlation (r = −0.63) with
amber light, while moderately positively correlated in MO (r =
0.4) and negative in RO (r = −0.45), weak in MR, MB, MS and
RR (r = 0.03–0.37), and very weak in MG (r < 0.2) (Table 2).
Like TPC above, highest TFC is evident in both radishes (RR,
RO) while MS and MO contained the content. Similar correlations were seen under blue light for MO (r = 0.49) and PC (r =
−0.63), higher for MR (r = 0.57) and MB (r = 0.44) and lower for
RO (r = −0.19) (Table 2). Generally, a species-specific response
is seen for flavonoid accumulation under the current lighting and
it is suggested that energy-rich short wavelengths alone like blue
light might promote flavonoid biosynthesis to quench the higher

photo-oxidation potential generated (Kyriacou et al., 2019b). Blue
light is close to UV-A on the light spectrum and both are detected
by cryptochromes, therefore it is not unreasonable to assume dosedependent oxidative stress on the plant system in response to short
wavelength. In response to this, modulation and expression of key
enzymes would assist the counteraction of this oxidative stress
(Hasan et al., 2017; Kyriacou et al., 2019b).
A study investigating different ratios of red and blue light on
flavonoids synthesis in red and green basil microgreens found
species-specific responses to the lighting in which one cultivar
dominated flavonoid accumulation under a higher red ratio while
the other under balanced red and blue ratios (Lobiuc et al., 2017).
Another study examining increasing doses of supplementary green
light (500–599 nm) to red and blue lights on flavonoids synthesis
in green and purple basil leaves found an inhibitory response under
a higher ratio and no effect under a lower one (Dou et al., 2019).
Our study using 590 nm (amber) falls within their green light range
which could indicate why our microgreens were not linearly responsive to the lighting. In any case, our amber light conditions
supplementary to red and blue components could be used for increasing total flavonoids in certain microgreens although individual components may vary in their responses (Table 3). When comparing overall means, the best overall lighting ratio producing the
highest content in MO, MB and MS is under 39.46A:58.94B:0.57R
and for MR and RR is 14.53A:30.18B:51.82R (Figure 3d–f).
Generally, the effects of the treatments on TFC compared to
control were negative in the microgreens (Table 3). There was a
maximum significant decrease in TFC under 6.74A:22.68B:70.25R
for MR (11%), under 9.51A:24.13B:65.91R for MO (9%), under
12.57A:44.31B:42.39R for MS (21%), under 14.53A:30.18B:51.82R
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FRAPe

DPPHd

TACc

TFCb

TPCa

−27***
−24***

3ns

12.02A:26.26B:61.14R

10*
−34***

−23***

39.46A:58.94B:0.57R

13**

7ns

29***

18.45A:33.51B:47.48R

−18***

9.51A:24.13B:65.91R

−13***

14.53A:30.18B:51.82R

3ns

2ns

−1ns

37***

41***

−18***

0ns

9ns

6.74A:22.68B:70.25R

−9*

12.57A:44.31B:42.39R

−2ns

−1ns

−19***

−20***

−26***

14*

8ns

18**

16***

6ns

−8ns
−13*

−20***

11**

−3ns

−18***

−3ns

−2ns

−1ns

−2ns

−1ns

1ns

0ns

0ns

5*

−5ns

−6**

−21***

2ns

2ns

−2ns

4*

−3ns

−11***

1ns

0ns

−9***

−8***

Mustard
Scarlet Frills

−30***

−23***

−21***

−29***

0ns

−21***

−4ns

−2ns

0ns

−1ns

−1ns

−2*

−7ns

−34***

−1ns

0ns

0ns

2ns

2ns

1ns

−1ns

6ns

4ns

−4ns
2ns

7*

12***

2ns

3ns

−11***

−6ns

−1ns

1ns

−9**

−4ns

−14**

1ns

−10*

39.46A:58.94B:0.57R

12.02A:26.26B:61.14R

−9ns

−2ns

18.45A:33.51B:47.48R

−11**

−4ns

0ns

14.53A:30.18B:51.82R

9.51A:24.13B:65.91R

−4ns

1ns

12.57A:44.31B:42.39R

−23***

−5ns

−1ns

6.74A:22.68B:70.25R

−5ns

0ns

12.02A:26.26B:61.14R

3ns

−4ns

5ns

9.51A:24.13B:65.91R

−1ns

6ns

39.46A:58.94B:0.57R

6.74A:22.68B:70.25R

−9*

−12***

18.45A:33.51B:47.48R
−5ns

−12**

14.53A:30.18B:51.82R

4ns

0ns

12.02A:26.26B:61.14R
−4ns

6ns

0ns

9.51A:24.13B:65.91R
2ns

−9*

−4ns

12.57A:44.31B:42.39R

−4ns

−1ns

6.74A:22.68B:70.25R

−15***
18***

6ns

3ns

7*

39.46A:58.94B:0.57R

−13***

34***

−6ns

−1ns

18.45A:33.51B:47.48R

16***

−6ns

8**

14.53A:30.18B:51.82R

18***

7***

5ns

31***

12.57A:44.31B:42.39R

4ns
7ns

−1ns

5ns

12.02A:26.26B:61.14R

0ns

−2ns

Mustard red
kingdom

−5ns

Mizuna
Organic

2ns

−14***

34***

9.51A:24.13B:65.91R

−13***

Mustard
Garnet Giant

32***

Mustard
Barbarossa

6.74A:22.68B:70.25R

Light ratios (%,
amber:blue:red)

Table 3. Net changes (%) of total phenolic, flavonoid and anthocyanin contents and antioxidant activities

1ns

6ns

1ns

−2ns

0ns

21***
−3ns

38***
−4ns

−3ns

−10ns
36***

8*

10**

−5ns

0ns

−3ns

0ns

0ns

2ns

1ns

0ns

0ns

−9***

0ns

−5ns

6**

4ns

−6*

−4ns

−1ns

−17***

1ns

2ns

−1ns

−7**

−5ns

Radish, red
Rambo organic

8ns

4ns

0ns

3ns

0ns

0ns

1ns

−2ns

1ns

0ns

−1ns

−8***

−3ns

−2ns

−2ns

7**

−5ns

0ns

−6*

−13***

−2ns

−6**

3ns

−7**

−4ns

Pac choi,
red Pac

−11**

−7ns

−1***

18***

46***

1ns

4ns

−3ns

2ns

−2ns

0ns

−1ns

1ns

1ns

1ns

2ns

1ns

3ns

−5ns

4ns

6**

5ns

1ns

1ns

5**

−2ns

3ns

5**

2ns

−1ns

−6**

Radish, red
Rambo
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−13**
39.46A:58.94B:0.57R

aTPC:

1ns
11ns

mg gallic acid equivalent GAE/g dry weight; bTFC: mg catechin equivalent/g dry weight; cTAC: mg cyanidin-3-glucoside/g dry weight; dDPPH: µmol Trolox equivalent TE/g dry weight (DW); eFRAP: µmol ascorbic acid
equivalent/g DW; fORAC: oxygen radical absorbance capacity. Values are mean ± SD (n = 6). Cells with *, ** and *** are significantly different from control at 5%, 1% and 0.01% and are italicized for clarity; nsnot significant from
control (p < 0.05).

−14**
−17***

−10ns
−9***
1ns
−20ns
−19***
18.45A:33.51B:47.48R

−56***

−14***

1ns

−17***
−16***

13***
−9ns
−4ns
14.53A:30.18B:51.82R

−7ns

−10ns
−16***
−3ns
0ns

34***
−12**
12.57A:44.31B:42.39R

49***

−5ns
−10***
−10*

−7*
−16***
−1ns

−1ns

13***

−1ns

−7*
5ns
−6ns
2ns
12.02A:26.26B:61.14R

19***

−3ns
−29***
−17***
−17***
18***
10*
9.51A:24.13B:65.91R

2**

−11*
−19***
27***

−26ns

6.74A:22.68B:70.25R

−9*

−5ns

−5ns
−2ns
−31ns
0ns
ORACf

0ns
−9**
16*
−8***
21***
−11**
39.46A:58.94B:0.57R

2ns

−10**

−8ns
−9***
1ns
18**
−26***
−26***
−8ns
18.45A:33.51B:47.48R

−2ns

−2ns
−2ns
7ns
−19***
−18**
−2ns
14.53A:30.18B:51.82R

−8*

2ns
2ns
−2ns
19**
−9***
−38***
−2ns
12.57A:44.31B:42.39R

12***

Mustard red
kingdom
Mustard
Garnet Giant
Mustard
Barbarossa

Mizuna
Organic
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Table 3. Net changes (%) of total phenolic, flavonoid and anthocyanin contents and antioxidant activities - (continued)

Mustard
Scarlet Frills

Pac choi,
red Pac

Radish, red
Rambo organic

Radish, red
Rambo

Alrifai et al.

for MG (12%), under 18.45A:33.51B:47.48R for MB (12%), and
under 39.46A:58.94B:0.57R for both PC and RO (8 and 8% respectively). Maximum increases in TFC was measured under
12.57A:44.31B:42.39R for MR, RO and RR (12%, 6% and 6%,
respectively), under 12.02A:26.26B:61.14R for PC (7%) and under 39.46A:58.94B:0.57R for MS (5%).
3.1.3. TAC
Almost all microgreens, except for PC, showed negative correlations between the amber lighting and TAC suggesting amber light
had inhibitory effects on anthocyanin synthesis (Table 2). Only PC
microgreens were weakly positively correlated with amber r < 0.2)
while all others showed negative correlations. In particular, very
strong negative correlations existed between the lighting and TAC
of MG (r = −0.81), strong negative in MB and MG (r = −0.6 and
−0.81, respectively), moderately negative in RR and MS (r = −0.42
and −0.59, respectively) and weakly negative in MO and MR (r =
−0.37 and −0.23, respectively). On the other hand, TAC correlation
with blue light was slightly different than amber light, however all
microgreens showed negative correlations between TAC and blue
lighting. Both MO and MR microgreens were very weakly correlated with blue (r < 0.2), RR and PC were weakly negatively correlated (r = −0.25 and −0.33), RO was moderately negatively correlated (r = −0.49) and MB, MG and MS were strongly negatively
correlated (r = −0.68, −0.75 and −0.64, respectively) (Table 2).
Although a very weak association was recorded between the
lighting and TAC of PC, no general conclusion can be made regarding which treatment was more favorable and if the treatments
were at all beneficial. In the current study, microgreens did not
benefit from any mixed ratios of amber, blue and red lighting and
may have inhibited anthocyanin accumulation.
When compared to control conditions, only the TAC of MR microgreens was significantly decreased under 6.74A:22.68B:70.25R
by 2% (Table 3). TAC was not significantly changed from control
in all microgreens, which suggests that the expression and accumulation of anthocyanins were not significantly modulated by
these light combinations (Figure 3g–i). In addition to light quality
by blue light, higher intensities within that range promotes anthocyanin synthesis for defense against short-wave energy light. This
is evident in kohlrabi microgreens (Gerovac et al., 2016) and not in
ours. The PPF of blue light in the current study set-up was insufficient for stimulating a positive response. Even under shorter wavelengths like UV-A, anthocyanin accumulation is still dependent
on PPF and follows a dose-response relationship which is shown
in anthocyanin-rich grape skins (Kataoka et al., 2003) and turnip
leaves (Zhou et al., 2007). A contradictory report in kale microgreens show that anthocyanin accumulation is not always dosedependent with intensity which could lead to the possibility that
wavelength (spectral quality) selection may play an equal or more
significant role in secondary metabolite synthesis (Lefsrud et al.,
2008). Higher intensities are shown to stimulate anthocyanin synthesis under an overall combined lighting irradiance of 320–440
μmol m−2 s−1 (Samuolienė et al., 2013) or a blue light irradiance
of 75 μmol m−2 s−1 (Vaštakaitė-Kairienė et al., 2015), as shown in
PC microgreens under 280 μmol m−2 s−1 and in two amaranth microgreens (Meas et al., 2020). Our overall lighting (179–197 μmol
m−2 s−1) intensities for all treatments were insufficient for TAC
accumulation as we expected therefore special attention should
be given to modulating overall intensity for targeted anthocyanin
synthesis.
Common plant acclimation responses to environmental stressors is the accumulation of different antioxidants and secondary me-
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tabolites, such as ascorbate, flavonoids, and tocopherols (Jansen
et al., 2008). Although TAC was negatively affected in the majority of our microgreens, anthocyanin synthesis requires prolonged
exposure to high PPF for a beneficial response which can partly
be related to the species and experimental conditions (Frazie et
al., 2017; Mancinelli et al., 1991). The negative correlation between overall lighting may simply indicate the pathway toward
anthocyanin synthesis was affected or diverged to other directions.
Cryptochrome and phytochrome signaling pathways are involved
in photo-regulation of anthocyanin synthesis when plants are exposed to prolonged irradiation (Liu et al., 2016). Since red and
amber lights are exclusively detected by phytochrome and blue
light is involved in the excitation of electrons in both photoreceptors, the difference in anthocyanin synthesis is mainly attributable
to cryptochrome activation in response to blue light (Kong et al.,
2019; Mancinelli et al., 1991).
3.2. Effects of lighting on DPPH, FRAP and ORAC antioxidant
activities of microgreens
Antioxidant activities of the studied microgreens measured by
DPPH, FRAP and ORAC methods were between 74–173 µM
TE/g DW (Figure 4a–c), 25–127 µM AE/g DW (Figure 4d–f) and
515–1,652 µM TE/g DW (Figure 4g–i), respectively. Total antioxidant activities obtained by these methods collectively provides
valuable information during the early stages of study to select optimal conditions for the goal of enhancing the antioxidant activity
of microgreens (Iqbal et al., 2012).
3.2.1. DPPH
DPPH antioxidant activity was strongly correlated with the amber
lighting in MO (r = 0.71), moderately correlated in MG, MS, RR
and RO (r = 0.5–0.57), weakly correlated in MR and MB (r = 0.29
and −0.3, respectively) and very weak in PC (r < 0.2) microgreens
(Table 2). Blue light correlations with DPPH were slightly different
than amber. MO, MG and MS microgreens showed the strongest
correlations between DPPH and blue light (r = 0.60, 0.62 and 0.69,
respectively), moderately in RO (r = 0.50), weakly in MB and RR
(r = −0.38 and 0.39, respectively) and very weak in MR and PC
(r < 0.2) (Table 2). A recent study reported a reduction in DPPH
antioxidant activity in PC under different pulsed-LED frequencies
of yellow (590 nm) LEDs (Vastakaite et al., 2017). Another study
found that increasing blue light intensity significantly enhanced
DPPH antioxidant activity in two pac choi cultivars (Zheng et al.,
2018). Only under a ratio of 18.45A:33.51B:47.48R did we find a
significant increase in DPPH antioxidant activity from control in
PC microgreens (Table 3). Although no pulsating light was used in
our current study or high intensity blue light, we did not find any
significant correlations between overall lighting and DPPH in our
PC microgreens.
DPPH antioxidant activity was generally enhanced by the
overall treatments by increasing both amber and blue light ratios
with minimal red light. Our results on both radishes agree with
a previous study on radish leaves showing DPPH antioxidant activity, in addition to the TPC, can be enhanced under supplementary amber (595 nm) light with red and blue basal components as
opposed to HPS lighting as control (red light at ∼200 μmol m−2
s−1) (Urbonavičiūtė et al., 2009) (Figure 4c). However, this study
reported suppression of monosaccharide and vitamin C accumulation in the radish leaves under supplementary amber which could
suggest both amber and blue lights induced mild stress on the plant
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system. This resulted in the enhancement of the phenolics pool
serving as defense against oxidation (Urbonavičiūtė et al., 2009).
According to Tukey’s HSD, the lighting ratio that produced the
highest content in the microgreens is 18.45A:33.51B:47.48R, except for MS under 39.46A:58.94B:0.57R (Figure 4a–c).
The effects of the treatments on antioxidant activity compared
to control were mixed among the microgreens (Table 3). Treatment
6.74A:22.68B:70.25R caused a maximum significant decrease in
DPPH activity in MG and MR (23% and 34%, respectively) and
14.53A:30.18B:51.82R caused a significant decrease in MO and
MS (18% and 20%, respectively). On the other hand, DPPH was
significantly increased under 18.45A:33.51B:47.48R in all microgreens (13–46%), except no effect in MR and increased in MS
(16%) under maximum amber and blue light conditions. According to an earlier study, the radical quenching ability of phytochemicals can differ depending on species and assays used which was
compared in mustard, tatsoi and PC microgreens grown under 5
doses of blue LEDs (Vaštakaitė-Kairienė et al., 2015). In the current study, DPPH antioxidant activity was generally positively affected by the lighting treatments under increased blue and amber
lighting in most microgreens.
3.2.2. FRAP
Antioxidant activity measured by the FRAP method showed similar and slightly different results compared to DPPH measured antioxidant activity results. Mixed weak, very weak and moderate
correlations were measured in MO, MR, MS, RR and RO between
FRAP and amber lighting (r = −0.1 to 0.42) compared to DPPH
which was generally weakly to moderately correlated to amber
lighting (Table 2). Moderate to strong correlations between FRAP
and amber lighting existed in PC and MB (r = −0.67 and −0.82, respectively) and MG (r = 0.67). FRAP was also strongly negatively
correlated with blue light in PC and MB microgreens (r = −0.72
and −0.79, respectively) and strongly positively correlated with
RR (r = 0.62), moderately in MG and MS (r = 0.48) and weakly
correlated in MO and MR (r = 0.3–0.34) (Table 2).
AA is a strong antioxidant that is naturally found in plant cells
and plays an important role in reducing oxidation caused by ROS.
Since ROS are constantly produced by metabolically active plants,
enhancing compounds like AA and other antioxidant compounds
is important for mitigating plant cellular damage. A recent study
found supplementary yellow (595 nm) to red and blue components
increased AA content in kohlrabi microgreens, but the same effect
was not observed in mizuna and broccoli microgreens (Samuolienė
et al., 2019). Although our study did not examine the AA content,
we determined the antioxidant activity according to an ascorbic
acid standard (Figure 4d–f). Generally, we found increasing blue
light to be benefit antioxidant activity by FRAP method in most
microgreens compared to amber light.
Means were statistically compared and the best lighting ratio for
producing the highest antioxidant activity by FRAP method in MG
is 39.46A:58.94B:0.57R, for MR is 4.73A:20.52B:74.36R, for MS
is 12.57A:44.31B:42.39R and for RR is 14.53A:30.18B:51.82R
(Figure 4d–f). Maximum values for FRAP antioxidant activity varied among the microgreens and treatments without a general pattern like DPPH. Compared to control, FRAP was significantly and
maximally decreased in MR and RR under 6.74A:22.68B:70.25R
(26% and 1%, respectively), in MG under 12.57A:44.31B:42.39R
(38%), in MO under 14.53A:30.18B:51.82R (8%), in RO under
18.45A:33.51B:47.48R (9%) and in MB and PC under maximum
blue and amber 39.46A:58.94B:0.57R (11 and 9%, respectively)
(Table 3). FRAP activity was also significantly and maximally in-
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Figure 4. Antioxidant activities in the microgreens as measured by DPPH, FRAP and ORAC methods. Values are expressed as mean ± SD (n = 6). Values with the same letter in each group are not
significantly different (p < 0.05). DPPH: 2,2-diphenyl-1-picrylhydrazyl assay (µmol Trolox equivalent Trolox equivalents TE/g dry weight (DW)); FRAP: ferric reducing antioxidant power assay (µmol
ascorbic acid equivalent AE/g DW); ORAC: oxygen radical absorbance capacity assay (µmol TE/g DW).
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creased in MO and MS under 12.57A:44.31B:42.39R (12% and
19%, respectively) and in MG under 39.46A:58.94B:0.57R (10%).
3.2.3. ORAC
Mostly all microgreens showed negative correlations between
the lighting treatments and antioxidant activity measured by the
ORAC method with mixed strengths of association. Correlations
between lighting and ORAC were very weak in RO (r < 0.2), weak
(r = −0.37) in MO, moderate in MR, MB, MS (r = −0.58, −0.57,
−0.48, respectively) and strong in RR (r = −0.71). Only weak and
moderate positive correlations between the overall lighting and
ORAC existed in PC (r = 0.14) and MG (r = 0.55), respectively (Table 2). Similar correlations were seen under blue light for
ORAC with a strong negative correlation in MB (r = −0.67) and
strong positive in MG and RO (r = 0.64 and 0.83, respectively).
The best lighting ratio for producing the highest antioxidant activity by ORAC method in PC and MG microgreens occurred under
maximum amber and blue light ratios with the least amount of red
light, 39.46A:58.94B:0.57R (Figure 4g–i). Generally, antioxidant
activity by ORAC method was negatively affected by the lighting
compared to control conditions. Maximum significant decreases
from control were seen in MG under 6.74A:22.68B:70.25R (26%),
in MS and PC under 9.51A:24.13B:65.91R (16 and 17%, respectively), in PC under 18.45A:33.51B:47.48R (17%) and in MR and
RR under 39.46A:58.94B:0.57R (56% and 14%, respectively).
The largest significant increases were measured in MB under
9.51A:24.13B:65.91R (10%), in MO under 12.57A:44.31B:42.39R
(34%), in MR under 14.53A:30.18B:51.82R (49%), and in MG under 39.46A:58.94B:0.57R (11%) (Table 3).
Although the ORAC assay is regarded as the most sensitive
and relevant to biological system (hydroxyl radical), many studies including ours have not shown consistent correlation between
its value and phytochemicals such as phenolics (Li et al., 2012).
A report on several mustard varieties showed that the lowest correlation was observed between ORAC and TPC suggesting that
phenolics are exclusive to overall antioxidant potential (Szydlowska-Czerniak et al., 2010). The mechanisms and kinetics of the antioxidant action in the ORAC assay may inherently lack overall
correlation with phenolics (Zhang et al., 2015). For this reason, a
close examination in our future studies on the phenolic compositions i.e. individual phenolic compounds become imperative. One
possible reason ORAC was overall negatively impacted by the
lighting in the microgreens may be due to the rigid control over reaction conditions which can compromise use of this assay. Occurrence of very long reaction times without substantial fluorescein
could be another potential reason for the negative ORAC values
(Schaich et al., 2015). Nonetheless, ORAC antioxidant screening
provides important tools for preliminary evaluation and screening
of antioxidants and comparability between species and genus.
While only in vitro antioxidant activities were measured in the
present study, the validity of these as indicators of potential health
needs to be confirmed in vivo. Higher in vitro antioxidant activity often leads to reduced oxidative stress-related chronic diseases;
however, it may not always be the case. Research on the use of
LED for the enhancement of bioactives in microgreen is a relatively new field, and results such as that presented here will lead to
further investigations into specific compounds and how they may
contribute to in vivo bioactivities. Currently, even in vitro studies
are still scarce for bioaccessibility related studies in microgreens,
especially for Brassica species (Khoja et al., 2020). A great deal of
evidence exists on the health benefits of Cruciferous vegetables;
however, only one animal study exists to date to study the effects
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of anthocyanin-rich red cabbage microgreens. Red cabbage microgreen supplementation attenuates high-fat diet induced weight
gain and lowered expression of inflammatory cytokines in the liver
thus potentially protecting against cardiovascular disease through
inhibition of hypercholesterolemia (Huang et al., 2016).
3.3. Principal Component Analysis (PCA)
While correlation and regression analysis provide information on
the effect of overall lighting on phenolic contents and antioxidant
activities, PCA explains overall variations and reduces the dimensionality of large data sets such as ours. In this study, the proportions of eigenvalues of the correlation matrix for the first three
principal components were 51%, 27.8% and 9.3% (Figure 5). The
top two components accounted for 78.8%, and all these three components explained 88.1% of the total variance, indicating that two
or three components provided a good summary of the data. Biplots
in which the points represent microgreens treated by various light
ratios and the vectors represent phenolics content and antioxidant
activity measured by different methods.
The directions of the vectors indicate that PC1 mainly explains
DPPH antioxidant activity; PC2 appears to represent ORAC antioxidant activity; and PC3 seems to be related to FRAP antioxidant
activity. Vectors pointing in the same direction are closely correlated, such as the relationship between TFC, TPC and DPPH, and between TAC and ORAC. These correlations are consistent with other
Brassica species and other herb microgreens (Deng et al., 2013; Li
et al., 2018; Samuolienė et al., 2016; Xiao et al., 2019) A 90° angle
between vectors, such as the pair of TFC and TAC, indicates no correlation. The results suggest that the DPPH activity was primarily
determined by both TPC and TFC, whereas the ORAC activity was
largely governed by TAC. The FRAP activity could not generally
be ascribed to TPC or any of its sub-groups i.e. TFC or TAC.
3.3.1. Effect of variety on phytochemical content
Samples that are clustered together in the biplot are those that possess similar profiles of properties. The distribution of points on the
biplot showed that effect of variety dominated the variance compared to the treatment effect from combined light ratios. All the varieties were clearly separated by the PCA biplot, even between the
RR and its organic counterpart RO. RR was featured with high TPC,
while RO with higher TFC than TPC (Ghoora et al., 2020). RO is
genetically identical to RR but having less similarities in TPC. MB
is unique for its high FRAP antioxidant activity, as distinct from the
same family MG and MS which are the lowest in all parameters. MR
and MO showed intermediate properties of phytochemical contents
and antioxidant activities among the microgreens.
3.3.2. Effect of overall amber, red and blue lighting on phytochemical content
Most microgreens were responsive to the increasing ratios of amber and blue light and decreasing red (Figure 3). TPC of RR increased with the increasing amber and blue light but in its organic
counterpart RO, TFC was increased. MR appeared to be very sensitive and responsive to the increases of amber and blue lighting
while MB and PC were only moderately sensitive and responsive.
Until today, only a few studies have looked at increasing amber
light effects on phytochemical synthesis, thus comparisons can of-
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Figure 5. Biplot of the principle components 1, 2 and 3 describe groups of phytochemicals (TPC, TFC, TAC) and antioxidant activities (DPPH, FRAP, ORAC) of
eight microgreens under eight treatments. Treatments are labeled with only amber light % for legibility. Ratios are 4.73A:20.52B:74.36R; 6.74A:22.68B:70.25R;
9.51A:24.13B:65.91R; 12.02A:26.26B:61.14R; 12.57A:44.31B:42.39R; 14.53A:30.18B:51.82R; 18.45A:33.51B:47.48R; 39.46A:58.94B:0.57R. Each data point
on the biplot represents averaged values of six biological repeats (n = 6). MB: Mustard, Barbarossa; MG: Mustard, Garnet giant; MO: Mizuna, organic; MR:
Mizuna, red kingdom; MS: Mustard, Scarlet Frills; PC: Pac choi, red Pac; RO: Radish, red Rambo organic; RR: Radish, red Rambo

ten be difficult if baseline values have not been established (Vastakaite et al., 2017; Vaštakaitė et al., 2018). Comparison of general
trends like that in the current study would better suit growers’ need
to supplement amber light to red and blue components depending
on the type of species being grown.
4. Conclusion
Our study does report for the first time the effect of different amber and blue light ratios combined with red light on the phenolic
contents (TPC, TFC, TAC) and antioxidant activities by DPPH,
FRAP, and ORAC assays in several Brassica microgreens. The
current results suggest overall lighting using amber, blue and red
lights on TPC or its sub-group TFC were species-dependent, while
TAC was negatively influenced by the spectral combinations in our
study. The variability in the correlations between the total phenolic
and flavonoid components and the antioxidant activities of the different microgreens may also depend on the assays employed. All
antioxidant assays used in the present study are chemical based
methods by slightly different mechanisms and no specific correlations has been found between results of these assays.
The overall trends of the lighting on phenolic contents and antioxidant activities were compared and PCA indicated that the eight
microgreen varieties could be divided into three groups based on
phenolic content and sensitivity to the lighting. Those that are
highly responsive to treatments with amber, red and blue light and

high in DPPH antioxidant activity, TPC and TFC such as RR and
RO; MB and MR that were moderately to highly sensitive to the
lighting but with no clear dose-dependence; other microgreens that
were not sensitive to the lighting nor showed dose-dependent responses.
Using LEDs for microgreen production in controlled environment agriculture with goals for enhancing phytochemical profiles
and specific nutrients is a relatively new area of research, and the
present study is the first step towards the use of amber light at different doses supplementary to red and blue basal lighting. Considering the diverse phenolic composition of the different plants, and
the fact that other antioxidant phytochemicals such as carotenoids
and glucosinolates found in Brassica microgreens contribute also to
overall antioxidant benefit, future studies should not only include
the effect on individual phenolics but examine other phytochemical
components and the mechanisms underlying the effect of LEDs.
Identification of bioactive compounds responsible for the observed
effects and their variations is in progress and will be communicated
in the near future. Furthermore, understanding gene activation under certain LED conditions will surely lead to the development of
species-specific lighting systems to enhance all-around productivity and to enhance beneficial and important antioxidant compounds.
Acknowledgments
This study was supported by the A-base funds of Agriculture &

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

107

Amber, red and blue LEDs modulate phenolic contents and antioxidant activities
Agri-Food Canada (AAFC). Project #J-001328.001.04 and #J002228.001.07.
Conflict of interest
The authors declare no competing financial interest.
References
Borowski, J., Szajdek, A., Borowska, E.J., Ciska, E., and Zieliński, H. (2007).
Content of selected bioactive components and antioxidant properties of broccoli (Brassica oleracea L.). Eur. Food Res. Technol. 226(3):
459–465.
Chatterjee, M., Sharma, P., and Khurana, J.P. (2006). Cryptochrome 1 from
Brassica napus is up-regulated by blue light and controls hypocotyl/
stem growth and anthocyanin accumulation. Plant Physiol. 141(1):
61–74.
de la Fuente, B., Lopez-Garcia, G., Manez, V., Alegria, A., Barbera, R., and
Cilla, A. (2019). Evaluation of the Bioaccessibility of Antioxidant Bioactive Compounds and Minerals of Four Genotypes of Brassicaceae
Microgreens. Foods 8(7): 250.
Deng, G.-F., Lin, X., Xu, X.-R., Gao, L.-L., Xie, J.-F., and Li, H.-B. (2013). Antioxidant capacities and total phenolic contents of 56 vegetables. J.
Funct. Foods 5(1): 260–266.
Dou, H., Niu, G., and Gu, M. (2019). Photosynthesis, Morphology, Yield,
and Phytochemical Accumulation in Basil Plants Influenced by Substituting Green Light for Partial Red and/or Blue Light. HortScience
54(10): 1769.
Dougher, T.A., and Bugbee, B. (2001). Evidence for yellow light suppression of lettuce growth. Photochem. Photobiol. 73(2): 208–212.
Frazie, M.D., Kim, M.J., and Ku, K.M. (2017). Health-Promoting Phytochemicals from 11 Mustard Cultivars at Baby Leaf and Mature Stages.
Molecules 22(10): 1749.
Gerovac, J.R., Craver, J.K., Boldt, J.K., and Lopez, R.G. (2016). Light Intensity
and Quality from Sole-source Light-emitting Diodes Impact Growth,
Morphology, and Nutrient Content of Brassica Microgreens. HortScience 51(5): 497–503.
Ghoora, M.D., Haldipur, A.C., and Srividya, N. (2020). Comparative evaluation of phytochemical content, antioxidant capacities and overall
antioxidant potential of select culinary microgreens. J. Agric. Food
Res. 2: 100046.
Grell, G.A. (1979). Thyphoid fever in Dominica, W.I.--report on the clinical
features of 78 cases. West Indian Med. J. 28(2): 94–99.
Harbaum, B., Hubbermann, E.M., Wolff, C., Herges, R., Zhu, Z., and
Schwarz, K. (2007). Identification of flavonoids and hydroxycinnamic
acids in pak choi varieties (Brassica campestris L. ssp. chinensis var.
communis) by HPLC-ESI-MSn and NMR and their quantification by
HPLC-DAD. J. Agric. Food Chem. 55(20): 8251–8260.
Hasan, M.M., Bashir, T., Ghosh, R., Lee, S.K., and Bae, H. (2017). An Overview of LEDs’ Effects on the Production of Bioactive Compounds and
Crop Quality. Molecules 22(9): 1420.
He, J., Qin, L., Chong, E.L., Choong, T.W., and Lee, S.K. (2017). Plant Growth
and Photosynthetic Characteristics of Mesembryanthemum crystallinum Grown Aeroponically under Different Blue- and Red-LEDs. Front
Plant Sci. 8(361): 361.
Hu, C., Tsao, R., Liu, R., Alan Sullivan, J., and McDonald, M.R. (2012). Influence of cultivar and year on phytochemical and antioxidant activity
of potato (Solanum tuberosum L.) in Ontario. Can. J. Plant Sci. 92(3):
485–493.
Huang, H., Jiang, X., Xiao, Z., Yu, L., Pham, Q., Sun, J., Chen, P., Yokoyama,
W., Yu, L.L., Luo, Y.S., and Wang, T.T. (2016). Red Cabbage Microgreens Lower Circulating Low-Density Lipoprotein (LDL), Liver Cholesterol, and Inflammatory Cytokines in Mice Fed a High-Fat Diet. J.
Agric. Food Chem. 64(48): 9161–9171.
Iqbal, S., Younas, U., Sirajuddin, Chan, K.W., Sarfraz, R.A., and Uddin, K.
(2012). Proximate composition and antioxidant potential of leaves
from three varieties of Mulberry (Morus sp.): a comparative study.

108

Alrifai et al.

Int. J. Mol. Sci. 13(6): 6651–6664.
Jansen, M.A.K., Hectors, K., O’Brien, N.M., Guisez, Y., and Potters, G.
(2008). Plant stress and human health: Do human consumers benefit
from UV-B acclimated crops? Plant Sci. 175(4): 449–458.
Johkan, M., Shoji, K., Goto, F., Hashida, S.-n., and Yoshihara, T. (2010). Blue
Light-emitting Diode Light Irradiation of Seedlings Improves Seedling
Quality and Growth after Transplanting in Red Leaf Lettuce. HortScience 45(12): 1809.
Kamal, K.Y., El-Tantawy, A.A., Moneim, D.A., Salam, A.A., Qabil, N., Ashshormillesy, S.M.A.I., Attia, A., Ali, M.A.S., Herranz, R., El-Esawi, M.A.,
and Nassrallah, A.A. (2019). Evaluation of 21 Brassica microgreens
growth and nutritional profile grown under diffrenet red, blue and
green LEDs combination. bioRxiv.
Kataoka, I., Sugiyama, A., and Beppu, K. (2003). Role of Ultraviolet Radiation in Accumulation of Anthocyanin in Berries of ‘Gros Colman’
Grapes (Vitis vinifera L.). Engei. Gakkai. Zasshi. 72(1): 1–6.
Khoja, K.K., Buckley, A., Aslam, M.F., Sharp, P.A., and Latunde-Dada, G.O.
(2020). In Vitro Bioaccessibility and Bioavailability of Iron from Mature and Microgreen Fenugreek, Rocket and Broccoli. Nutrients
12(4): 1057.
Kim, K., Kook, H., Jang, Y., Lee, W., Kamala-Kannan, S., Chae, J.-C., and Lee,
K.-J. (2013). The Effect of Blue-light-emitting Diodes on Antioxidant
Properties and Resistance to Botrytis cinerea in Tomato. J. Plant Path.
& Micr. 4(9): 1–5.
Kong, S.G., and Okajima, K. (2016). Diverse photoreceptors and light responses in plants. J. Plant Res. 129(2): 111–114.
Kong, Y., Schiestel, K., and Zheng, Y. (2019). Pure blue light effects on
growth and morphology are slightly changed by adding low-level
UVA or far-red light: A comparison with red light in four microgreen
species. Environ. Exp. Bot.. 157: 58–68.
Kyriacou, M.C., El-Nakhel, C., Pannico, A., Graziani, G., Soteriou, G.A.,
Giordano, M., Palladino, M., Ritieni, A., De Pascale, S., and Rouphael,
Y. (2020). Phenolic Constitution, Phytochemical and Macronutrient
Content in Three Species of Microgreens as Modulated by Natural
Fiber and Synthetic Substrates. Antioxidants (Basel) 9(3): 252.
Kyriacou, M.C., El-Nakhel, C., Pannico, A., Graziani, G., Soteriou, G.A.,
Giordano, M., Zarrelli, A., Ritieni, A., De Pascale, S., and Rouphael,
Y. (2019b). Genotype-Specific Modulatory Effects of Select Spectral
Bandwidths on the Nutritive and Phytochemical Composition of Microgreens. Front Plant Sci. 10(1): 1501.
Kyriacou, M.C., El-Nakhel, C., Graziani, G., Pannico, A., Soteriou, G.A.,
Giordano, M., Ritieni, A., De Pascale, S., and Rouphael, Y. (2019a).
Functional quality in novel food sources: Genotypic variation in the
nutritive and phytochemical composition of thirteen microgreens
species. Food Chem. 277(1): 107.
Lefsrud, M.G., Kopsell, D.A., and Sams, C.E. (2008). Irradiance from Distinct Wavelength Light-emitting Diodes Affect Secondary Metabolites in Kale. HortScience 43(7): 2243–2244.
Li, H., Deng, Z., Liu, R., Young, J.C., Zhu, H., Loewen, S., and Tsao, R. (2011).
Characterization of Phytochemicals and Antioxidant Activities of
a Purple Tomato (Solanum lycopersicum L.). J. Agric. Food Chem.
59(21): 11803–11811.
Li, H., Deng, Z., Zhu, H., Hu, C., Liu, R., Young, J.C., and Tsao, R. (2012).
Highly pigmented vegetables: Anthocyanin compositions and their
role in antioxidant activities. Food Res. Int. 46(1): 250–259.
Li, Z., Lee, H.W., Liang, X., Liang, D., Wang, Q., Huang, D., and Ong, C.N.
(2018). Profiling of Phenolic Compounds and Antioxidant Activity
of 12 Cruciferous Vegetables. Molecules (Basel, Switzerland) 23(5):
1139.
Liu, B., Yang, Z., Gomez, A., Liu, B., Lin, C., and Oka, Y. (2016). Signaling
mechanisms of plant cryptochromes in Arabidopsis thaliana. J. Plant
Res. 129(2): 137–148.
Liu, X., Ardo, S., Bunning, M., Parry, J., Zhou, K., Stushnoff, C., Stoniker, F.,
Yu, L., and Kendall, P. (2007). Total phenolic content and DPPH radical
scavenging activity of lettuce (Lactuca sativa L.) grown in Colorado.
LWT-Food Sci. Technol. 40(3): 552–557.
Lobiuc, A., Vasilache, V., Pintilie, O., Stoleru, T., Burducea, M., Oroian, M.,
and Zamfirache, M.M. (2017). Blue and Red LED Illumination Improves Growth and Bioactive Compounds Contents in Acyanic and
Cyanic Ocimum basilicum L. Microgreens. Molecules 22(12): 2111.
Mancinelli, A.L., Rossi, F., and Moroni, A. (1991). Cryptochrome, phyto-

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

Alrifai et al.

Amber, red and blue LEDs modulate phenolic contents and antioxidant activities

chrome, and anthocyanin production. Plant Physiol. 96(4): 1079–
1085.
Meas, S., Luengwilai, K., and Thongket, T. (2020). Enhancing growth and
phytochemicals of two amaranth microgreens by LEDs light irradiation. Scientia Horticulturae 265: 109204.
Park, C.H., Kim, N.S., Park, J.S., Lee, S.Y., Lee, J.W., and Park, S.U. (2019). Effects of Light-Emitting Diodes on the Accumulation of Glucosinolates
and Phenolic Compounds in Sprouting Canola (Brassica napus L.).
Foods 8(2): 76.
Samuolienė, G., Brazaitytė, A., Viršilė, A., Jankauskienė, J., Sakalauskienė,
S., and Duchovskis, P. (2016). Red Light-Dose or Wavelength-Dependent Photoresponse of Antioxidants in Herb Microgreens. PLoS One
11(9): e0163405.
Samuolienė, G., Brazaitytė, A., Viršilė, A., Miliauskienė, J., VaštakaitėKairienė, V., and Duchovskis, P. (2019). Nutrient Levels in Brassicaceae Microgreens Increase Under Tailored Light-Emitting Diode Spectra. Front Plant Sci. 10(1): 1475–1475.
Samuolienė, G., Brazaitytė, A., Jankauskienė, J., Viršilė, A., Sirtautas, R.,
Novičkovas, A., Sakalauskienė, S., Sakalauskaitė, J., and Duchovskis,
P. (2013). LED irradiance level affects growth and nutritional quality
of Brassica microgreens. Open Life Sci. 8(12): 1241–1249.
Samuolienė, G., Urbonavičiūtė, A., Brazaitytė, A., Šabajevienė, G.,
Sakalauskaitė, J., and Duchovskis, P. (2011). The impact of LED illumination on antioxidant properties of sprouted seeds. Open Life Sci.
6(1): 68–74.
Schaich, K.M., Tian, X., and Xie, J. (2015). Reprint of “Hurdles and pitfalls in
measuring antioxidant efficacy: A critical evaluation of ABTS, DPPH,
and ORAC assays”. J. Funct. Foods 18(B): 782–796.
Snowden, M.C., Cope, K.R., and Bugbee, B. (2016). Sensitivity of Seven
Diverse Species to Blue and Green Light: Interactions with Photon
Flux. PLoS One 11(10): e0163121.
Szydlowska-Czerniak, A., Trokowski, K., Karlovits, G., and Szlyk, E. (2010).
Determination of antioxidant capacity, phenolic acids, and fatty
acid composition of rapeseed varieties. J. Agric. Food Chem. 58(13):
7502–7509.
Taulavuori, K., Pyysalo, A., Taulavuori, E., and Julkunen-Tiitto, R. (2018).
Responses of phenolic acid and flavonoid synthesis to blue and blueviolet light depends on plant species. Environ. Exp. Bot. 150(1): 183.
Urbonavičiūtė, A., Samuolienė, G., Brazaitytė, A., Duchovskis, P.,
Karklelienė, R., Šliogerytė, K., and Žukauskas, A. (2009). The effect
of light quality on nutritional aspects of leafy radish. Sodininkystė ir
Daržininkystė 28(1): 147–155.
Vastakaite, V., Virsile, A., Brazaityte, A., Samuoliene, G., Jankauskiene, J.,
Novickovas, A., and Duchovskis, P. (2017). Pulsed Light-Emitting Diodes for a Higher Phytochemical Level in Microgreens. J. Agric. Food

Chem. 65(31): 6529–6534.
Vaštakaitė, V., Viršilė, A., Brazaitytė, A., Samuolienė, G., Miliauskienė,
J., Jankauskienė, J., and Duchovskis, P. (2018). Pulsed LED light increases the phytochemical level of basil microgreens. Acta Hortic.
1227(1227): 579–584.
Vaštakaitė-Kairienė, V., Viršilė, A., Brazaitytė, A., Samuoliene, G., J, J.,
Sirtautas, R., Novickovas, A., Dabašinskas, L., Sakalauskienė, S.,
Miliauskienė, J., and Duchovskis, P. (2015). The Effect of Blue Light
Dosage on Growth and Antioxidant Properties of Microgreens.
Sodininkystė ir daržininkystė.
Viršilė, A., Samuoliene, G., Sakalauskienė, S., Brazaitytė, A., J, J., Duchovskis, P., Ruzgas, V., Stonkus, A., Vitta, P., Arturas, Z., and Tamulaitis,
G. (2009). Effect of flashing amber light on the nutritional quality of
green sprouts. Agronomy Res. 7(1): 761–767.
Wang, S., Meckling, K.A., Marcone, M.F., Kakuda, Y., and Tsao, R. (2011).
Synergistic, additive, and antagonistic effects of food mixtures on total antioxidant capacities. J. Agric. Food Chem. 59(3): 960–968.
Xiao, Z., Lester, G.E., Luo, Y., and Wang, Q. (2012). Assessment of vitamin
and carotenoid concentrations of emerging food products: edible microgreens. J. Agric. Food Chem. 60(31): 7644–7651.
Xiao, Z., Rausch, S.R., Luo, Y., Sun, J., Yu, L., Wang, Q., Chen, P., Yu, L., and
Stommel, J.R. (2019). Microgreens of Brassicaceae: Genetic diversity of phytochemical concentrations and antioxidant capacity. LWT
101(1): 731.
Ying, Q., Kong, Y., Jones-Baumgardt, C., and Zheng, Y. (2020). Responses
of yield and appearance quality of four Brassicaceae microgreens
to varied blue light proportion in red and blue light-emitting diodes
lighting. Scientia Horticulturae 259(1): 108857.
Zhang, B., Deng, Z., Ramdath, D.D., Tang, Y., Chen, P.X., Liu, R., Liu, Q.,
and Tsao, R. (2015). Phenolic profiles of 20 Canadian lentil cultivars
and their contribution to antioxidant activity and inhibitory effects
on alpha-glucosidase and pancreatic lipase. Food Chem. 172(1): 862.
Zheng, Y.-j., Zhang, Y.-t., Liu, H.-c., Li, Y.-m., Liu, Y.-l., Hao, Y.-w., and Lei,
B.-f. (2018). Supplemental blue light increases growth and quality of
greenhouse pak choi depending on cultivar and supplemental light
intensity. J. Integr. Agric. 17(10): 2245–2256.
Zhishen, J., Mengcheng, T., and Jianming, W. (1999). The determination of
flavonoid contents in mulberry and their scavenging effects on superoxide radicals. Food Chem. 64(4): 555–559.
Zhou, B., Li, Y., Xu, Z., Yan, H., Homma, S., and Kawabata, S. (2007). Ultraviolet A-specific induction of anthocyanin biosynthesis in the swollen
hypocotyls of turnip (Brassica rapa). J. Exp. Bot. 58(7): 1771–1781.
Zoratti, L., Karppinen, K., Luengo Escobar, A., Häggman, H., and Jaakola, L.
(2014). Light-controlled flavonoid biosynthesis in fruits. Front Plant
Sci. 5(1): 534–534.

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

109

Journal of

Food Bioactives

International Society for
Nutraceuticals and Functional Foods

Original Research

J. Food Bioact. 2020;11:110–118

Antioxidant capacity of Lathyrus sativus seeds
Wojciech Rybińskia, Magdalena Karamaćb, Michał Janiakb,
Andreas Börnerc, Natalia Płatoszb and Ryszard Amarowiczb
aInstutute

of Plant Genetic, Polish Academy of Sciences, Strzeszyńska 34, 60-479 Poznań, Poland
of Animal Reproduction anf Food Research, Polish Ascademy of Sciences, Tuwima 10, 10-748 Olsztyn, Poland
cLeibniz Institute of Genetics and Crop Plant Research (IPK), 06466 Gatersleben, Germany
*Corresponding author: Ryszard Amarowicz, Institute of Animal Reproduction and Food Research, Polish Academy of Sciences, Tuwima
Street 10, 10-748 Olsztyn, Poland. E-mail: r.amarowicz@pan.olsztyn.pl
DOI: 10.31665/JFB.2020.11242
Received: July 03, 2020; Revised received & accepted: September 28, 2020
Citation: Rybiński, W., Karamać, M., Janiak, M., Börner, A., Płatosz, N., and Amarowicz, R. (2020). Antioxidant capacity of Lathyrus
sativus seeds. J. Food Bioact. 11: 110–118.
bInstitute

Abstract
Grass pea seeds of 30 varieties from Poland, Slovakia, Czech, Russia, Ukraine, Hungary, Bulgaria, India, Iran, Tunisia, Ethiopia, Canada, and Chile were investigated. Phenolic compounds were extracted from seeds into 80% (v/v)
methanol. The total phenolics compounds content of the extracts was determined using Folin-Ciocalteu’s phenol
reagent. The antioxidant activity was determined using ABTS and FRAP assays. Total phenolic contents ranged
from 2.72 to 10.7 mg/g extract and from 35.9 to 144.7 mg/100 g seeds. The extracts and seeds were characterized
using Trolox equivalent antioxidant capacity values of 0.014–0.060 mmol Trolox/g extract and 0.188–0.866 mmol
Trolox/100 g seeds, and FRAP values of 0.188–0.866 mmol Fe2+/g extract and 0.541–1.398 Fe2+/100 g seeds. The
total phenolics content of grass pea extract was correlated with the results of the ABTS (r = 0.854) and FRAP (r =
0.958) assays. A similar correlation existed between the results of both assays (r = 0.890). Phenolic acids were the
dominant phenolic compounds of two cultivars of grass pea. Syringic and sinapic acids had the highest amounts
while ferulic, p-hydroxybenzoic, protocatechuic, and p-coumaric acids were present in much lower quantities.
Phenolic acids were present in the form of free compounds, esters, and glycosides.
Keywords: Grass pea; Legume; Antioxidant activity; Phenolic compounds; Phenolic acids.

1. Introduction
Grass pea (Lathyrus sativus) is cultivated in India, Ethiopia,
Australia, and other countries from North Africa, Asia, and Europe (Hanbury et al., 2000). It is drought tolerant and thrives
with minimal external input of water (Hillocks and Maruthi
2012). Therefore, grass pea is an ideal legume for resource-poor
farmers.
Currently grass peas, like lentil, vetch, and chickpea is being
cultivated in Europe (Mikić et al., 2011). The reason for the increase acreage of grass pea is the high nutritional value of its seeds
(Ennenking 2011). According to Mullan et al (2009), grass pea is
characterized by the content of its starch, protein, lipid, and minerals which are similar to those of faba bean and peas.
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Grass pea seeds have a high nutritional value (Ennenking 2011).
Palmitic and linoleic acids are the major fatty acids of grass pea
(Pastor-Cavada et al., 2009). However, grass pea seeds contain a
neurotoxin, β-N-oxalyl-1-α,β-diamino-propionic acid (β-ODAP).
This non-protein amino acid causes neurolathyrism, a neurological disease in both humans and domestic animals (Getahun et al.,
2002). Fortunately, plant geneticists have managed to produce
varieties with β-ODAP content of <0.10% (Kumar et al., 2011).
In turn, food technologists have shown that soaking and cooking
reduce the content of β-ODAP in grass pea seeds (Srivastava and
Khokhar, 1996; Getahun et al., 2002).
Grass pea seeds after removal of anti-nutritional compounds
can be a material for obtaining protein preparations (Pastor-Cavada et al., 2010). Grass pea proteins possess suitable functional
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properties like water and oil absorption capacity, foaming ability,
and foaming stability (Aletor et al., 2011).
Phenolic compounds of plant origin play an important role in
human nutrition as natural antioxidants. They act as protectors of
lipids, proteins and DNA against reactive oxygen and nitrogen
species. The results of many studies confirm the high antioxidant
potential of legume seeds. It seems that they can play an important role in cardio- and cancer-protection (Shahidi and Ambigaipalan, 2015; Alshikha, et al., 2015; Bouchenak and Lamri-Senhadji,
2013; Yeo and Shahidi, 2020).
The protective effect of consumption of phenolic-rich grains,
legumes, berries, nuts, and oilseeds against several chronic diseases was demonstrated by several researcher groups (Valdez et
al., 2019; Shahidi et al., 2019a, 2019b).
The present study was aimed to determine the content of total
phenolics in grass pea extracts and seeds as well their antioxidant
activity.
2. Materials and methods

2.5. ABTS assay
The Trolox equivalent antioxidant capacity (TEAC) was determined
using a method described by Re et al. (1999). For the colorimetric
measurement, 2 mL of ABTS radical cation solution were mixed
with 20 μL of grass pea extract (5 mg/mL) and after 6 min the absorbance was read at 734 nm. A calibration curve was plotted using
Trolox solution. The results were expressed as mmol Trolox equivalents (TE)/g extract and mmol Trolox equivalents (TE)/100 g seeds.
2.6. FRAP assay
The ferric-reducing antioxidant power (FRAP) assay was performed according to Benzie and Strain (1990). The working FRAP
reagent (2.25 mL) was mixed with 75 μL of the sample and 225 μL
of deionized and the absorbance was measured at 593 nm against a
reagent blank after 30 min incubation. The FRAP values were expressed as mmol of Fe2+/g extract and as mmol of Fe2+/100 g seeds.
2.7. Sample preparation for LC-MS analysis

2.1. Materials
Seeds of 30 grass pea varieties from Poland, Slovakia, Czech,
Russia, Ukraine, Hungary, Bulgaria, India, Iran, Tunisia, Ethiopia,
Canada, and Chile were obtained from field experiments conducted in Cerekwica (Poland). For phenotypic features the data from
descriptors for Lathyrus sativus were used (IPGRI 2000). After
harvest, ten randomly selected plants from each accession were
selected for estimation of yield and structure parameters). One
hundred seed weight was calculated from weighing and counting
at least 200 seeds. The characteristics of those seeds are reported
in Table 1.
2.2. Chemicals and standards
Organic solvents, the Folin-Ciocalteu’s phenol reagent, (+)-catechin, sodium persulfate, 2,2′-azinobis-(3-ethylbenzothiazoline6-sulfonic acid) (ABTS), 2,4,6-tri(2-pyridyl)-S-triazine (TPTZ),
ferrous chloride, and 6-hydroxy-2,5,7,8-tetramethyl-chroman2-carboxylic acid (Trolox), were purchased from Sigma (Poznań,
Poland).
2.3. Extraction
Phenolic compounds were extracted from defatted seed samples
with hexanes into 80% methanol (v/v). Condition of extractions
were as follows: 3 × 30 min, 50 °C, a solid-to-solvent ratio of 1:10
(w/v) (Amarowicz and Shahidi, 2017). Extraction was carried out
at 50 °C for 30 min in flasks placed in a shaking water bath (Elpan
357, Wrocław, Poland). Methanol from the combined extract was
evaporated using a Büchi R-210 rotary evaporator. The sample
was then freeze-dried.
2.4. Total phenolic compounds
The content of total phenolics in the extracts was determined using
Folin-Ciocalteu’s phenol reagent (Naczk and Shahidi, 1989). The
results were expressed as (+)-catechin equivalents/g extract and as
(+)-catechin equivalents/100 g seeds.

2.7.1. Phenolic acids
For analysis of free phenolic acids extract was dissolved in aqueous methanol (50%, v/v) with addition of 0.95% formic acid and
mixed for 24 h at 10 °C in a ThermoMixer (Benchmark Scientific,
Saryeville, NJ, USA) and centrifuged at 13,200 g for 20 min at
4 °C. The supernatant was collected and the solvent evaporated
under a flow of nitrogen.
The extract so obtained was suspended in water, acidified to
pH 2, carefully vortexed and sonicated. Free phenolics were extracted using 2 mL of diethyl ether with sonication. The mixture
was centrifuged and the organic layer collected. Extraction was
repeated three times and diethyl ether layers were combined, dried
under a flow of nitrogen and stored under −20 °C. Water residue
was kept under a flow of nitrogen for 5 min to remove any traces
of diethyl. Water residue was mixed with 1 mL of 4 M NaOH. The
mixture was hydrolysed for 4 h at room temperature under a nitrogen atmosphere with magnetic stirrer. Subsequently, the pH of the
solution was adjusted to 2 with 6 M HCl. Phenolic acids liberated
from esters were extracted using diethyl ether as described above
The water layer was subjected to acid hydrolysis using 0.2 mL of
6 M HCl and the mixture was incubated at 100 °C for 60 min. After cooling, the pH was adjusted to 2 with 6 M NaOH. Extraction
of phenolic acids liberated from glycosides into diethyl ether was
conducted in the same way as described above.
The fractions of phenolic acids were dissolved in 80% methanol
and centrifuged at 13,200 g for 20 min at 4 °C. The HPLC-MS
analysis was subsequently performed.
2.7.2. Flavonoids
The extract before LC-MS analysis was prepared like as the fraction of phenolic acids.
2.8. LC-MS analysis
Phenolic acids and flavonoids were separated using the HPLC system (LC-200, Eksigent, Vanghan, ON, Canada). They were iden-
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Table 1. Characteristic of grass seeds investigated in this study

No

Accession code

Country of origin

Seed coat colour

Weight of 100 seeds (g)

1

Nochowo

Poland

Cream

11.2

2

Nochowo

Poland

Cream

21.2

3

UP Lublin

Poland

Cream

8.3

4

LAT 469

Slovakia

Cream with dark helium

24.2

5

LAT 470

Slovakia

Cream with dark helium, slightly mottled

23.8

6

LAT 471

Slovakia

Cream with dark helium

21.3

7

LAT 472

Slovakia

Cream with dark helium

24.6

8

LAT 473

Slovakia

Cream, bright

26.6

9

LAT 474

Slovakia

Bright cream with dark helium

28.3

10

LAT 476

Slovakia

Cream

26.7

11

LAT 479

Slovakia

Bright cream with dark helium

26.8

12

LAT 478

Czech

Cream

32.5

13

LAT 447

Russia

Cream

21.6

14

LAT 448

Russia

Cream

18.3

15

LAT 466

Russia

Cream

29.2

16

LAT 434

Ukraine

Cream

26.7

17

LAT 465

Ukraine

Cream

29.9

18

LAT 4011

Ukraine

Cream

24.0

19

LAT 455

Hungary

Cream, slightly wrinkled

46.4

20

LAT 494

Hungary

Cream

21.6

21

LAT 440

India

Dark brown, slightly mottled

18.6

22

LAT 492

India

Brown, slightly mottled

20.0

23

LAT 463

Bulgaria

Cream, slightly mottled

21.7

24

LAT 4076

Bulgaria

Bright brown to grey, slightly mottled

14.9

25

LAT 451

Iran

Dark and bright brown

7.0

26

LAT 454

Tunisia

Cream

45.8

27

LAT 4008

Ethiopia

Dark brown, mottled

32.3

28

-

Ethiopia

Dark brown, slightly mottled

9.9

29

Canada C

Canada

Cream

35.1

30

UACH 2

Chile

Cream

32.3

tified and quantified using a mass spectrometer (QTRAP 5500,
AB Sciex, Vaughan, ON, Canada). The system was equipped with
triple quadrupole, ion trap and ion source of electrospray ionization (ESI). Separation was conducted using HALO C18 column
(50 mm × 0.5 mm × 2.7 m, Eksigent, Vaughan, ON, Canada); the
temperature of 45 °C was maintained, flow rate was 15 µl /min.
Solvent A was water with formic acid (0.9%, v/v) and solvent B
was acetonitrile with formic acid (0.9%, v/v). Binary gradient was
employed and was set up as follows: 0.5% B for 0.5 min, 0.5–90%
B in 1.5 min, 90% B for 0.5 min, 90–0.5% B in 0.2 min, and 0.5%
B for 0.3 min. Identification was conducted using ESI-MS/MS detector under the following conditions: negative ionization, curtain
gas: 20 L/min, collision gas: ion spray voltage: 5,300 V, temperature: 350 °C, 1 ion source gas: 35 L/min, 2 ion source gas: 30 L/
min, declustering potential: 100 V, entrance potential: 10 V, colli-
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sion energy: 40 eV, and collision cell exit potential: 20 V. Identification and quantitation of the phenolic acids and flavonoids were
based on the comparison of their retention times and the presence
of the respective parent and daughter ion pairs (Multiple Reaction
Monitoring method, MRM), with data obtained after analysis of
the authentic standards. The external standards (0.01–0.5 g/mL)
had linear calibration curves with a coefficient of determination
of 0.997–0.999. The results were expressed in mg/g of extract and
mg/100 g seeds. All analyses were conducted in triplicate.
2.9. Statistical analysis
The results are reported as the mean values of three estimates ±
SD. The relationship between total phenolics content, TEAC, and
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Table 2. Characteristics of the grass pea seeds and their extracts: content of total phenolics and antioxidant activity

No

Total phenolics

TEAC

FRAP

(mg/g extract)

(mmol Trolox/100
g seeds)

(mmol Trolox/g
extract)

(mmol Trolox/100
g seeds)

(mmol Fe2+/g
extract)

(mmol Fe2+/100
g seeds)

1

4.32 ± 0.09

77.3 ± 1.7

0.028 ± 0.001

0.498 ± 0.010

0.049 ± 0.001

0.881 ± 0.019

2

3.51 ± 0.09

44.8 ± 1.2

0.026 ± 0.002

0.336 ± 0.026

0.053 ± 0.001

0.674 ± 0.010

3

3.34 ± 0.08

44.7 ± 1.1

0.024 ± 0.001

0.317 ± 0.005

0.053 ± 0.001

0.707 ± 0.020

4

4.4 ± 0.09

63.9 ± 1.3

0.030 ± 0.001

0.423 ± 0.009

0.072 ± 0.002

1.033 ± 0.025

5

3.12 ± 0.08

40.2 ± 1.0

0.023 ± 0.001

0.290 ± 0.014

0.059 ± 0.002

0.761 ± 0.022

6

3.11 ± 0.09

40.9 ± 1.0

0.022 ± 0.001

0.286 ± 0.014

0.046 ± 0.001

0.615 ± 0.011

7

3.62 ± 0.08

47.5 ± 1.0

0.026 ± 0.001

0.336 ± 0.012

0.043 ± 0.001

0.558 ± 0.010

8

2.74 ± 0.08

37.7 ± 1.1

0.021 ± 0.001

0.294 ± 0.12

0.060 ± 0.002

0.598 ± 0.032

9

5.35 ± 0.08

76.3 ± 1.1

0.034 ± 0.001

0.484 ± 0.012

0.044 ± 0.002

0.851 ± 0.022

10

2.79 ± 0.07

35.9 ± 0.9

0.024 ± 0.001

0.307 ± 0.010

0.067 ± 0.002

0.570 ± 0.021

11

3.45 ± 0.06

54.2 ± 1.0

0.032 ± 0.001

0.391 ± 0.012

0.058 ± 0.001

0.821 ± 0.014

12

4.87 ± 0.06

69.5 ± 0.8

0.034 ± 0.001

0.485 ± 0.014

0.060 ± 0.001

0.830 ± 0.016

13

5.01 ± 0.07

66.2 ± 0.9

0.031 ± 0.001

0.417 ± 0.005

0.052 ± 0.001

0.790 ± 0.025

14

4.16 ± 0.08

54.9 ± 1.1

0.026 ± 0.001

0.414 ± 0.012

0.047 ± 0.001

0.689 ± 0.008

15

3.45 ± 0.08

45.1 ± 1.2

0.026 ± 0.001

0.339 ± 0.005

0.048 ± 0.001

0.620 ± 0.009

16

3.42 ± 0.07

44.6 ± 0.9

0.023 ± 0.001

0.333 ± .010

0.045 ± 0.001

0.630 ± 0.001

17

2.86 ± 0.07

38.5 ± 1.0

0.026 ± 0.001

0.314 ± 0.07

0.045 ± 0.002

0.612 ± 0.010

18

3.31 ± 0.08

40.9 ± 1.

0.025 ± 0.001

0.318 ± 0.016

0.050 ± 0.001

0.558 ± 0.020

19

3.53 ± 0.04

53.4 ± 0.7

0.025 ± 0.001

0.376 ± 0.009

0.043 ± 0.001

0.752 ± 0.015

20

2.72 ± 0.05

37.1 ± 0.6

0.014 ± 0.001

0.188 ± 0.004

0.066 ± 0.001

0.583 ± 0.001

21

6.05 ± 0.11

74.7 ± 1.4

0.040 ± 0.001

0.491 ± 0.009

0.082 ± 0.001

0.082 ± 0.018

22

6.45 ± 0.08

75.6 ± 0.9

0.046 ± 0.001

0.539 ± 0.015

0.048 ± 0.001

0.812 ± 0.014

23

3.68 ± 0.05

44.6 ± 0.6

0.029 ± 0.001

0.352 ± 0.014

0.082 ± 0.001

0.965 ± 0.013

24

6.06 ± 0.09

68.2 ± 0.09

0.044 ± 0.001

0.491 ± 0.013

0.097 ± 0.001

0.582 ± 0.013

25

10.07 ± 0.15

144.7 ± 2.1

0.060 ± 0.001

0.866 ± 0.012

0.042 ± 0.003

0.927 ± 0.006

26

3.39 ± 0.05

42.2 ± 0.7

0.024 ± 0.001

0.300 ± 0.009

0.067 ± 0.002

1.398 ± 0.037

27

4.25 ± 0.06

48.9 ± 0.7

0.032 ± 0.001

0.363 ± 0.005

0.062 ± 0.001

0.527 ± 0.022

28

6.91 ± 0.07

75.5 ± 0.8

0.048 ± 0.001

0.523 ± 0.009

0.077 ± 0.003

0.765 ± 0.009

29

4.94 ± 0.07

68.1 ± 0.7

0.036 ± 0.001

0.494 ± 0.017

0.025 ± 0.001

0.834 ± 0.020

30

3.76 ± 0.08

55.5 ± 1.2

0.030 ± 0.001

0.440 ± 0.007

0.047 ± 0.001

0.541 ± 0.010

FRAP determined using Pearson’s correlation. The results were
described using principal component analysis (PCA) and hierarchical cluster analysis (HCA) with Ward’s method and Euclidean
distances. Statistical and chemometric data analyses were performed using Statistica (Windows software package 8.0, Dell Inc.,
Tulsa, OK, USA).
3. Results and discussion
3.1. Content of total phenolics
The contents of total phenolics in the extracts obtained from

grass pea ranged from 2.72 (LAT 494) to 10.07 mg/g extract
(LAT 451) (Table 2). The results expressed per seed weight
ranged from 35.9 (LAT 476) to 144.7 mg/100 g seeds (LAT 451)
and these were lower than those for red bean, lentil, faba bean,
and adzuki bean (Amarowicz and Pegg, 2008). Similar results
were obtained for white bean by Orak et al. (2016) and for pea
by Amarowicz and Troszyńska (2003). Fratianni et al (2014) reported similar content of total phenolics in two Italian varieties
of grass pea (20.6 and 21.3 mg/100 g). In the study of Wang et
al. (1998), the content of total phenolics in Canadian grass pea
ranged from 16.2 to 37.5 mg/100 g. Seeds of Spanish, Italian,
French, Polish, and German lines of Lthyrus sativus were characterized by the content of total phenolics that ranged from 20.3
to 70.3 mg/100 g (Rybiński et al., 2018). However, the higher
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Table 3. Content of phenolic acids in extracts and seeds from two grass pea cultivars

Fraction

Phenolic acids

Free

Acids liberated
from esters

Acids liberated
from glycosides

LAT 451
(mg/100 g seeds)

(mg/g extract)

(mg/100 g seeds)

p-Hydroxybenzoic

0.003 ± 0.000

0.041 ± 0.000

0.003 ± 0.000

0.041 ± 0.000

Protocatechuic

< 0.001

< 0.013

< 0.001

<0.013

Gentisic

0.002 ± 0.000

0.027

0.002 ± 0.001

0.027 ± 0.014

p-Coumaric

0.021 ± 0.003

0.284 ± 0.041

0.020 ± 0.002

0.270 ± 0.027

Ferulic

0.016 ± 0.002

0.216 ± 0.027

< 0.001

<0.013

Syringic

0.300 ± 0.032

4.050 ± 0.432

0.231 ± 0.021

3.119 ± 0.284

Sinapic

0.015 ± 0.001

0.203 ± 0.014

0.006 ± 0.001

0.081 ± 0.013

p-Hydroxybenzoic

0.002 ± 0.001

0.027 ± 0.014

0.002 ± 0.000

0.027 ± 0.014

Protocatechuic

< 0.001

< 0.013

< 0.001

< 0.013

Gentisic

0.002 ± 0.000

0.027 ± 0.000

0.001 ± 0.000

0.014 ± 0.000

p-Coumaric

0.075 ± 0.004

1.013 ± 0.054

0.050 ± 0.002

0.675 ± 0.027

Ferulic

0.050 ± 0.002

0.675 ± 0.027

0.041 ± 0.001

0.554 ± 0.014

Syringic

0.130 ± 0.010

1.755 ± 0.135

0.328 ± 0.036

4.428 ± 0.486

Sinapic

0.424 ± 0.042

5.724 ± 0.567

0.214 ± 0.035

2.889 ± 0.473

p-Hydroxybenzoic

0.043 ± 0.007

0.581 ± 0.095

0.042 ± 0.005

0.567 ± 0.066

Protocatechuic

0.003 ± 0.000

0.041 ± 0.000

0.001 ± 0.000

0.014 ± 0.000

Gentisic

0.008 ± 0.001

0.108 ± 0.014

0.004 ± 0.000

0.054 ± 0.000

p-Coumaric

0.002 ± 0.000

0.027 ± 0.000

0.002 ± 0.000

0.028 ± 0.000

Ferulic

0.001 ± 0.000

0.014 ± 0.000

0.001 ± 0.001

0.014 ± 0.000

Syringic

0.037 ± 0.004

0.500 ± 0.054

0.014 ± 0.001

0.189 ± 0.014

Sinapic

0.007 ± 0.001

0.095 ± 0.014

0.009 ± 0.001

0.122 ± 0.014

contents of total phenolic compounds in grass pea were reported
by Carbonaro et al. (2015) and Wiszniewska and Piwowarczyk
(2015).
3.2. Antioxidant activity
The results of the ABTS and FRAP assays are presented in Table 2.
The results for the extracts were reported as Trolox equivalent antioxidant capacity (TEAC) values, ranging from 0.014 (LAT 494)
to 0.060 mmol Trolox/g extract (LAT 451) and by FRAP values
that ranged from 0.025 (Canada C) to 0.082 mmol Fe2+/g extract
(LAT 440).
For seeds the results of TEAC and FRAP ranged from 0.188
(LAT 494) to 0.866 mmol TE/100 g seeds (LAT 4076) and from
0.541 (UACH 2) to 1.398 mmol Fe2+/100 g seeds, respectively.
Similar results of TEAC and FRAP were reported for white bean
(Amarowicz and Pegg, 2008). Lower results were reported earlier
for the European lines of grass pea: 0.158–0.372 mmol Trolox/100
g seeds and 0.487–1.189 Fe2+/100 g seeds, respectively (Rybiński
et al., 2018).
The antioxidant potential of grass pea seeds has earlier been
reported by several authors (Stanisavljević et al., 2013; Tamburino
et al., 2012; Talukdar, 2012; Starzyńska-Janiszewska et al., 2011).
In these determinations, FRAP, DPPH, and ABTS assays, as well
as H2O2 scavenging, and β-carotene bleaching methods were employed.
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LAT 494

(mg/g extract)

3.3. Content of individual phenolic compounds
HPLC-MS was used for determination of phenolic compounds in
grass pea. Results exhibited high (LAT 451) and low (LAT 494)
antioxidant potential. Phenolic acids were the dominant phenolic
compounds of grass pea (Table 3). The highest amounts found
were syringic and sinapic acids. Ferulic, p-hydroxybenzoic, protocatechuic, and p-coumaric acids were present in much lower
amounts. Only traces of gentisic acid were found. Phenolic acids
were present in the form of free, esters, and glycosides. Syringic
acid was determined mostly as free phenolic acid. Basic hydrolysis
liberated the highest amount of sinapic acid from its esters. Relatively high amounts of p-hydroxybenzoic and syringic acids were
liberated from glycosides after acidic hydrolysis. The contents of
phenolic acids in the extract and seeds of LAT 451 were greater
than those of LAT 494 (Table 3) Meanwhile the content of flavonoids in grass pea was very low. The presence of catechin, rutin,
and isorhamnetin was confirmed using LC-MS (Table 4).
The presence of phenolic acids is typical for legume seeds. Ferulic acid was previously determined in broad bean, red bean, green
lentil, and red lentil; p-coumaric acid in adzuki bean, broad bean,
faba bean, red bean, green lentil, and red lentil; protocatechuic acid
in adzuki bean and faba bean; p-hyrdoxybenzoic acid in faba bean
and red bean; sinapic in red bean and red lentil (Amarowicz and
Shahidi, 2017, 2018; Amarowicz et al., 2008, 2009, 2010, 2017).
In terms of flavonoid content, grass pea is clearly different from
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Table 4. Content of flavonoids in extracts and seeds from two grass pea cultivars

Flavonoids

LAT 451

LAT 494

(mg/g extract)

(mg/100 g seeds)

(mg/g extract)

(mg/100 g seeds)

Rutin

0.003 ± 0.000

0.041 ± 0.000

0.003 ± 0.000

0.041 ± 0.000

Isorhamnetin

0.001 ± 0.000

0.014 ± 0.000

0.001 ± 0.000

0.014 ± 0.000

Epicatechin

0.012 ± 0.001

0.162 ± 0.014

0.013 ± 0.001

0.176 ± 0.014

Figure 1. Correlation between the total phenolics content and the results of ABTS and FRAP assays and results of the two antioxidant assays.
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Figure 2. Results of the principal component analysis (PCA).

Figure 3. The hierarchical cluster analysis.
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other legumes which are generally rich in flavonoids (Amarowicz
et al., 2009).
3.4. Statistical analysis
The antioxidant activity of the grass pea extracts was correlated
with the content of total phenolics (Figure 1). The correlation coefficients between total phenolics and the results of ABTS and FRAP
assays were 0.854 and 0.958, respectively. This correlation was
also observed in the results of both assays (r = 0.890). It is interesting that in the study of European lines of grass pea correlation
between total phenolics and FRAP was much lower (r = 0.781).
Amarowicz et al. (2004) and Orak et al. (2015, 2016) previously
reported previously similar correlation between the content of total
phenolics in leguminous extracts.
In the principal component analysis (PCA) (Figure 2), the two
first components accounted for 99.0% of the total variability between the Lathyrus sativus varieties. The greatest Mahalanobis distance was recorded for grass pea from Iran (25-LAT 451), Canada
(29-Canada C), Hungary (20-LAT 494), and Slovakia (5-LAT 470
and 4-LAT 469). Taken under consideration grass pea seeds from
Slovakia (samples 4–11 in Figure 2), discrimination of the sample
geographical origin by PCA was rather difficult.
The hierarchical cluster analysis (Figure 3) confirmed that grass
pea from Iran (25-LAT 451) was different from other samples. The
presence of similar pairs of grass peas accessions from different
countries (e.g., 24 from Bulgaria and 29 from Canada; 14 from
Russia and 30 from Chile; 22 from India and 28 from Ethiopia)
confirms the limitation of the hierarchical cluster analysis for the
discrimination of the geographical origin of grass pea sample.
4. Conclusion
Grass pea is a potential legume crop with antioxidant potential
similar to that of white bean and pea. Antioxidant activities of grass
pea extracts (results of ABTS and FRAP assays) are strong correlated with the content of total phenolics. Application of the PCA
and hierarchical cluster analysis for the discrimination of the grass
pea sample geographical origin is limited.
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